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The ever-decreasing feature size has continuously provided improved functionality at a reduced
cost. As the feature size decreased, designs moved from digital microprocessors and
application specific integrated cireuts (ASICs) to systems-en-a-chip (SoC), The design
capabilities of the designer however, have not been increased aqually. Analog design tools are
only just emerging, and the design of the small analog part in the hostile digital environrment has
become a tremendous bottleneck

Systematic Design of Apalog IP Blocks Intreduces a design methodology that can help to bridge
the productivity gap. Two different types of designs, depending on the design challenge, have
bean identifiecd commodity IP and star |P. Each category requires a different appreach to boost
design productivity,. Commedity IP blocks are well-suited te be automated in an analog
synthesis environment and provided as soft IP The design knowledge is usually common
knowledge, and re-use |s high accounting for the setup time needed for the analog library, Star
P still changes as teghnolody evolves and the design cost can enly be reduced by following &
systematic design approach supported by point tools 1o ralieve the designer from error-prone,
repetitive tasks, allowing him/her to focus on new ideas to push the limits of the desian.

To validate the presented methodologies, three different industrial-strength applications have
been selected and designed accaordingly.

Firstly, a particle detector front-end for space applications has been designed and embedded in
the Avcie library for further re-use: Performance compares favorable to an earlier manual design.
Starting from specification, a physical layout can be generated within a few days.

Secondly, current-steering D/A coriverters have been selected as test-engine for the design
methodoloay of star IP. A novel topology has been developed allowing full flexibility to the
designer in tarms of switching scheme. This allowed the designer to implement the Q" Random
Walk switching scheme which averages out random and systematic errors resulting in the first
intrinsic 14-bit linear D/A converter in CMOS technology. The overall design time was reduced
from 11 to 4 man weeks.

As third and final test-case. an 8-bit 200MS/s interpolating/averaging A/D converter has been
designed, Performance and design times compare favorable to an earlier manual design.

All experiments prove that despite a general disbelieve, design cost can be reduced
congidarably, withaut compromising perfarmance, by adopting the proper design methiodaology.
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Preface

The (CMOS) semiconductor business has continued to prosper since the early 70s. The ever-
decreasing feature size has provided improved functionality at a reduced cost. As the feature
size decreased, designs moved from digital microprocessors and application specific
integrated circuits (ASICs) to systems-on-a-chip (S0C). The design capabilities of the
designer however, have not been increased equally. Digital tools can’t provide the designer
the productivity boost needed to fully exploit technological capabilities. Analog design tools
arc only just emerging, and the design of the small analog part in the hostile digital
environment, has become a tremendous bottleneck. The ITRS report identifies this problem
and states the cost of design, and analog in particular, to be the greatest threat to continuation
of the semiconductor roadmap.

The presented work introduces a design methodology that can help to bridge the
productivity gap. Two different types of designs, depending on the design challenge, have
been identified: commodity TP and star IP. Each category requires a different approach to
boost design productivity. Commodity IP blocks are well suited to be automated in an analog
synthesis environment and provided as soft IP. The design knowledge is usually common
knowledge, and reuse is high accounting for the setup time needed for the analog library. Star
IP still changes as technology evolves and the design cost cun only be reduced by providing a
good methodology supported by point tools to relieve the designer from error-prone,
repetitive tasks, allowing him/her to focus on new ideas to push the limits of the design.

The AMGIE framework has been used validate the analog synthesis approach for commodity
IP as this framework covers the complete design cycle form specification phase to physical
layout. The framework uses a modified equation-based optimization approach and provides
the designer with tools to setup the library. The design methodology for star TP has been
developed as part of this work: a top-down performance-driven flow is used. Where needed
either simulation-based or equation-based optimization is used. Because the design of star TP
block is ultimately layout driven, a dedicated point tool called MONDRIAAN, has been
developed. It automates the layout of highly regular layouts with (ir)regular connectivity.

To validate the presented methodologies, three different industrial-strength applications
have been selected and designed accordingly. Design times and performance are reported for
each experiment.

Firstly, a particle detector front-end for space applications has been designed and embedded in
the AMGIE library for further re-use. Performance compares favorable to an earlier manual
design. Starting from specification, a physical layout can be generated within a few days.

Secondly, current-steering D/A converters have been selected as test-engine for the design
methodology of star IP. A novel topology has been developed allowing full flexibility to
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designer in terms of switching scheme. Using behavioral modeling and simulation, the
specifications of the D/A converter function block have been derived. A top-down
refinement, bottom-up, mixed-signal design strategy has been adopted. The MONDRIAAN tool
was used to generate the analog layout, while a standard place & route tool was used to create
the digital layout. After layout generation, a behavioral model is extracted that mimics the
actual silicon part. Because of the novel topology and the use of the MONDRIAAN tool a novel
switching scheme called Q° Random Walk could be implemented. This scheme averages out
random and systematic errors resulting in the first intrinsic 14-bit linear D/A converter in
CMOS technology. The overall design time was reduced form 11 to 4 man weeks.
As third and final test-case, an 8-bit 200MS/s interpolating/averaging A/D converter has been
designed. The design methodology for star IP was again adopted, going from specification
through behavioral modeling, over synthesis and layout generation and finally verification of
the generatcd layout. Becanse of the high correlation between the different design
parameters, the synthesis was done using as an equation-based optimization. Performance
and design times arc compared to an earlier manual design,

All experiments prove that despite a general disbelieve, design cost can be reduced
considerable, without compromising performance, by adopting the proper design
methodology.

Many people have contributed to this work. Thank you all for your patience and openness,

thank you for helping me in developing analog integrated solutions in affordable design times.

Jan Vandenbussche
Peutie, February 2003

Chapter 1

Introduction

1.1 Moore’s law and the ITRS roadmap revisited

The (CMOS) semiconductor industry has continued to prosper since the early 70s. The
even decreasing feature size has provided improved functionality at a reduced cost. An
historical observation by Intel executive Gordon Moore noted that the market demand (and
the semiconductor industry response) for functionality per chip (transistors, bits) doubles
every 1.5 to 2 years. Equally the microprocessor unit (MPU) performance (million
instructions per second: MIPS) doubles every 1.5 to 2 years, as shown in Fig. 1.1. Device
size linear features have indeed decreased at a rate of about 70% every three years for most of
the industry’s history. Acceleration to a 2-year cycle has been experienced in the most recent
years. The cost per function has simultaneously decreased at an average rate of about
25-30%/year/function [ITRS 99]. Today’s microprocessors contain over 50 million
transistors and have crossed the 1000 MIPS barrier running at clock speeds above 2 GHz
[GELOL,AND 01]. By 2005 gate lengths of 80 nm are to be expected, enabling 700 million
transistors to be integrated on a single die [ITRS 01].

As the feature size decreases, designs move from digital microprocessors and application-
specific integrated circuits (ASICs) to systems-on-a-chip (SoC). Especially the wired
(broadband) and wireless voice and data communications as well as the consumer market
push integration of complete systems on a single die to reduce cost. Examples of such
Systems-on-a-chip are the single-chip television [NED 96], the single-chip camera
[EDTN 99], or the single chip Bluetooth from Alcatel as shown in Fig, 1.2 [EYN 01]. This
chip has onboard RAM memory, dedicated logic, an ARM core processor and a complete RF
front-end, and is as such a good example of today complex SoC. The analog RF part inciudes
LNA, linear mixers, high-performance A/D converters in the RX path, and D/A converters to
complete the TX path. Occupying around 30% of the area, the design of the analog core in a
hostile digital environment, has become a tremendous bottleneck. The ITRS report identifies
this problem and states the cost of design, and analog in particular, to be the greatest threat
to continuation of the semiconductor roadmap [ITRS 01].
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Figure 1.1:  Moore’s Law:
(a) transistor count doubles every 1.96 years, while
(b) performance doubles every two years as well for microprocessors.

Figure 1.2:  SoC: Bluetooth chip presented at ISSCC 2001 [EYN 01}.

The ITRS report from 1999 already reported that design productivity is lagging behind the
progress in technology. With a productivity growth rate of only 21%, compared to 58%
complexity growth rate, design cost is increasing rapidly, see Fig. 1.3. For analog and/or
mixed-signal design, the situation is even worse because of the lack of commercial EDA tools
to support analog design. Design complexity is increasing superexponentially because of the
compounding effects of increased density and number of transistors, increased heterogeneity
of design types on a single chip (such as in SoC designs), and the increasing number of

Bridging the productivity gap 3

factors that design tools and methods must consider with smaller feature sizes and higher
Jevels of integration.

Verification and testing complexity is growing superexponentially for the same reasons.
As these problems are out of the scope of this research, the interested reader is referred to
[ITRS 01] for additional information.

This leads to the conclusion that without a continuing effort to boost the design
productivity and speed up the complete design cycle from specification to layout and
production, especially for analog circuits, design cost will quickly become prohibitive or
Moore’s law will have to be revised.
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Figure 1.3:  Potential design complexity and designer productivity: with a complexity
growth rate of 58% and a productivity growth rate of only 21%, the
productivity gap will increase unacceptably in the near future.

1.2 Bridging the productivity gap

Productivity should be boosted to double every year in order to bridge the gap [ITRS 01],
but remedies are not clear, in particular for analog design. The ITRS report lists a set of long-
lerm guidelines, referred to as methodology precepts [TTRS 01].

All known methodologies combine (1) enforcement of system specifications and constraints

via top-down planning and search, with (2) bottom-up propagation of constraints that stem

from physical laws, limits of design and manufacturing technology, and system cost limits.

In general the goals for analog design can be listed as:

. Reduced design cost without compromising performance: design time should be reduced
and the chance on non-recoverable errors should be largely eliminated, targeting first-
time-right silicon.

2. Increased manufacturability: the automated design should be insensitive to variations in
both the fabrication line as in its operating environment.

3. Independence from fabrication process: retargeting analog design is a tedious job that can
be automated largely; synthesis must take the technology as input to the tool.

4. Simplify design process: where applicable in the design, error-prone or tedious jobs should
be automated.
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As stated above, the ITRS roadmap [ITRS 01] added a list of percepts in order to boost analog

design. The most important ones that will be addressed in this work, are repeated here:

5. Exploit reuse. Design productivity depends on a framework for easy incorporation/
porting to new technologies of previously designed subcircuits or cores i.e. intellectual
property (IP). Standardization of the core interface is an important aspect in this evolution
to enhanced reuse where applicable.

6. Avoid iteration. Tterations between levels of design incur repeated translation and other
interfacing costs and is to be avoided if possible. When used, iteration should be at higher
levels for wider design space solution exploration.

7. Replace verification by prevention. Lower-level problems (e.g., crosstalk, delay
uncertainty, layout parasitics ...) are more cheaply addressed by higher-level prevention.

8. Improve predictability. Tightly bounded estimates enable design space exploration at
higher levels. The lack of good estimates is currently often resolved by ‘limited-loops’
iteration (e.g., one implementation pass to estimate layout, and a second pass that begins
by assuming the layout estimate).

9. Orthogonalize concern: for some designs the different specifications have little interaction
and design parameters can be directly linked to specifications. These cases promote a
‘correct-by-construction” approach as opposed to a ‘correct-by-iteration’ approach,
avoiding costly iterations.

10. Expand scope: design methodologies and tool architectures must support heterogeneous
SoC design, integrating software and analog/mixed-signal/RF design in a unified flow.

11. Unify: Silicon complexity promotes the binding together of previously disparate areas in
the design process, such as e.g. synthesis and analysis or design and test in a unified
design for testability approach.

With these percepts the ITRS tries to push the methodology and supporting tools to a higher
level of abstraction and to higher-value technology. Precepts 6 through 9 are aspects of a
‘correct-by-construction’ approach, typically reflecting a top-down, iteration-free
decomposition-oriented perspective. By contrast, percepts 10 and 11 are more suited to a
‘correct-by-iteration’ approach where iterations cannot be avoided, but are eased via
frameworks for co-optimization. The assessment of these percepts to full depth, falls out of
the scope of this work; the interested reader is referred to [ITRS 01]. In the remainder, the
focus is on how the analog design methodology will have to evolve, taking the stated
guidelines into account, with the ultimate goal of boosting analog design/synthesis, promoting
reuse/retargeting and introducing analog IP, where possible and applicable for the targeted
analog function to be implemented.

1.2.1 Analog design productivity

Despite the lack of commercial analog CAD tools, analog CAD and design automation
over the past fifteen years has been a field of profound academic and industrial rescarch
activity [CAR 96,GIE 00b]. Some aspects of the analog design CAD field are fairly mature
and ready for commercialization as will be shown in this work, while others are still in the
process of exploration and development. With the advent of standard hardware description
languages like VHLD-AMS [VHDL-AMS 99] and Verilog-A/MS [Verilog-AMS 98], the way
is paved to a unified approach.

Bridging the productivity gap 5

So far little has changed though in the analog design flow in industry. The analog designer
often still handcrafts a nominal design point, and manually uses a device-level simulator like
SPICE t0 tune this initial point in the design space to achieve the specifications and increase
the yield and robustness of the design. Commercially available mixed-signal and mixed-level
simulators are used to verify the function of the analog circuit in its hostile digital
surroundings.  High-level exploration or architectural choices are still highly based on the
design expertise. If any tools are used for high-level exploration, it’s most likely a general
programming language/tool (e.g. C++ of MATLAB). At the physical layer, automation is
achieved by in-house device generators using P-cells [PCELL 99]. Placement and routing are
done manually. Although design today is more often layout driven, layout estimation is left to
the designer. This lack of layout estimators is resolved by ‘limited-loops’ iteration: one
implementation pass to estimate layout, and a second pass that begins by assuming the layout
cstimate. Setup time for different technologies is too large, and often not well automated.

00 B o1 0z 03 1 04 05
LANGUAG i =
ASOTERE T | C++BASED SPECIF. TECHNIQUES | CONSTRAINT PROPAGATION |
SYSTEM EXPL. / o o
MULTI-MODE SIM. & HIGH-
e oL | MODELING METHODS FOR SIMULAT. | COUPLING WITH SYNTHESIS

AT STANDARDS; LANGUAGE, SIMULAT. | HIERARGHICAL CHARACTERISATION

iroea GRCUT [ cAD TOOLS FOR DESIGN ASSISTANCE AF EXTENSION EXPLORATION
| DESIGN ENVIRONMENT SYNTHESIS TOOLS
DESIGN FOR A S
G S STAT. MODELS / EXTR. ROUTINES  RFEXTENSION |
| SENSITIVITY ANALYSIS DESIGN CENTERING
INTERACTIVE SIZING [ HARD WIRED CELLS RF-EXPLORATION Al SYNTHESIS TOOLS
VARG S LAYOUT | ANALOG LAYOUT RULES | COUPLING A-D LAYOUT TOOLS |

LAY

TOOLS FOR DIGITAL AND ANALOG
ANALOG f RF-PHYSICAL

VESTE & poG S | AUTO. EXTR. OF LAYOUT CONSTR. | DEDICATED VERIF. 8 MODELLING |

Figure 1.4:  European Medea EDA roadmap [MEDEA 00] for mixed analogidigital and RF
design. .

The need for analog CAD tools beyond simulation has also clearly been identified in the
MEDEA EDA roadmap, as indicated in Fig. 1.4.

In this work high-performance analog design as result of a systematic design methodology,
supported by tools, which guides the designer from conceptualization to realization, is
presented (see Fig. 1.5). The presented methodology, compliant with the precepts of the
ITRS, is proven by real-life test cases that result in high-performance analog design with a
considerable reduction of design cost and effort. Design methodology, supported by point
tools, reduces the risk for design errors and can also boost the quality of the design, despite
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Figure 1.5:  High-performance analog design as result of a systematic design methodology,
supported by tools, which guides the designer from conceprualization to
realization.

the prejudice thal automation comes at the expense of performance. Finally, automating
design where possible, can relieve the designer from burden tasks and error-prone tasks, as
will be shown by the test cases. Designers find difficulty in considering multiple conflicting
trade-offs at the same time, computers don’t. Computers are adept at trying out and exploring
large number: of competing alternatives. Optimizing an mitially handcrafted design for
manufacturing tolerances (e.g. process variations, mismatch) and/or operating parameter
variations (e.g temperature, supply voltage) can be a tedious time-consuming job, better left
to tools.

1.2.2 Anxalog IP

Analog design reuse in industry is low, and despite the boost provided by design
methodologies supported by point tools, analog design cannot be leveraged to a higher level
of technology unless analog synthesis and re-usable analog cores or analog intellectual
property (IP) finds its place in the design community. As stated by the ITRS report, design
cost can be reduced considerably if systems can be (partly) assembled by reusing soft or hard
IP (“virtual components™) that are available on the intellectual property (IP) market and that
can easily be nixed and matched in the “silicon board™ system if they comply with the Virtual
Socket Interfaze (VSI) standard. The VSI Alliance was formed in September 1996 with the
goal of establishing a unifying vision for the system-chip industry and the technical standards
required to emble the most critical component of the vision: the mix and match of Virtual
Components (IP) from multiple sources [VSI 97].

Despite the advent of standard hardware description languages and the foundation of the
VSI alliance, malog IP is only limited available, and hardly ever reported to be (rejused in
complex SoC. Without this silicon proof, it remains an interesting but immature alternative
for designers. Browsing though the IP exchange catalog, the number of proven analog IP is
rather limited. The major part is provided as hard IP, i.e. a GDSII file and datasheet is
provided. Only few provide VSI-compliant documentation, netlist and/or behavioral models.
Soft IP is onlyprovided by a few companies, which have evolved from analog CAD providers
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to IP providers. They are the only companies that can provide the accompanying tools to
‘synthesise’ the analog soft TP. In comparison to their digital counterpart, analog 1P is
immature: digital IP is supported by tools, (synthesisable) RTL descriptions in the favored
tools of the designer, being ecither Cadence or Mentor. The digital designer can even browse
at his EDA provider s site to overlook the digital IP catalog [CAD IPMENT IP].

There are several reasons for this big difference in synthesis and reuse of analog versus
digital IP. Firstly, it's much more difficult to approach analog design from a higher level of
abstraction, equivalent to the RTL-level in digital design. In analog design layers of
abstractions are not clearly defined, and design stages are interleaved. This implies that
synthesis is intrinsically more difficult for analog compared to digital design, and the capture
of design knowledge comes at the expense of precious design time of the expert designer, for
only he is capable of sctting up the design plan. Equally, it is more difficult to prove that the
provided analog 1P will still perform within specifications in the unknown hostile digital
environment where it is to be used. Although the interface has been covered (o large extent
by the VSI interface, there still is lack of trust and there is no consensus on the list of
requirements needed on analog IP. In the end only silicon proves proper functionality, but
reruns are unacccptable in the time-driven market. Mauany vendors of core IP provide
hardware cvaluation boards (platforms) to demonstrate TP functionality and jumpstart
software integration. But evaluation boards arc an expensive and unwieldy solution.

Speed

Accuracy

Figure 1.6;:  View on the analog design space: analog design close to technology barriers
qualifies as “star [P".

Just as is done with digital IP, analog TP can be divided in two categories: commodity IP
and star IP depending on the design challenge (see Fig. 1.6). The two most important design
criteria are speed (e.g. bandwidth, sampling speed, ...) and accuracy (e.g. noise, distortion,
offset, ...). Together with the power consumption, these fundamental criteria form a bounded
design space limited by technological constraints [ROO 96,KIN 96]. Designs on the edge of
this technological boundary are categorized as star [P. Their topology and performance are
susceptible to technological changes and evolve as technology changes. Design creativity is a
crucial element in achieving good performance in the zone of the design space. However,
many designs are not situated at this boundary: many designs don’t challenge the design
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capabilities of the designer fully. Topologies change little or not at all, as the next generation
technology comes available. This distinction has impact on the possibilities to boost the
design. Commodity IP blocks are well suited to be automated in a synthesis environment or
provided as soft IP: the design knowledge is usually common knowledge, and reuse is high
which accounts for the setup time needed for analog synthesis. Star IP still changes with
technology, and for these circuits the best approach for reducing design cost, is a good
methodology supported by point tools, which relieves the designer from error-prone,
repetitive or boring tasks, allowing the designer to concentrate on new ideas to push the limits
of the design. Star IP is delivered as hard IP (GDSII), the design methodology should result
in a traceable, well documented IP block, fulfilling the VST standards.

1.3 Goals of this work

This work tries to bridge the analog design productivity gap. Both for commodity TP as
star TP it is clearly shown how the needed boost can be achieved.

» As lest case for commodity IP, a particle-detector [ront-end has been designed. The
design was embedded in the AMGIE framework [BUS 98¢,PLAS 0la]. A new design can
be synthesized in two days starting form specifications to layout. Possibilities and
drawbacks of the approach are investigated. The chip has been fabricated and
characterized, and compares favorably to an earlier manual design. Suggestions for
further improvements to pave the way to analog soft TP will be given.

* A new methodology for star IP is introduced. To support the methodology the
MONDRIAAN tool has been developed and verified with industrial strength design as part
of this work [BUS 01,BUS 02b,PLAS 02]: the tool is dedicated for array-like layout with
(ir)regular layout. Two real-life test cases prove the methodology and the supporting
tools. Chips have been processed and compared to manual design, clearly showing the
reduction in design cost, while achieved state of the art performance. As first driver a
segmented current-steering D/A converter is presented. Specifications can be directly
correlated to design parameters, and the methodology is lined for a ‘correct-by-
construction’ approach. As second test case a A/D converter for WLAN was
implemented. In this case, a ‘correct-by-iteration’ approach is used because of the many
interacting constraints in the design.

1.4 Outline of this work

The outline of this dissertation is shown in Fig. 1.7.

*  After introducing definitions on analog design automation, chapter 2 presents an overview
of analog synthesis and explains the AMGIE framework which follows the equation-based
optimization approach. Secondly, the design methodology for star IP is presented, and the
most critical point tools needed to support the methodology are identified. As part of the
research work presented, the layout tool MONDRIAAN was identified to be critical to
enhance analog layout generation, and was implemented.

* Chapter 3 presents the development of the PDFE front-end as soft IP library cell within
the AMGIE framework. A design of the front-end has been processed in a 0.5 um CMOS
process and characterized before and after total dose irradiation compliant to ESA
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policies [ESA 96]. The developed library cell compares favorably to an earlier manual
design. Guidelines are given on how the AMGIE framework can be enhanced to deliver
soft TP cells, compliant with the VSI standard.

« As first test case for the presented methodology to reduce design time for star IP, the
design of current-steering D/A converters is presented in Chapter 4. A novel flexible
architecture was developed to cover a wide range of specifications, and enhance a
methodological design approach. Three designs are presented and compared; a clear
reduction in design time is noted. The last design implements the novel Q° Random Walk
switching scheme, resulting in the first intrinsic 14-bit D/A converter to be
published [BUS 99b].

+ An interpolating flash A/D converter serves as second test case for the star IP
methodology, and is presented in Chapter 5. As design complexity is more complicated
and many constraints act simultaneously, a ‘correct-by-iteration” approach was followed.
The sizing was formulated as an optimization problem, and the computer was used to
explore the design space, looking for a feasible, manufacturable design point. The design
time again compares favorably to an earlier manual design [BUS 02a,BUS 02b].

«  Chapter 6 concludes this work. Results are compared to the percepts listed by the ITRS.
Guidelines are given for short-term solutions as well as long-term to further boost analog
design.
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Chapter 2
Design Methodologies for analog IP

In this chapter a design methodology for analog IP is deduced. After a short reflection on
how analog design is performed, the proper terminology is introduced. A definition for
analog synthesis is given; requirements and goals complete the definition. An overview is
given on recently developed synthesis frameworks like the AMGIE framework
[PLAS 01a,PLAS 01b] that was used to develop the PDFE front-end presented in Chapter 3.
As stated in the previous chapter, synthesis is not a feasible approach for star IP. Therefore a
methodology suited for star IP is presented at the end of this chapter on design methodologies.
The presented methodology was used to design the high-accuracy current-steering D/A
converters, presented in Chapter 4, and the high-speed A/D converter presented in Chapter 5.

2.1 Used terminology

In this section a clear and unambiguous terminology is defined for the different processes
and data of the analog design. Although the terminology is frequently used, it does not
always have the same meaning. Firstly, a set of definitions [PLAS 01b] is given resulting in
the definition for analog synthesis and systematic analog design at the end of this chapter.

Analog circuit: any implementation of an analog function.

Function block: an analog circuit type. The type is defined by its expected behavior,
quantified by its behavioral parameters and an interface. For instance, DAC is a function
block which converts the digital input signal into an analog output signal (behavior). It has
for instance N (number of bits) inputs and returns a single-ended analog output signal
(interface).

Behavioral parameters: the values quantifying the behavior of a function block. In the
DAC case this would be e.g. the sampling speed, glitch energy, the output swing, settling
time, ...
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Behavioral model: is a description of a function block that can be simulated. It
jmplements the interface and the behavior that the function block represents and, when
given values for the behavioral parameters, it allows a numerical or other simulation to
evaluate the behavior.

2.2 The analog design process

To better understand the difficulty in automating analog design, the analog design process
is shown in Fig. 2.1: an initial high-level concept is refined through a series of steps ending in
tabrication. Firstly, in the architectural design step, the system concept is decomposed into a
collection of analog and possibly also digital high-level circuit building blocks that, taken
together, will fulfill the system-level concept. If needed, these blocks are further decomposed
until their complexity can be managed and the resulting building blocks can be designed at
the circuit level, Then, in the cell or circuit design step, a detailed circuit-level schematic is
created for each cell, and the sizes and biasing for the active and passive components are
derived. In the next phase, the cell or circuit layout step, the physical geometry of each cell is
determined. Finally, in the system or module layout assembly step, the global placement and
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Figure 2.1:  Hierarchical view of the analog design process.
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routing of the cells is done resulting in the physical layout of the architecture fulfilling the
system concept.

The analog circuit design is further refined in Fig. 2.2, The inputs to the circuit design are
the circuit specifications determined by the chosen architecture, the chosen technology and
the environment in which the circuit will operate. The first task is topology selection: among
the different available topologies, the best candidate is selected. If none of the available
topologies satisfies the targeted specifications, a novel topology has to be invented. The
second task is sizing and biasing: circuit parameters such as device sizes and independent-
source biasing are chosen to meet the targeted specifications, with minimal power and area
and acceptable yield and manufacturability. After circuit design, a layout is generated:
devices are generated, placed and connected such as not to deteriorate the targeted
specifications.

The combination of cell/circuit design together with the layout generation, is often defined as
analog synthesis [PLAS 01b].

Cell/Circuit design

wiie souozs |
Wello=12 0ui 25

Simulation
Verification 3

Figure 2.2:  Analog celllcircuit design and definitions.

Analog design automation up till now has not been as successful as its digital counterpart
for a number of reasons. One reason becomes apparent when the simplified design flow as
shown in Fig. 2.1-2, is compared to the design process a real analog designer goes through.
Analog design is rarely a confident progression through discrete, formally verified design
steps leading the design from a concept to first time right silicon. Boundaries between the
different phases in design are often vague, and even during architectural exploration, layout
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parasitics and constraints are taken into account. Furthermore, feasibility of some decision at
the architectural level is often dictated or obstructed by constraints at lower levels, and good
estimators are still a topic of research; the designer often bases his/her decisions on his/her
experience. Because of the large number of interrelated design concerns and the difficulty of
isolating the effect of a decision to a single design step, even the best design must sometimes
backtrack and reconsider earlier decisions.

In digital design hierarchy is extensively used and information from subsequent steps in
the design are hidden: the designer uses power and delay parameters to simulate his RTL-
level description without worrying too much about the physical implementation by the
standard cell library. Although hierarchy is also used in analog design, the leverage is less
because it is hard to make abstraction as can be done in digital design. The analog designer
must consider many more performance specifications, most of them are sensitive inhibiting
rcuse. Even OPAMPs are hardly ever reused, and the analog designer prefers to retarget the
OPAMP for optimal performance.

This leads to the conclusion that analog design intrinsically is difficult to be fully
automated. Many different design specifications need to be taken into account and decisions
on architectural level or even topology selection are susceptible to lower-level parameters in
the design. In particular for star TP it is therefore to be doubted that fully automated solutions
can be provided, as their implementation changes with technology. These designs can only be
boosted by guiding the designer with adequate methodologies, supported by point tools, that
automate tedious tasks in the design hence reducing the design time. For commodity IP, on
the other hand automatic synthesis is more useful and feasible, and is on the edge of
breakthrough in the analog design community [MEDEA 00].

2.3 Overview of Analog Design Automation

Two different approaches can be used for analog synthesis: plan-based synthesis vs.
optimization-based synthesis. In the plan-based approach (Fig. 2.3a), the sizing is formulated
as a preordered set of equations which, given the specifications of the building block,
calculates the design parameters (W, L, Ipia, ...). In the optimization-based approach
(Fig. 2.3b), the design parameters are varied in an optimization loop, and the circuit under
design is evaluated at each iteration using either device-level simulations or a set of equations
expressing the circuit performance as a function of the désign parameters. The sizing is
formulated as a constrained optimization:

k
minimjzez w,f.(x), subjecttog(x)<0 2.1)
x i=1 i

where x=(x;.x,..., x,) contains the design parameters (W, Vgs-Vr, Tpigs, .-.). Simulated
annealing [KIR 83] is frequently used as optimization routine. Being an unconstrained
optimization technique, the optimization problem is therefore reformulated as:

minimizeC(g)= iw,-f,-{l) "‘Z“’}-&(E) (2:2)
= =l J=t

The equation-based approach has the disadvantage that an expert designer is needed to derive
the set of equations, but the advantage of fast evaluation times. Using symbolic
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analysis [GIE 89,GIE 95b] this drawback can be partly compensated. The simulation
approach has smaller setup times, but suffers from large evaluation times, which is often
countered by distributing the evaluation over a farm of workstations [KRAS 99,PHEL 99|.

Because of the large setup times needed to derive and order the design plan, the plan-based
approach has shown to be less favorable and today’s commercially available analog synthesis
tools use either an equation- or simulation-based optimization, or a mixed approach. A briel
overview of these approaches is given in somewhat more detail now.
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Figure 2.3:  Plan-based vs. optimization-based analog circuit synthesis.

2.3.1 Plan-based sizing

Ibac [DEG 87] is a synthesis tool that relies on manually derived design equations. The
set of equations from the design plan can be compared to the design equations derived in a
manual design. For synthesis these equations need to be inverted and ordered so that they can
be evaluated as a procedure. In many cases the degrees of freedom (independent design
parameters) is much higher than the number of specifications, and a set of different design
scenarios depending on the specification values is handled.

Once the design plan is available and stored in the library, fast execution times are possible
and even trade-off analysis and performance space exploration is possible within acceptable
CPU times. The major drawback is the large setup time, the creation of a design plan
typically takes 4 months, which is only acceptable if the designer building block is highly
reused.
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2.3.2 Simulation-based sizing

The ASTRIX/OBLX synthesis tool [OCH96,0CH98] in combination with the
KoAN/ANAGRAMII [COH 91] layout synthesis tool, offers all components needed for a viable
analog synthesis environment. ASTRIX/OBLX is an optimization based approach, where the
circuit is linearized and asymptotic waveform evaluation (AWE) and a relaxed DC
formulation are used to speed up the simulations. Other constraints and nonlinear behavior is
included by an additional set of equations derived manually. Simulated annealing is used as
search engine. Topology selection is not included in the design flow. For layout generation,
KoAN/ANAGRAMII is used. KOAN is an analog device generator that uses simulated annealing
and a limited library of basic device generators. ANAGRAMII is a detailed area router that
takes analog constraints into account: symmetry, shielding, crosstalk avoidance, ...

Recently the ASTRIX/OBLX synthesis has been replaced by its successor
MAELSTROM [KRAS 99]. Using a simulated annealing based evolutionary algorithm OPAMP
type circuits can be sized. The novelties of the approach are: (1) the simulator is isolated
from the optimizer through simulator encapsulation, (2) the exact same device model (e.g.
BSIM3) is used both for verification and optimization, avoiding redesign caused by modeling
errors, (3) the evolutionary algorithm is parallelized on a farm of workstations resulting in
turn-over times of a few hours. The ANACONDA tool [PHEL 99] uses the same approach but
applies a stochastic pattern search algorithm. In [PHEL 00] this tool has been used to
redesign the ADSL front-end, proving the tool is capable of supporting SoC design using
analog IP.

2.3.3 Equation-based sizing

Within the group of believers of equation-based synthesis, two different approaches are

used. The difference lies within the formulation of the cost function. By defining the
problem in posynomial format, fast optimization times can be achieved at the cost of a larger
setup time as will be explained next.

2.3.3.1 Geometric programming

Geometric programming is an extremely fast optimization algorithm [DUF 67,KOR 96] of
the following form: let x=(x;,%,..., x, )7 be a vector of a real, positive variables. A function is

called a posynomial function of X if it has the form f(x)= ch Hx?‘" where ¢, e R" and
i=1 =l
a,€ R. When there is only one term in the sum (i.e. r=1I), f is a monomial function. A

geometric program is the constrained optimization problem:

minimize f,(x),

subjectto  f(x) <1 =1 m
g,@=1 j=l..p
x, >0 k=1,...n

(2.3)

with all fi(x) posynomial functions and all g;(x) monomial functions. This formulation is
convex by construction and thus has only one global optimum, which is found in almost no
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CPU time using interior-point methods [DUF 67,KOR 96]. The modeling effort, though, is
high as only expressions of the posynomial form can be used. In [HER 98] a MOS device
model was presented, followed by applications of this optimization algorithm to linear circuits
such as OPAMPs [HER 98], and RF LC-based Voltage Controlled Oscillators (LC-
VCOs) [HER 99]. With the small optimization times, trade-off analysis becomes a feasible
instrument for designing circuits. The most important drawback of the method is the
limitation of the design equations to be (or to be approximated) of posynomial and/or
monomial form.

2.3.3.2 The AMGIE framework

The AMGIE framework [PLAS 01a,PLAS 01b] offers a fully integrated approach
supporting the complete design process from topology selection till layout generation. The
user selects the desired type of circuit to be synthesized, e.g. an OPAMP, and then has to enter
the specification list that pops up in the graphical user interface. AMGIE then selects the best
candidate (fopelogy) from its library to fulfill the targeted specifications. This topology is
optimally sized through general equation-based optimization and verified by detailed
simulations. A performance-driven layout engine generates a optimal layout, which is again
verified. Simulations after extraction are the final check. The AMGIE framework returns a
layout, a sized schematic (netlist), a datasheet containing the simulated performance, the
design history (which allows to trace the complete design) and a design document that
contains the simulation results and a detailed description of the sized circuit.

For more complex circuits (e.g. data converters) these steps can be executed hierarchically.
Hierarchy is only to be used if the decomposed problem is much easier to synthesize than the
overall block as a whole. As stated by the TTRS [ITRS 01] as well, hierarchical
decomposition leads to translation of performance between the different subblocks, and the
interaction —typical for analog circuits— is hard to model.

The design strategy implemented a performance-driven top-down refinement, bottom-up
assembly strategy. The approach taken for circuil sizing in the AMGIE analog synthesis
routine is an improved equation-based optimization approach [PLAS O1b]. This approach
alleviates many of the drawbacks of the traditional equation-based approaches, by using
techniques of computer-automated symbolic analysis [GIE 89, WAM 95, FER 98, GIE 00a]
for declarative model derivation and constraint satisfaction for design plan
generation [SWI 90,SW1 93] on the one hand, and encapsulated device models to obtain high
accuracy on the other hand [PLAS 0la]. The equations nor the device model have to be cast
in posynomial format, but can be general in any solvable format. Once the desi gn plan of a
circuit is available in the library, the OPTIMAN engine links the compiled design plan to an
Optimization routine to perform the actual sizing. The user can choose among different
optimization routines such as Very Fast Simulated Re-annealing [INGB 89] (VESR) for
global optimization, or Hooke-Jeeves [HOO 61], minimax [LEY 97] for local optimization or
even Sequential Quadratic Programming (SQP) |[FLE 93,SPEL 98]. A graphical display of
acting constraints is shown to the user, and design parameters close to their boundaries are
flagged to the user. This information helps the designer in understanding and guiding the
optimization. After sizing, a nominal performance specification is performed. If this check is
Successful, a verification with mismatch and technology spreads is performed using Monte
Carlo simulations. If all verifications are passed successfully, the layout is generated by the



18 Design Methodologies for analog 1P

LAYLA engine [LAM 95,LAM 99]. This tool implements a direct performance-driven macro-
cell place & route methodology.

As part of this work, the PDFE was developed for the AMGIE library. It will be shown how
the TSAAC and DONALD tools were used to derive the design plan for the library. The AMGIE
tool was then used to size the PDFE and generate a layout. The chip has been processed and
measured. The results compare favorably to an earlier manual design.

2.3.4 Research

Analog cell design has reached maturity and start-ups have commercialized several of the
above approaches providing analog synthesis and IP capabilities. l_Examples are the
companies Barcelona Design, NeoLinear, Analog Design Automation, Antrim, efc.

Recently, special attention was paid to the design automation of RF blocks. ln.[H_ER 99]

geometric programming is used to size the LC tank of the oscillator. Several experiments are
shown, but layout generation is missing, and no silicon proof is given.
The CYCLONE tool [DER 00] is a simulation-based approach using simulated zm‘nealing.
Electromagnetic simulation tools are used, providing higher accuracy than was achieved in
the previous equation-based approach. The tool covers the full performance-driven t.op-dovx_!n
design methodology, starting from specifications down to layout (GDSII or ngence skill
code). Different topologies are available to the user from a library. The layout is generated
by the LaYLA module generator [LAM 95].

A novel approach to symbolic analysis is presented in [DAE 02]. In this approach
symbolic expressions arc generated for linear and nonlinear characteristics performance
characteristics. Instead of using the linearized parameters around a nominal point and extract
an expression from the AC equivalent network |[GIE 89,DAE 99] as is usually done, this
approach directly fits performance characteristics (e.g. GBW) to design parameters (e.g. W,
Vi —Vy, ...). The characteristics are then fitted to a subset of posynomial expressions using
BSIM3, MM9 or any other device-level simulations. The setup is distributed over the
compute network resulting in acceptable run times. This approach avoids the problem of the
manual set-up of the posynomial approach.

High-level synthesis is another topic of research. The VASE (VHDL-AMS Synthesis
Environment) [DOB 99] creates a topology starting from specifications and a behavioral
description. In compliance with cell design synthesis, this would provide a full solhution for
the analog design process. Presented examples shown OPAMP cascade like topologies; more
complex real life test cases have not been reported yet.

2.4 Commodity IP vs. star IP

As explained in the introduction, analog IP can be categorized in commodity IP and star IP
depending on their design challenge/complexity. Designs on the edge of the technological
boundaries are categorized as star IP. Their topology and achievable perfonnan.ce are very
susceptible to technological changes and evolve as technology changes. Star IP is delivered
as hard IP (GDSII). Its design can be boosted by the proper design methodology supported by
point tools that automate the tedious and error-prone tasks. Commodity IP on the mher hand,
doesn’t fully challenge the capabilities of the design, and is suited for full automation from
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specification down to layout. Provided the tools become commercially available and are
adapted by the analog design community, commodity IP can be delivered as soft TP,

Boosting analog design thus requires a different approach depending on whether star TP
blocks or commodity IP is being addressed. The different approaches are explained next and
a definition for analog synthesis and systematic analog design are given.

2.4.1 Commodity IP

As described in section 2.3, analog design automation has reached enough maturity to support
the synthesis of commodity TP. The ANACONDA tool, the GPCAD and the AMGIE framework
have proven capabilitics to synthesize building block of OPAMP complexity. In [PLAS 01b]
a lest case is shown, where the AMGIE framework was used successfully by EE master
students to design a function block from specification to layout within a few hours. From
these different approaches the following definition of analog synthesis is derived [PLAS 01b]:

Analog synthesis is the process of designing analog function blocks from behavioral
specification to mask layout, in an automated or semi-automated way.

The mainstream EDA companies though, do not offer much analog support, and although the
V51 Alliance declared a dedicated netlist format to exchange analog IP, none or only few
commercial tools fully support the standards set out by the VSI Alliance. The introduction of
commodity TP therefore relies of the innovation of start-up companies, commercializing
proven synthesis capabilities, listed above. Recently, several start-up companies have
emerged offering up to date analog design automation tools, covering the design process as
shown in Fig. 2.1-2. The analog design community awaits silicon proof and prejudice is
strong that automation comes at the expense of reduced performance.

To counter this prejudice and prove that commodity IP provides viable means to leverage
analog design to a higher level, a PDFE front-end for space applications was selected as test
case in our work. Chapter 3 explains in detail how the library model was derived using the
AMGIE framework. Thus an IP block is delivered that can be synthesized from specifications

fo layout within 2 days. A test chip was processed and compared favorably to an earlier
manual design.

242 StarIP

Fig. 2.5 shows the unified design flow for star IP that will be used throughout this work.
The f_ocus is on the analog part and analog IP, and the digital design is represented in a
simplified way. The presented flow covers the complete design process shown in Fig. 2.1.

The design methodology used is top-down performance-driven [CHA 94,GIE 95a]. This
design methodology has been accepted as the de facto standard for systematically designing
analog building blocks [CAR 96,CHA 94]. It is a mixed-signal design. The analog design
flow is grouped on the left; the corresponding digital flow is grouped on the right. A number
of phases are identified. The first phase in the design is the specification phase. During this
phase, the analog functional block is analyzed in relation to its environment, the surrounding
System, to determine the system-level architecture and the block’s required specifications.
With the advent of analog hardware description languages (AHDL), such as VHDL-AMS
[VHDL-AMS 99]Jor VERILOG-A/MS |[Verilog-AMS 98], the obvious implementation for
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this phase is a generic analog behavioral model. This model is parameterized with respect to
the specifications of the functional block but is generic as no details are known of the circuit
implementation that will be chosen later on. The next phase in the design procedure is the
design (synthesis) of the function block, the center of Fig. 2.5, consisting of sizing and layout.
The analog sizing consists of a sizing at two levels: the architectural level and the device
level. Usually the digital functions on analog star IP are limited, therefore the digital design
flow is mostly limited to RTL-level synthesis. In a fully unified approach the use of other
cores, RAM/ROM generators etc. should be included as well during architectural-level
design. The design steps are verified using classical approaches (numerical verification with
a simulator, at the behavioral, device or gate level, respectively). In addition the MiMI or
‘MMERE tool [VER 97] is used for statistical verification. This tool replaces the transistors in
the netlist by an equivalent statistical mismatch model according to the mismatch models of
[LAK 86.PEL 89], see Fig. 2.4. Using Monte Carlo simulations, the statistical performance
can thus be evaluated and verified for mismatch and technological spread.
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Figure 2.4:  For mismatch simulations every MOS transistor is replaced by an equivalent
statistical model.

The floorplanning is done jointly for analog and digital blocks. Then, the analog layout is
generated using the LAYLA [LAM 95] and MONDRIAAN toolset [PLAS 98 PLAS 02], which is
the subject of the following section. Standard cell place & route tools generate the digital
Tayout. Both layouts are separately verified. The blocks are assembled at the module level and
again a module-level verification is done with classical tools. When the function block design
is finished and verified. the complete system in which the functional block is applied, must be
verified, see Fig, 2,5. For this, again a behavioral model for the analog function block is
constructed. This time the actual parameters extracted from the generated layout are used to
verity the functioning of the block within the system.

Throughout the complete flow, reuse, documentation and traceability should be supported.
Ideally, the design process delivers not only a layout but also an accompanying datasheet and
design document, compliant to VSI standards.

This leads to the following definition of systematic analog design:

Systematic analog design is a sequence of documented, traceable and verifiable steps by
which a design process will reliably produce a design, whereby gquantitatively or
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qualitatively the design parametersidecisions (architecture selection/creation, sizing,
layout, etc.) are determined/calculated from the performance specifications of the
requested function block while muintaining feasibility with respect to constraints enforced
by technology of profitability.

Design flows thal meet these requirements promote reuse and automation as all steps in the
process are well documented, traceable and verifiable.

The presented methodology has been used in our work to design curreni-steering D/A
converters and high-speed A/D converters, which will be presented in Chapters S and 6. For
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Figure 2.5:  Unified design flow for star IP.
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the D/A converters the design parameters can be direcily linked to the specifications: no
optimization or iterations are needed, a ‘correct-by-construction” approach is pursued in this
design, For the A/D converters many acting constraints make it hard to determine the design
parameters and a ‘correct-by-iteration” approach was chosen, supported by an optimization
loop in MATLAB using the adaptive simulated annealing methodology. Both analog blocks
have an array-type layoul and a layout point tool, called MONDRIAAN, to address their layout
generation has been developed as part of this work and is presented next.

2.5 The MONDRIAAN toolset

The physical design task for amaleg design has been boosted with the acceptance of
(performance-driven) parametized device generators. Research resulted in more complex
device generators for inter-digitated devices [BRU 96), octagonal coils [DER 00], gate-all-
around transistors [SNO 00], and also placement and routing has been addressed.
In [CHO 90, COH 91, FEL 93, CHAR 94a, CHAR 94b, LAM 95, BRU 96, LAM 99] layout
cnvironments have been presented that place and route device-level analog circuits following
the macro-cell place and route methodology. possibly with a constraint-driven or
performance-driven approach. Buiding blocks of the complexity of an OPAMP can be
generated by these tools. A task that has received litile attention is the generation of regular
structures with (irjregular connectivity. Many analog circuits exhibit this property resulting in
a tedious and error-prone layout task, particularly if the connectivity is irregular. Examples of
such circuits are flash-type or folding/interpolaiing A/D converters [PLASS 94], current-
steering D/A converters [PLASS 94| or Cellular Neural Networks (CNN) [CHUA 93,
KIN B5]. Both D/A converiers and A/D converters were test cases for the presented
methodology boosting the design of analog star IP. The presented MONDRIAAN approach
raises the level of abstraction of the analog layout generation process. Instead of pushing
polygons at the mask level, the designer inputs the most important and creative part of the
mask layout: the position of the cells and how they will be interconnected at the symbolic
level. The back-end part (p{)lyg(‘m mask-level) of the methodology has been fully amomated
utilizing a tool called MONDRIAAN'.

The goals of the presented layout methodology are: (1) improve designer’s productivity,
(2) reduce the chance of errors through automation of tedious, repetitive tasks, and (3) provide
reusability of layouts. Real-life examples show a considerable reduction in design fime,
without sacrificing the design quality, Even more, the methodology allows designers to
attempt previously infeasible layout sofutions that are capable to push technology limitations.
This is illustrated by the design of a 14-bit current-steering D/A converter later on. These
goals have becn achieved by cnmhmmg a flexible layout model and a layout synthesis
methodology as will be explained in section 2.5.2 and 2.5.3. Comparing different regular
layouts resulted in a list of requirements, presented in the next section. From this list the
MONDRIAAN tool® [PLAS 98] has been developed and verified with industrial strength test
cases [BUS 01, BUS 02b] as part of this work. This tool was enhanced, functionality and
additional bus and treec generstors were added resulting in a new layout
methodology [PLAS 01b,PLAS 02,]. This work discusses the functionality and use of the

' a Dutch painter of the 20" century famous for his “army-type” paintings [MON]
* this work was performed in cooperation with Geert Van der Plas
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MONDRIAAN toolset and introduces the new layout methodology. For a detailed description
and qualitative comparison 1o other layoul approaches, the interested reader is referred
o [PLAS 01b).  Section 2.54 illustrates how the toolset has been successfully used
throughout this work to reduce the layout generation times for both D/A converters and A/D
converters,

2.5.1 Requirements of the MONDRIAAN toolset

The targeted array-like analog layout structures typically consist of an array of unit cells
(potentially with slightly different cell variunts). These modules process in a parallel way one
or more input signals and steer one or more output signals. Three possibilities are shown in
Fig. 2.6, each represented by a typical example: parallel signal gencration (for instance a
currenl-source array that generales n equal currents, found in current-steering D/A
converters), parallel signal processing (for instance amplification of n signals, found in flash-
type A/D converters), and signal multiplication and processing (for instance current mirroring
used in interpolation circuits for A/D converters). This basic layout problem has remained
unsalved in current EDA tools, and is addressed by our methodology.
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Figure 2.6:  Three analog arvay-type circuits: signal generation (e.g. current-source array
that generates n equal currents found in current-steering DIA converters),
signal processing (e.g. n amplification stages, found in flash-type A/D
converters) and signal multiplication and processing (e.g. current mirrors,
used in interpolation circuity in AID converters).

What requirements should the new methodology fulfill?

* the degree of automation should be as high as possible, without compmml%mg the
quality/performance.

*  shorl setup times, short run times

*  offer full flexibility for the targeted regular layout structures with (ir)regular connectivity

* support often used analog layoul tricks: abutment of array-wide (global) connections,
flipping techniques to share signals among neighboring cells, etc.

All these requirements have led to the layout model which is presented next. The layoul

model alone does nol provide a working solution. Section 2.5.3 will explain how a regular

circuil is mapped efficiently on the introduced layout model using the automatic MONDRIAAN

loolset.
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2.5.2 Description of the Layout Model

Fig. 2.7 shows the cell array layout model that is used to generate the targeted regular
array-type blocks. The basis is a cell array as shown in Fig. 2.7. A different cell variant (a
reference cell, a dummy, ...) can be serted al any position, as shown in Fig. 2.7 by the
differently shaded individual master cells (masterl, master2, master3).

spacer 1 spacer 2

horizontal
channal routing

vertical
bus routing

Figure 2.7:  Cell array layout model of the proposed layout synthesis methodology.
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Figure 2.8:  Symbolic view of cells and routing channels: vertical routing across cells,
horizontal routing in between cells. Vertical wires connect to the contact areas
in the cell, horizontal wires connect to the vertical wires.
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Master cells in the array can be flipped sideways every next column or upsidedown every
next row or both at the same time (the latter is shown through the small arrow indicators in
Fig. 2.7). These flipping techniques are well-known analog layout tricks, used to share lines
hetween neighboring cells. Tn addition, spacer cells can optionally be inserted every next
column to improve the array’s connectivity, There is one cell for the even columns (called
spacerl), another for the odd columns (called spacer2), as shown in Fig. 2.7.
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Figure 2.9:  Cell outline: cell extent, contact areas and routing channel.

Two types of connections are distinguished: array-wide connections and individual
connections. Array-wide connections are signals that are connected 1o every cell in the array,
such as power, biasing and ground connections. The individual connections connect only to
individual cells of the array. Array-wide connections are realized through abutment and
feedthroughs in the cells and optionally through spacer cells. The connectivity in the spacer
cells used in Fig. 2.7 cannot be done as part of the master cells (using feedthroughs or
abutment), since the contents of the spacer cells is asymmetric (due to the contacts).
Individual connections (in and eur of the array or inrernal to the array ) are realized through
bus and channel routing. As shown in Fig. 2.8, vertical bus routing channels have been added
to the array layout model that eross the cells, and horizontal routing channels have been added
in between the cells (not shown in the figure but also possible are horizontal channels across
the cells in designer-specified safe regions). Buses in the vertical direction are used to
connect wires to the cells; channels in the horizontal direction are used to connect vertical
wires with each other. The basic cells contain contact areas underneath the vertical bus
routing channels. In these areas a connection between the bus and the underlying cell can be
made, as shown in Fig. 2.9 which shows a symbolic model of the cell: the cell outline. A cell
can have multiple user-defined contact arcas, which are areas where a connection can be made
1o a cell. All contact areas in the cells have a buy capacity: the number of racks on a symbolic
layer that can pass and connect to the contact area. Sometimes contact areas parily or
completely overlap, as is illustrated for contact area A and C in Fig. 2.9. In such cases, a bus
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capacity ol the overlap area is defined, this overlap can be used 1o make connections between
different contact areas of different cells. The bus capacity is determined by the number of
vertical tracks that are available for routing in every column of the array.

The horizontal channel capacity is either limited by the space in between the cell rows, or
is limited by the channel area allowed by the cell designer across the cell. This capacity
determines the number of tracks available for routing horizontally in every row of the array.

The array-generation functionality offered by the above layout model is much more
flexible (Jow setup times, easy to modify or adapt, ...) and is situated at a higher absiraction
level than other approaches such as the mask-level stretch and tile approach INEF 95]. It
covers the requirements of a large variety of analog circuits as will be shown by the examples.
This layout model has been combined with a layout generation methodology using the
MONDRIAAN toolset [PLAS 98] for two of the three steps. This methodology is described in
detail in the next section.

2.5.3 Description of the Layout Generation Methodology

Given the presented layout model, the layout generation methodology transforms a
module’s schematic into a mask layout. The flow chart of the presented methodology is
shown in Fig.2.10 and consists of three phases: floorplanning. symbolic routing and
technology mapping. Although these terms are also used in the digital standard-cell place and

Symbolic

Routing
m] o
layout
technology

i «Qﬂ”

Figure 2.10:  Flow of the layour synthesis methodology Jor arvay-type analog circuits.
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route methodology, they do not completely express the same concepts here. The targeted
modules are analog and the level of control/predictability on the final mask-level layout result
must be much higher than what is typically found in standard-cell place and route tools. In the
presented approach the floorplanning phase represents the gencration of a floorplan that
comprises all necessary data required to correctly generate a fully placed and routed cell array
automatically, The symbolic routing phase then solves the routing problem given the
[loorplan, the basic cell outline. the netlist (connectivity information) and the routing
directives. Tn this phase it is determined symbolically in which tracks wires will be created
and where connections will be made through contacts. The actual mask layout generation in a
specified technology process is done in the technology mapping phase. It must be noted that
the first phase of the flow, floorplanning, is a problem-specific phase that has to be executed
by the designer. The second and third phase, however, are generic and have been automated in
Ihe MONDRIAAN tool [PLAS 98], Please note that the fact that the floorplanning phase has not
been included in the generic tool does not preclude automation of the complete process. Full
automation of the process can still be achieved: it only requires (small) problem-specific
programs; no generic solution is possible at this stage unlike for the other two stages. The
three phases are now described in more detail,

Floorplanning
During floorplanning cell and pin assignment is performed. Tn MONDRIAAN the floorplan
contains the following information:
1. cell assignment:
+ array dimensions,
« position of every cell in the array,
» flip every next row and/or column of the array; insert spacers.
2. pin assignment:
» side of the array,
*  pin sequence,
= pingrid.
The designer determines the relative position of all cells in the array and specifies if the
flipping techniques and/or which spacer cells are 1o be used. This is essentially an analog

requirement; the assignment of the cells is extremely important as will be shown for the 14-bit
D/A converter in section 2.5.4.1.

The second part of the floorplan is the pin assignment. This pin assignment information
ansisls of different fields. First of all, the connection side (i.e. North-South-West-East side)
of the array has to be specified. Secondly, the pins are assigned to the different tracks.

Since the floorplanning is problem specific, the knowledge must therefore come from the
designer. At this symbolic level, the designer can easily automate this task using general
programming languages (like e.g. C, C4++, elc.) or common scripling languages (like ¢.g.
MAT‘[AB, Perl, etc.). However, a program will have to be developed for every specific type of
circuit,
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Symbolic Routing

This phasc has been automated in the generié tool MonNDRIAAN. The input to the automated
symbolic routing phase is:

1. cell putline {including bus capacitics of all conlact areas)

2. fAoorplan (cell and pin assignmenl, cell flipping directives, ...}

3. netlist fconnections between contact areas & pins)

4. romting directives

The cell outline and floorplan have already been defined above, in the layoul model section
and! the floorplanning section. The nethist specifies the conncctions between the cell's contact
areas and the pins. The routing directives control the generation of the routing selution. To
connect all the contact areas and pins, various solutions are possible. By adding rouling
directives as extra user input, one solution can be preferred amongst @ myriad of dilferent
solution$, Two particularly important rotiting directives arc supported [PLAS 02}

« use wires that span the complete extent of the column or row (instead of the shortest
possible), This directive is used to enlorce that all nets have the samc capucilive
loading and thus have better matching. Tt alse ensures that all nets have & separate
track in a bus. '

» gonstrain a net’s horizontal wire ina speeific row. This allows a designer to determine
the sequence of the horizontal wires. This sequence otherwise is completely random in
many cases. This can for instance force the routing of one special net in a specific
horizontal truck; an example could be a biasing net in the center of the array.

The routing then proceeds as follows |PLAS 02]. First. all buses for every column are
processed. All connections that can be made between cells and to pins are made in a column,
‘The number of required trucks is minimized by routing wires in the same track of a bus when
they don’l overlap vertically (and if this is not prohibited by the routing directives), The
resulting required number of tracks is then checked against the bus capaeity of all buses. If the
bus capacity is not sufficient, an-error is returned. After processing all colurng of the array,
al} that vemainy is to generate the horizontal connections. For all vertical wires that need (o be
connected with each other, tracks are allocated in the horizental routing channels obeying the
rouiing dircctives. Once again wires of different nets are routed in the same track (if allowed)
to reduce the required number of tracks. Finally, the required rumber of tracks is checked
againsi the available channel capacity and an error is returned if the capacity is not sufticient,
1f no horizontal ¢onnections are required this step is skipped.

This routing algorithin is fairly simple when compared o channel routing algorithms used
in digital applications [SHE 95], but it is targeted to our array layout moedel (see section 2.5.2)
and it allows to keep (ull comtrol and predictability on the final layout result. Analog
applications don™ benefit from “optimal, digital” routing results obtained with stundard
channel routers; the optimal analog layout is not minimal worst-case delay er other digital
performance measures. More impaortant, analog routing requirements are egual capacitance,
eyual resistance, equal melal coverage, ete. Thése constraints can be fulfilled using the
touting directives, Furthérmore the absence of an optimization loop results in fast run times of
the rouling phase. which encourages interactive use of the tool.

The symbolic routing phase now has determined where wires and contacts will be created
in termhs of buses and contact areas, but the actual mask layout in a specified technology
process has yet to be generated. This is done in the technology muppin g step.
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Technology Mapping

Using actial technology data and the physical cell layout; the automatic techriology
mapping step tiles the mask-level cells based on the floorplan. It realizes all array-wide
routing {such us power supply, biasing and ground connections) by abutment. The optionally
requested spacer cells are inserted between the columns. They can be used to extract array-
wide 'signals from the array verticully. The symbolic: layers are then mapped on physical
routing lavers in the selected technology process, the physical vertical and horizomtal wires
are inserted and contacts are added te generate the connectivity. Since symbolic layers have
becn used in the symbolic routing phuse, multiple métal layers can be used 1o create a wire.
This can be used to reduce the resistance of the connection in technologies that have a high
nuiiber of metal layers available. The final result is a correéct-by-construction, DRC-error-
free, mask layoul, and the final placement of the pins (not only the mask-level layont
coordinales and the mask-level pitch but also their sequence), The routing and technology
mupping phase have been separated in MONDRIAAN to allow easy porting of analog modules
between different technalogies. If cell ontlines are compatible in different technologies, only
the technology mapping step has to he redone to generate # néw luyout.

In this way the layout of eell arrays uscd in A/D converters, DA converters and other

parallel, regular analog structures can be generated and/or automated in a technology-
independent way. The conneclions betwween the different modules of a larger circuil are easily
tcalized by the use of bus generators [PLAS 01b, PLAS 02]. Six types of bus generators are
available as part of MONDRIAAN in the form of flexible device generators. Bus generators arc
a-to-# type connections. Obvious implementation types are corner, splitier, level and pilch
change buses, with 45" routing if allowed in the specitic technology.
The distribwion of clock ‘gighals, power and bissing is realized by the use of tree
senerators [BERN 98, PLAS (2], Three types of /-fo-n type tree generators are available in
MoxpriaaN, The unary variant is used most often for distributing biasing and power. The
binary tree and H trec | BERN 98, PLAS 02] have the-advantage of offering 1-dimensional or
2-dimensional cqual esistance angd delay distribution. albeit at a shightly higher resistance and
cipacitance for the same distance.

2.54 Productivity gain through the MONDRIAAN toolset

The MONDRIaAN oolset has been used extensively throughout this work to boost the
layoul gencration of amay-type analog layout. Chapter 4 presents the design of a current-
steering D/A conyerter as test case for the presented methodology for designing star 1P. Three
designs were done, the first one largely manual as the MONDRIAAN tool was still al its infancy,
lucking functionality 1o ¢over the complete layout generation process. The tool was fully
ready and wsed in the third design. This allows a ‘comparison between the early manual
design and the Tully automated layout generation using the toolsct. As sccond test case for the
presented methedology, an interpolating/averaging A/D converter exhibiling the same regular
layout, has been designed. The ROM decoder of the converter is shown here 1o illustrate the
vdse of use of the leoolsel. More detailed informatien is given in Chapter 5, where the
complete design is presented,
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2.5.4.1 Current-steering D/A converter modules

The block diagram of the 14-bil current-steering D/A converter is shown in Fig. 2.11 (see
Chapter 4 fora detailed description). The current-source array contains both unary and binary
weighted current sources. A unary current-Source array is implemented as 16 MOS transistors
in parallel as shown in Fig. 2.12. These transistors are placed in a particular order across the
array such a$ to average out technology gradients [BUS 96h PLAS 99d]. The binary current
sources ar¢ obtained by connecting unit current sources in series (see also Fig. 2.12) at
approximately 1/3 and 3/4/ of the array as shown in Fig. 2.13. Although the array consists of
identical transistors, the routing of the binary sources is completely different form the routing
of the unary current sources (MOS transistors are put in series instead of in parallel).
Including the dummy cells (4 rows, 3 colums), over 5000 cells have been placed and routed in
a particular irregular way. This certainly precludes the use of manual layout in this case. The
floorplanning (cell & pin assignment, see Fig. 2.10) has been automated in a dedicated C-++
program [PLAS 01b]. The pin assignment resulting from the current-source array generation,
drives the placement of the switches (center of Fig. 2.11). The binary switches have different
widths and are placed vertically above the binary current-source array. The digital control
line sequence output resulting from the swatch (switch/latch) array is then input to the
standard cell place and route tools used to generated the standard cell decoder (top of
Fig. 2.11).
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power, clock, ground and biasing has been realized using tapered and binary tree generalors,
Except for the layout creation of the basic cells and the chip assembly (placing bondpads and
connecting them) no editing at polygon level was done in this layout. The total CPU time
required to gencrate the current-source array was | minute on a standard SUN Ultra 1/170
workstation, The CPU time needed for generating the swalch array was less than 20 seconds
on the same workstation. The microphotograph of the generated chip is shown in Fig. 2.14.
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Figure 2.11:  Block diagram and floorplan of the 14-bit segmented DIA converter
architecrure.

The three modules (digital decoder, swatch array and current-source array) have been
connected using the bus generators. The wiring pitch from the digital decoder down to the
current-source array is constant. This results in easy assembly and an elegant chip layout. All

Figure 2.12:

Figure 2.13:

Schematic of the implementation of the current-source array of the 14-bi

current-steering DIA converter.,
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Placement of binary and dumny current sources in the current-souwrce array.
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Figure 2.14:  Micraphotograph of the 14-bit DIA converter.

Table 2.1 compares the time spent between a first manual design [BOS 98] and the
automated design shown here (a full description of both chips is given in Chapter 4). Layoul
generation time is reduced from 19 1o approximately 8 working days. Only one day is needed
for the analog layoul generation of the analog modules; the digital place and route, which was
outsourced, consumes four days. Three days are needed for the final assembly.

Task Manual Design | Automated Design

floorplan 2 days 1 hour

Current-source array 3 days 1 hour

swalch array 5§ days 7 hours

thermocoder 3 days 4 days

chip assembly 4 days 3 days

Total person effort 19 days 8 days & 1 hour

Table 2.1: Time spent on layour for a manual design and a design using the MONDRIAAN
tool set.

The use of the MONDRIAAN toolset did not only result in a considerable speed up. The tool
allowed the designers to use a complex routing scheme which averages technology
gradients [BUS 99b,PLAS 99d] resulting in the first intrinsic 14-bit CMOS D/A converter that
was ever published. Furthermore, the toolset allows late design changes as was actually the
case in this design. Because of a communication error h.etwcen both design teams, the digital
thermodecoder was placed and routed to a different pin list than intended by the analog design
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ream. Instead of redoing the digital decoder, the analog pin assignment of the currents-source
array was adapted and the modules were regenerated solving the problem within the hour.

2.54.2 Interpolating/averaging A/D converter modules

The block diagram of the interpolating/averaging A/D converter is shown in Fig. 2,15 (see
Chapter 5 for a detailed description). The differential input signal is compared to a reference
voltage, the signal is then amplified in two preamplifier stages. The comparator slage
acnerates a4 thermometer codes which is, afler an additional error correction, converted 1o
Cray code in the ROM decoder.

The ROM decoder consists of identical cells, programmed in an ‘irregolar’ way.
Floorplanning is straightforward in this case: a dedicated MATLAB routine was written to
generate the connectivity matrix, needed by the MONDRIAAN tool. An hour was needed Lo
manually lay out the basic ROM cell, half an hour to write the MATL.AB seripl. Generation of
the complete ROM decoder is done within a minute, which is a considerable speed-up
compared to a manual approach. Fig. 2.16 shows 3 out of the 255 rows comprising the
complete decoder.

All modules (preamplifier stages, comparator & digital back-end and ROM decoder) were
designed to have equal pitch, so the signal flow is done by abutment,
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Figure 2.15:  Block diagram of the presented interpolating AID eonverter archirecture.
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Figure 2.16:  Layout of ROM lines codes 97-99 from the presented AID converter; M4 and
M3 layers connecting ground and power lines, are not shown.

2.6 Conclusions

In this chapter, first, the terminology has been defined that will be used throughout this
work. After a short reflection on how analog design is performed. a systematic design
methodology for analog IP has been deduced. An overview is given on (recently) developed
analog design automation, special attention has been paid o the AMGIE synthesis [ramework
|PLAS 01a,PLAS 01b].

The design of commodity IP is best boosted through analog synthesis as provided by the
AMGIE framework. As industrial strength test case a PDFE front-end is selected which will be
presented next in Chapter 3.

The design of star IP is best boosted through a systematic design methodology supported by
tools that relieve the designer from error-prone and tedious tasks. The presented methodology
will be applied for designing high-accuracy current-steering D/A converters, that will be
presented in chapter 4, and the high-speed A/D converter that will be presented in chapter 5.
As these test cases have regular array-like layout, a point tool has been developed as part of
this work to automate the layout generation of such regular structures with (ir)regular layout.
The tool, called MONDRIAAN, leverages the physical layout to a higher level of abstraction
and promotes reuse. The tool has been used for the selected star IP test cases, and clearly
shows a reduction of layout generation times. Furthermore the tool enlarges the analog layout
capabilities which can be exploited by the designer to surmount the technological boundaries
for layout-driven designs, as will be illustrated in chapter 4.

Chapter 3
Systematic Design of a
Particle Detector Front-End

3.1 Introduction

Radiation detectors are used in nuclear physics experiments and for on-satellite radiation
measurements (e.g. of solar wind activity). Typically, a large number of detectors are
monitored and processed in parallel. The purpose is to measure the energy of particles,
coming from e.g. the sun or star, as they hit one ore several detectors.

Radiation is one of the most impertant environmental consiraints in space applications.
Every mission, however short or well shielded, takes place under irradiation. Therefore ESA
policy specifies that all electronics used for (solar) missions should withstand a total dose
exposure of 50 kRad [ESA 96]. At the same time, the space, weight and power requirements
in space are very stringent, With the advent of commercially available CMOS technology,
that can withstand doses of irradiation encountered in space [SNO 00, SNO 01], a fully
integrated Particle Detector Front-End (PDFE) can be realized at low cost. This offers all the
advantages of an integrated solution: lower power consumption, less area and weight at a
reduced cost, as the commercially available CMOS technologies are cheaper than the
radiation hard technologies. The overall resuli is a cheaper mission, # higher number of
experiments that can be shipped on one mission or an experiment that can last longer from the
same power supply. Fig. 3.1 compares the previous board solution of the PDFE used by ESA
in solar missions, One of the four boards is placed in front of its black housing to compare to
the integrated single ASIC solution shown on the left of Fig. 3.1.

Because of its (requent use both in nuclear science as in space exploration, the Particle
Detector Front-End (PDFE) was chosen as driver for automated mixed-signal design of
frequently used building blocks. Previous research work [DON 98] provided the means and
insight to automated the high-level synthesis of the PDFE. translating the system
specifications to specifications for the building blocks such as the A/D converrer, the Peak-
Detect and Sample and Hold block (PDSH) and the Charge Sensitive Amplifier and Pulse
Shaping Amplifier (CSA-PSA chain). The first CMOS implementations of CSA-PSA chains
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Figure 3.1:  Fully integrated PDFE for space applications: the functionality of a single
board is integrated in one CMOS ASIC shown in front.

were introduced in the carly 90s [CHA 90}, covering a broad range of applications. The same
topology has been reused and changed little over the years. Therefore the CSA-PSA qualifies
as commodity IP and is implemented as soft IP within the AMGIE framework [GIE 05a,
BUS 984, PLAS Ota] as part of this research work. Given a set of specifications a CSA-PSA
chain can be synthesized within 2 days, including layout generation. A test chip has been
processed in a standard 0.7 pm CMOS technology. Power consumption is reduced by four,
achieving the sume performance as an earlier manual design.

This chapter is organized as follows. Firstly, the design flow of the PDFE is introduced and
the architecture of the complete PDFE is explained. Next, the different phases from the
design flow are explained in detail. During the architectural-level synthesis, the system
specifications for the PDFE are translated in specifications for the lower building blocks such
the A/D converter, the PDSH and the CSA-PSA chain. The remainder of the chapter focuses
on the implementation of the CSA-PSA chain as a soft IP library cell in the AMGIE
framework. Using symbolic analysis tools design equation and a sizing plan are derived and
embedded in the AMGIE library. Sizes are determined in an equation-based optimization loop.
Layout is generated and the chip is verified before munufacturing, The chip has been
processed and fully characterized: the chip compares favorable 1o an earlier manual design.
Radiation testing was donc as well, confirming that standard submicron CMOS technologies
provide a viable alternative to expensive radiation hard technologies. A final section
summarizes the research and provides guidelines to further improve and boost the design of
soft 1P and commodity [P in general.
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3.2 PDFE design flow

In the design of analog functional blocks as part of a large system on silicon, a number ol
phases are identified. These are depicted in Fig, 3.2, The first phase in the design is the
specification phase. During this phase, the (analog) functional block is analyzed in relation to
its environment, the surrounding system, to determine the system-level architecture and the
required specifications for the blocks. At the time, the VHDL-AMS and VERILOG-A/MS
standards were still under development. The generic analog behavioral models were
implemented in the proprietary MAST language from SABER [SABER|. This model is
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Figure 3.2:  Presented design flow for the PDFE.
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parameterized with respect (o the specifications of the building blocks (e.g. A/D converter,
PSA. PDSH, ...) [DON 98]. The next phase in the design procedure is the design (synthesis)
of the functional block, the center of Fig. 3.2, consisting of sizing and layout. The design
methodology used is top-down performance-driven [DON 98, GIE 95a]. This design
methodology has been accepted as the de facto standard for systematically designing analog
building blocks.

Fig. 3.2 shows the synthesis flow resulting from applying the design methodology to the
targeted PDFE. It is a mixed-signal design. The analog design flow is grouped on the left; the
corresponding digital flow is grouped on the right. The analog flow consists of a sizing at two
levels: the architectural level and the circuit level. The digital synthesis completes the sizing
part of the mixed signal design. The design steps are verified using classical approaches
{numerical verification with a simulator, at the behavioral, device or gate level). The
floorplanning is done jointly for analog and digital blocks, after which the analog layout is
gencrated, and standard cell place & route is used to create the digital layout. Both layouts are
separately verified. The overall layout is then assembled and again verified. In the final
phase, the verification phase, the generic behavioral model that was used initially for system-
level exploration, is replaced by an extracted behavioral modeling.

3.3 PDFE architecture

Particle detectors front-ends are used in nuclear physics experiments or for on-satellite
radiation measurements [CHA 90, DON 98]. Both applications share the same detcclor
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Figure 3.3:  Block diagram Particle Detector Fi ront-end.
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architecture. Typically, a large number of detectors are monitored and processed in parallel.
The purpose is to measure the energy of particles that hit the detectors. The radiation
detectors are sensors that generate a small charge pulse proportional to the energy of the
incoming particle. The PDFE provides the link between the sensors and the digital signal
processing core. Each time a particle hits one of the detectors, charge packets are generated,
which have to be collected and transformed inte a vollage that is propertional to the total
charge generated in the detector. When that voltage exceeds a user-programmable threshold,
the “event” has to be recorded: the voltage is converted into u digilal word that ¢an be further
processed by the DSP core.

A block diagram of the PDFE is shown in Fig. 3.3, The detector sensor signals arc very
weak and noise-sensitive, First, the detector sensor signal is amplified and filtered in an
analog preprocessing chain. This analog chain consists of a charge-sensitive amplifier (CSA)
and a pulse-shaping amplifier (PSA). as shown in detail in Fig 3.4. [CHA 90, DON 98]. The
chuarge packets coming from the detector are amplified and integrated on a capacitor in the
CSA and then shaped fo a semi-gaussian pulsc in the PSA. The PSA is a bandpass filter
consisting of a differentiator and a number of n integrators. The signal-to-noise ratio (SNR)
of the sensor signal is increased by filtering out large part of the noise spectrum.

The architecture of the analog preprocessing chain is shown in Fig. 3.4. A reverse-biased
photo-sensitive diode detects charged particles or radiation evenis by generating clectron-hole
pairs within the detector material. The generated charge Q is integrated onto a small feedback
capacitor Cy by means ol a low-noisc Charge-Sensitive Amplifier (CSA) giving rise to 4
voltage step at the CSA output with an amplitude Q/C. The resulting step signal is fed 10 a
second amplifier where pulse shaping is performed in order to optimize the SNR of the
readout system. Therefore, this amplifier will be referred to as Pulse-Shaping Amplifier
(PSA). The resulting output signal is a rather narrow pulse suitable for further processing. For
the PSA usually a Semi-Gaussian pulse shaper (sec Fig. 3.4) is chosen as this can be easily
realized with simple circuit components and cxhibit reasonable SNR performance and
counting rate behavior [CHA 90].
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Figure 3.4:  CSA-PSA chain: the CSA integrates the detected charge package onte Cy; the
SNR is increased by the PSA which suppresses the out-of-hand noise.
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The output of the analog chain (CSA-PSA chain) is fed to a peak-detect sample-and-hold
(PDSH) circuit which holds the peak value of the pulse until it is converted by an analog-10-
digital converter (A/D converter). In this way, the PDSH acts as an analog memory as
indicated in Fig. 3.3. The output of each analog chain is also fed to an event trigger. Thisis a
comparator that compares the signal with a user-programmable threshold. When the peak
value of the pulse exceeds this threshold level, a digital pulse is sent to the digital controller
indicating that a detector has been hit. The controller is implemented as a finite state machine
(FSM). The FSM controls the signal flow in the PDFE architecture. It selects an appropriate
memory cell to store the pulses coming from the analog chain, it resets the analog chains after
the peak value has been stored, it connects the memories to the ADCs and controls the
conversion,

The general specificaions list for a PDFE is given in Table 3.1, The specifications can be
divided into four categories: static. dynamic, environmental and aptimization specifications.
In the case of a PDFE the staric puramelers include accuracy (i.e. noise level), and energy
range of the targeted particles (i.e. minimum/maximum energy levels that need to be
detected). The dynamic performance is characterized by the counting rate (i.e. the speed at
which particles can be detected). The environmental parameters include the capacitance of the
radiation detector, the number of channels, power supply and technology, The power
consumption and area need to be minimized for a given technology. This specification lists
serves as input for the design process as will be explained in the remainder of this chapter.

Specification Unit Value
Static Accuracy keV 5
Maximum energy keV | 1600
Minimum energy keV 10 |
 Noise ¢ ms 1000
Gain mV/C 20
Dynamic Countmng rate kHz 200
Environmental | Detector capacitance pF 80
Number of input channels - -
Output range v 2
Power Supply v +2.5
Technology E 0.7m 1P2M
Optimization | Power mwW Min. (< 40)
Area mm’ Min.

Table 3.1: Specification list for the PDEE with typical values for a satellite
mission [ESA S5T].

The designable parameters of the PDFE architecture are listed in Table 3.2. During
architectural-level synthesis the system specifications are translated in block specifications.
In this step of the design phase, the number nrape of ADCs, the number nryyy of memories
and the number of channels nrey are determined to achieve the desired counting rate and
accuracy with minimal power and area as will be further explained in section 3.5.1. Next, at
the circuit level, all transistor sizes are determined for the complete CSA-PSA chain and the
other building blocks, 10 fulfill the specifications derived during architectural-level sizing,
The order of the PSA 1 as well as the feedback resistor and capacitance values Ry and Cy are

.
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also determined during circuit-level sizing, as will be further explained in section 3.5.2. But
first the behavioral model used during the system-level specification phase is discussed.

Designable parameters of the architecture

Architectural level neape (number of ADCs)

sampling rate ADC

resolution ADC

dynamic range ADC

nryey (number ol memories)

tracking error

droop rale N

rirey (number ol channels)

Clircuit level (W, L)esa, (Vos-Videsa

(W, L)psas (Vos-Vr)psa

(W, L)ape. (Vas-Vrlaoc
(W, L)y (Vas=Yadensn

n (number of PSA stages) B

Feedback resistor and capacitance Ry, C; for CSA

Table 3.2: The designable parameters of the PDFE architecture.
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Figure 3.5:  Power-optimal architectures for different system requirements.

3.4 Behavioral modeling for system-level
specification phase

In [DON 98] a behavieral model for the generic PDFE chain depicted in Fig 3.4 was
developed in the MAST language [SABER]. The model reflects the different design trade-
offs between speed and accuracy, allowing the designer o explore the design space of the
entire PDFE as part of a global system. Fig. 3.5 shows the simulation results for different
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&

architectures, targeting different speed and accuracy requirements for the detector interface.
The speed requirement is expressed by the counting rate (in kHz) and the accuracy
requirement is plotted as the dynamic range (in dB) of the system. For each combination of
specifications, the minimum-power solution is plotted and the corresponding archilecture (in
terms of #rape and aryes). A typical list of specifications resulling at this stage is shown in
Table 3.1.  These particular specification are for the ESA SST (Solid-State Telescope)
mission [ESA SST].

3.5 PDFE Design phase

The specifications that have been derived during (he specifications phase are now input to
the design phase. The design of the PDFE is performed hicrarchically, as indicated in the
center of Fig. 3.2. First, some decisions on the architectural level have to be made and the
specifications for the different building blocks will be derived. Nexl. the sizing of the
transistors at the circuil level arc determined for all building blocks, such that the derived
block specifications are met.

In [DON 97] the complete PDFE has been developed using the presented methodology.
All analog building blocks were designed manually. In this work, the focus is on automating
the design of the analog building blocks as soft/hard IP. The CSA-PSA chain was selected as
test engine and the remainder of this chapter will focus on deriving the specifications for this
block. automatically sizing the CSA-PSA chain at transistor level and generating the layout,
such that the CSA-PSA chain is available as soft [P for reuse,

3.5.1 PDFE architectural-level synthesis

A simulated-annealing-based optimization loop is used for the high-level

synthesis [DON 97], as shown in Fig. 3.6. Al each iteration a set of building block.

specifications is proposed, the corresponding system performance is simulated using
behavioral models [or the building blocks, and the estimated implementation cost is calculated
(powerfarea). Using global optimization, the optimal specifications for the different PDFE
building blocks are derived in this way. The performance evaluation can be done either using
simulations or using equations | DON 98].

Simulation-based performance evaluation

In this approach, the different building blocks are replaced by behavioral (macro) models
and simulated in a commercial simulator in time or frequency domain. Fig. 3.7 depicts some
simulation results of the implemented behavioral medel |DON 98], Fig. 3.7 (a) shows the
CSA-PSA output and the pile-up error, which limits the achievable counting rate. Fig, 3.7 (b)
shows the tracking error and droop error introduced by the PDSH: this error delermines the
number of nrype of ADCs needed 1o process the stored pulses.

Egquation-based approach

In the equation-based approach the behavioral models are replaced by design equations
that directly express the performance of the system as a function of the building block
performance parameters. Analytic expressions were derived using ISAAC [GIE 89] in order 1o
replace all hehavioral models that were used in the simulation-based approach,
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Figure 3.6:  Simulated-annealing-based optimization loop used during architectural-level
sizing.

This iy illustrated next for the CSA-PSA chain, shown in Fig. 3.4, and the remainder of this
chapter is focused on this building block.

The output of the CSA-PSA chain in the frequency domain is given by [CHA 90[:

Visiisa-rsa (5} =Hpy (“') H gy (5 ]

y -
_0 [ 5% Acs rai (3.1)
sC, \T#st j\l+s7, '

in which Hpgy(s) is the transfer function of the PSA and Q/s C, is the Laplace transform of
the CSA output for a step signal corresponding to a charge () given by:

O=q Ele (3.2)

@ is the total generated charge in the detector for a particle of energy E, £is the effective
canversion energy efficiency of the detector and ¢ is the charge of one electron. 7, is the time
constant of the differentiators and integrators in the PSA and A ppsy is the gain of one PSA
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integrator stage. There are » integrator stages in the PSA. (s the feedback capacitance of
the CSA amplifier. It delermines the conversion gain of the CSA:

A=~ V/Coulomb) (33)
r

An expression of the CSA-PSA output in the time domain is obtained by taking the inverse
Laplace transform of equation (3.1):
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Figure 3.7:  Behavioral model for simulation-bused performance evaluation:
(a)Pile-up ervor introduced by CSA-PSA,
(b)Tracking ervor and droop-rate error introduced by the PDSH.

The pile-up error that was also modeled in the behavioral mode! shown in Fig. 3.7. can be

calculated from equation (3.4). The output voltage of the CSA-PSA chain at =T for an
ideal step at =0 is given by:

v

; Al n "T . & g
o Q AL"SA 4\'0,.“.’%\ n Srame E—"-?(m..f ] (3.5)
. n! T,

The error resulting from the droop rate of the PDSH can easily be calculated from the
droop rate and the maximum time that the peak value is stored in the analog memory in the
worst-case situation:

Edr{mp = df‘()ﬂp rate: Imux (36)

where 1, is determined by the number of A/D converters nr, ¢ , their sampling speed and the
munber of memories #ryeae per channel,

.
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This set of equations is completed with equations that link the other architectural
specilications (like e.g. noise, peaking time, ...) to the building block specifications (like ¢.g.
nr!msﬂ.ﬂﬂyfmmpkﬂﬂ(\ A(.'nﬁ')l- GBWPS;“I! «.s), us will be Explﬁi]]ﬁd nexl.

Power and area estimators

Accurate power and area estimators have been developed for the different building blocks
in the radiation detector architecture within the presented work. These allow to trade off
different solutions at the architectural level based on their impact on the overall PDFE power
and area consumption. A white box approach [GIE 00a] is adopted. A similar but simplified
method as the AMGIE framework [PLAS 01a] is used but instead of using embedded transistor
modell-9 or BSIM-3 models, only simple transistor models are used to speed up the
power/area estimators. A set of simplified design equations for the most important specs with
respect to power and area, combined with heuristics, are used to derive a first estimate of
power and area. This approach will now be illustrated for one building block, the CSA, the
architecture of which is shown in Fig. 3.8. The approach is similar for the other building
blocks.

The complete set of cquations is presented in section 3.5.2 later on. For now, only the
subset needed to develop the estimators is presented, The most important specifications for
the CSA subblock are the total equivalent noise (ENC,,) and the speed (rise lime £,). In a
good design the major contribution for the noise comes from the input transistor M, (see
Fig. 3.8), the other transistors arc sized such that their contribution is negligible. Under this
ussumption, the white noise is given by (see also equation (3.60)):

a1 1
ENCy =Ky Cop (pys) Tess (o +C ) ——— 3.7
8y Tp
> vdd
nvb3 &—| M
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Figure 3.8:  Schematic of the charge-sensirive amplifier,
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2 2

where Kgy :%; and Cg z%f;—ﬁ[i,n —l)
[3: beta-function
7, peaking time (time to reach the peak value of the generated pulse)
n: number of PSA inlegrator stages
1'e54; operating temperature of the CSA

The pink noise is under this assumption given by (see also equation (3.61)}:

2 2 _2n
E_NCZZ[K_F] | Coa +C;) (e ] (3.8)
FUAWL )y €L q'2n 4

n
where KF is the technelogical //f noise constant.
It can be calculated that for minimal white noise the capacitance of the input transistor Cay

G #6 . ' . iR
should be chosen such that Cy,, = LP’——’ while for an optimal pink noise contribution the

noise condition C,,, =Cy, +C,should be met [CHA 90]. This implies that. as far as pink

noisc is concemed, either W or L can be chosen freely to meet the optimal noise condition.
However, taking into account the requircments for the GBW and the speed of the CSA, a

minimal gaie length is preferred for the input transistor. This insight allows to size the input

transistor and to calculate the power drain (by choosing a Ves-Vr of 200 mV for the
amplifying input transistor). The sizes and current drain for the other transistors can be

estimated using the full expression for the noisc and some additional equations for the

parasitic poles, from which the phase margin and speed performance can be estimated. This

sel of equations is resolved using a local constraint-driven algorithm from the MATLAB

optimization lcolbox.

Power [mW]

Figure 3.9:  Power estimator for the CSA building block.
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Figure 3.10:  Area estimator for the CSA huilding block.

I'he result of this approach is depicted in Fig, 3.9 and 3.10. Estimated power and area are
plotted as a function of the dominant specifications: total equivalent noise and speed (i.e. rise
time) of the CSA. The smaller the admissible noise. the larger the area (see equation (3.8)).
Larger transistors means higher capacitances on the internal nodes, resulting in higher gm and
ihus also power to achieve the speed requirements [KIN 96]. The power also increases with
mcreasing speed requirements, and the larger widths of the transistors required for higher
speed, result in an increase in area as can clearly be seen. Given a set of PDFE specifications,
the estimated power/area can be calculated within 1.15 sec on an HP712/100 workstation,
which is important if the estimator is to be used in each iteration of the PDFE high-level
synthesis. For the specifications as listed in Table 3.3 the estimated power was 3 mW, which
15 in the same order as the 2 mW predicted by HSPICE simulations.

3.5.1.2 Specifications for the building blocks

Similar power/area estimators have been derived for the other blocks in the architecture.
These powerfarea estimators are used during architectural-level synthesis. As can be seen in
Fig, 3.9 and 3.10, they model the trade-offs between the most important specs of the different
blocks. They also give an esumate for the total powerfarea of the global implementation of the
architecture. :

Fig. 3.11 shows a plot of the system-level trade-offs of the complete radiation detector
front-end architecture, which was derived during architectural-level sizing. Table 3.3-and 3.4
give the optimal specifications of the CSA-PSA and the PDSH as computed during
architectural-level synthesis, for system-level specifications of a counting rate varying
between 150 kHz to 350 kHz and a dynamic range (DR) varying between 40 dB and 55 dB
[DON 98]. The DR is defined by the maximum and minimum energy levels to be detected
and the accuracy:
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Power [W]

Figure 3.11:  System-level trade-offs between power, speed and accuracy.

i Max. Energy— Min, Energy (3.9)

Accuracy

Both CSA-PSA and the A/D converters should be accurate enough to guarantee the overall
specified dynamic range. The DR of the CSA-PSA is limited by the noise and the output
swing:

Vi
DRy pop = plizk, CSA-PSA (3.10)
G’M'.w L CSA—PSA

Only taking quantization noise into account, the dynamic range of the A/D converter is given
by [PLASS 94|

DR, =6.02xN +1.78dB (3.11)

where N denotes the number of bits of the converter.

Next. these specifications for the different PDFE building blocks serve as input for the
circuit-level synthesis, which is explained next.
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Specification Unit Value
Static Noise £ rms <1000
Gain mV/iC 20
OQutput voltage Vv 2
Dynamic Peaking time s <1.5
Counting rale kHz 200
Environmental | Radiation detector capacitance |  pF 80
| Power Supply Vv 2.5
Technology = 0.7pm 1P2M
Optimization | Power mW Min. (<40)
Area mm Min. (<1)

Tuble 3.3 Specification list for the CSA-PSA resulting from the architectural design.

Specification | Unit Value
Static Output voltage | V tl
Dynamic Droop rate Vis 82
GBW MHz | 33
Slew rate Vius 0.7
Environmental | Power Supply v 2.5
Technology - 0.7um 1P2ZM
Optimization | Power mW |  Min. (<15)
Area mm’ Min,

Table 3.4: Specification list for the PDSH resulting from the architectural design.

3.5.2 CSA-PSA circuit-level synthesis

Architectural-level synthesis resulted in a list of specifications for the different building
blocks in the PDFE, ie. the CSA-PSA chain, the PDSH and the A/D converter. In the
remainder of this chapter, the CSA-PSA chain is chosen as test engine for the development of
commaodity IP; the circuit-level sizing was fully automated and embedded in the library of the
AMGIE framework. Expressions were extracted using the 15AAC tool [GIE 89].

3.5.2.1 The CSA-PSA architecture

The architecture of CSA-PSA has been previously introduced in section 3.3. For
convenience of the reader, the block diagram of the architecture is repeated in Fig. 3.12. The
eenerated charge from the incident particle is integrated on the feedback capacitance Cy of the
CSA. The resulting step signal is fed to the PSA which suppresses the out-of-band noise
!lltpruving the SNR. The different CMOS implementations of the subblocks will be discussed
i detail in the following sections and the sizing plan for the CSA-PSA will be presented,
resulling in an embedded soft IP library cell within the AMGITE: framework.
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Figure 3.12:  Architecture of the CSA-PSA chain.

3.5.2.2 The Charge Sensitive Amplifier

The CSA is composed out of three subblocks (see Fig. 3.13): the core amplifier, the
buffering stage for which a source follower was chosen, and a biasing stage. Equations were
derived using TSAAC [GIE 89] and declured as a DONALD model [SWI90]. As illustration, the
global declaration of the DONALD model for the core amplifier is given here, as it serves as an
outline for this section. The complete code can be found in [LEY 95].

cal //parameters from other circuits
Cext.in, // source capacitance (detector)
Jeqwn, // equivalent current of white noise (detector)
c_loadin, // load capacitance
tp, m, // parameters of pulse shaper
;‘f ¢ // FTeedback resistance

// ea constants

TCA @ 300 K

PHASEMARGIN : 60 degrees ;
GATNMARGIN ¢ 100 times ;
NOTSEMARGIN : 1.3

// interTacing of the module )
encint_in : cint_in = cgs.ml + cgd.ml + cgb.ml ;

eq ¢ load : C_lead = C_loadin ; // AMG C_load needs to be y-var
eg_C_in t Ccoin = cipt_in + cf ;

eq_g_int D C_int o= cint_in + €ext_in 3

eq_C_out : cLout = (cf || Cext_in) + cod.m4b + chd.mib + cgd.m2;
ca_nl 8 J/ netHst 3

ca_de(); // dc operating point

ca_acg: // ac eguations . - ;
ca_ls(); // large signal equations and settling time
ca_res(); ¥/ resolution and sensitivity of the CSA
ca_noise(); // noise calculations of the CSA

ca_appl); /{ specsheet

ca_func(); /¢ Tunctienal
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Figure 3.13: C haage-Sensr:ﬁw Amplifier comprising a folded cascode with cascoded output
as core amplifier and a source follower as buffer stage.

The DC operating point

The ca_n1() module comprises the netlist of the CSA: all transistors and their connectivity
are declared in DONALD code. In the ca_dc() module transistor area and power consumption
are calculated and penallies on power and arca are introduced to guide the optimizations
IMED 92]: the chip area and power should be minimized, while still meeting the
specitications for the CSA block.

AC analysis of the core amplifier in open loop

= Tnpguurantee stability for an opamp in a classical feedback configuration, a phase margin
;_1 60° is _largcled. For this cj:c_:uit,l however, the situation is more complicated. In fact we
rifwc an inner loop tl?rfrugh Cy within the outer feedback loop through Ry, as shown in
ﬁ' £.3.14. To analyze this correctly, one should tse M-circles [MAC 89]. As this would be a
t-flmbersome appmac_h. we have chosen for a more intuitive approach, In the following
rp:Sriaf;raphs ;-‘hfh load influence of the feedback circuit will be studied as well as the output
stance of the cascode pair. Finally, the open-1 in, the GBW i
i i e ¥ pen-loop gain, the GBW und the phase margin
For the calculations of the AC performance and low-frequency gain, the feedback loop is

cut af the gate of M. after the total input capacitance C; slic PR
it any node. e o ce Cin. As such, the loading isn't changed

Cim = Cm.M‘I +C,qd..\1‘| + Cljn (3.]2)
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In the derived formulas the terminology. as depicted in Fig. 3.15,will be used.

Figure 3.14:  Inner and outer loop in the CSA circuit.

Cm
.
Cr c, + ro;
i = = out
! @ |, m, ™
Mﬂt 2—T]!——

T L@l

= —||1| M:g

! !
Figure 3.15:  Used terminology for the small-signal analysis of the CSA: the loop is cut at
the gate of My while including the correct Cin.

Load influence of the feedback circuit

The loading by the feedback circuit has to be taken into account for the open-loop analysis.
We cut the lonp at the gate of M; as in the DC-gain analysis. The feedback load impedance
(see Fig. 3.16) is given by:

( ) 1 e ! = I & +s.(Cf +Cuu
Z N\S= e T
YT 50 8 +8C $Cu gy +sC

(3.13)
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This impedance has one zero and one pole, as depicted in Fig. 3.16:

1 1 1

« fo,=—- 3.14)
2zR,lC, +C,,) 27 R,C, far 27R,C, :

fl..f' =

Cin
1z, (it __J[_

f’VV\'_ CAHCHNC =T,
I{ — [C.C/(C+CI=GC

Figure 3.16:  Load impedance of the feedback circuit.

The frequency fi; is much more low frequent than for by design. Capacitance Cyis of the order
of fF's, while the detector capacitance is in the order of pF. The corner frequencies typically
dilfer three decades. Below the frequency fi the feedback circuit is capacitive, above the
corner frequency fj; the feedback is resistive. For high frequencies above fy the feedback is
capacitive again as depicted in Fig. 3.16.

In order to model the GBW,, of the core amplifier accurately one has to know in which
impedance tegion one resides for a frequency equal to the GBW. The GBW,, occurs many
decades Tater than fo1, The GBW,, is made large in order to obtain a small rise time . The pole
/> is made as small as possible in order to approximate the integrating behavior as good as
possible without pile-up and saturation of the CSA output node (whih is explained in more
detail at the end this section). Thus in the region of interest we can approximate the
impedance by:

C,+C
Z,(s)=—F—"—= : =r /e, (3.15)
Co (g, +5C,) g,+5C,

This simplified expression can be interpreted as the parallel circuit of a resistor 7y and a
capacitor ¢z The influence of the load will be passed on to the other modules of the DONALD
model by these parameters ryand ¢ This shields the description of the load from the other
blocks and simplifies the expressions.

The open-loop gain at low frequencies

~ For calculating the open-loop gain at low Irequencies, all capacitances can be omitted. The
feedback circuit then consisis of ;. At low frequencies; the feedback circuit doesn't load the
core amplifier at all. The feedback circuit simply passes the signal from output to input.
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However, at frequency fi the feedback circuit starts loading the core amplifier with Ry the
open-loop gain slightly degrades.
The open-loop gain at low [requencies is given by:

A = By, (ro, llro, | rfr)f i (3.16)
where ro; represent the impedance from the cascode transistors My and Ms:
TO; = mmﬂ:"‘""'uwﬂ"’ gmmp;mma}: (3.17)

and ros represent the impedance from the folded cascode formed by transistors Mz and Ma:

10y = Py + 70,5 (L+ gty 1)) (3.18)

The term iy in equation (3.16) takes the current division between transistor Mz and Ms into

aceount:

, 1/ri, :
[t (3.19
P i+ Y, :

where ri; and ri; are given by:

; 1
r=—
80y, T80y,
ro, llr,

(3.20)

ri, =

I+ (gmm + gmb gJ Foy .

The GBW and phase margin

The equivalent small-signal circuit of the core amplifier is depicted in Fig. 3.17: the
transistors of the core amplifier are substituted by a one transistor amplifier with equivalent
transconductance gm,, and load resistance ro;:

ro,=r llro, Il ro,

m (3.21)
am,, = gmy, R

1ri, + gy,

i I ]
i 1€ Coi | Vas @lgmw"as 2 ro, Co |wo
A R R A I B

Figure 3.17:  Equivalent small-signal circuit of the core amplifier.

&)
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The core amplifier (see Fig. 3.13) has a dominant pole f; on node n; given by:

1

= (3.22)
2z ro,C,,

Ja

with C,. =C; +C ) yan +Conpmrar +C-a.m :

The non-dominant pole f,; is located on the folding node n;. At frequencies around or abave
the dominant pole, the output load impedance is mainly capacitive (see Fig. 3.16) and the
oufput resistance can be omitied. The non-dominant pole can be approximaled by shorting
the output node: at the high frequencies where the non-dominant pole is located, the
capacitive load acts as a short. The non-dominant pole f,, is thus given by:

_gmy +gmby, + g0y,
25€;

,,r"f,t (3.23)
with €, :Cg;r,.ul +Ca) +C;;4.M: +C s TC s + Conars

The loading of the feedback circuit results in additional poles and zeros in the open-loop
transfer at frequencies fi o respectively, see equation (3.14).
Finally, there is also a zero caused by the gate-drain capacitance of the input transistor My:

o=t (3.24)
2Jr C.i.'d‘.H 1

The complete open-loop transler function is given by:

(L )0+ )
i+ L)+ 7/ )0+ i)

The stability constraint is derived by opening the loop at the gate of the input transistor My,
afier the total input capacitance Cy,. Stability is a high-frequency constraint at the unity gain
frequency. At those frequencies the feedback circuit acts as a capacitive voltage divider
between C,, and the feedback capacitance Cr. The open-loop GBW is thus given by:

A=A (3.25)

€, c,
GBW ,=GBW,.,,———=GBW_ , —— (3.26)
of CA ch
6, +€, C

The corresponding phase margin is given by:

PM = —arctan [——ﬁGBW'” ] +aretan ['—GBW”’ ]
Jis TR
| [GBWN} [GBW,,,) [ GB%]
—arclan - —arctan + arctan
f o S )f' »l L f ot E




56 Systematic Design of a Particle Detector Front-End

The simulation of the open-loop transfer function (for the sizing listed in Table 3.6-3.8) is
depicted in Fig. 3.18. At high frequencies a zero, formed by the gate-drain capacitance of the
input transistor, oceurs. For a correct operation the CSA should be stable: this is enforced by a
PM > 70°. The dip in the simulation can be explained as follows: the dominant pole f; of the
core amplifier and the zero for of the feedback circuil are in open-loop conf; iguration both part
of the feedback circuit, so the zero will show as a pole and the pole as a zero. An additional
constraint forces the optimization to place the zero before the pole to result in a stable circuit.

852 —— T
o e \\_\ - 3
‘;; % :f H\“‘\, I, 3
s 20 fgr: o /
£ 9 — 4 O
B 20 F -

E 5 £l %
& = N 'le
-80 L ! | 1 | | | i 1
1400 w0t w1t 00 100 107 0t w0t 10"
Input frequency [Hz]
180 =
150 [ \ E
o A,
E 100 :_ \"-_:/,_\-.,_ 3 Ja e =
P e
g _|
w 80 = IS i \ =
£ =
R \
N 3
50 i : = i | ! s =i _‘\n

1 0 190 1 w1t o’ 1w w" " 1"
Input frequency [Hz]

Figure 3.18:  Simulation of the open-toop transfer of the Charge Sensitive Amplifier.

AC analysis of the closed-loop amplifier

The simulation of the closed loop transfer of the CSA (for the sizing listed in Table 3.6-3.8) is
depicted in Fig. 3.19. The CSA circuit will function as an integrator within the frequency
range f.,fi2, where fo; =/, > see equation (3.14), and f2 = GBW,,, see equation (3.26). Below
the frequency fj; the effect of the DC feedback through Ry is seen. The circuit will behave as
an integrator till the GBW,, of the core amplifier, as expected.

Large-signal behavior of the core amplifier

If a particle falls on the detector, an electron current flows into the CSA. This results in &
temporary negative voltage on its input capacitance. After integration a positive voltage at the
output represents the collected charge,
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Figure 3.19:  Simulation of the closed-loop transfer of the Charge Sensitive Amplifier.

The time-domain response v, ,(f) can be obtained by taking the inverse Laplace
transform of the product of the transfer function Z,,(s) and the Laplace transform of the input
signal current [, (s]: Vourc{ti= H(Zos) Infs)). Since the input signal current can be
approximated as a Dirac impulse with an integrated area of Q, the Laplace transform of /, (s)
is simply equal to Q. Therefore, the output signal in the time domain is then:

Q r| —if'r —1irs
I gl . | Cipd A F 3’28
vmr.d( } C; (TI = 1_2) ({’ ¢ ) ( )

7, and 7, correspond to fi; and f;. Since in all practical cases, 7, « 7, the above expression
represents an exponentially rising step signal with a slowly decaying tail governed by the
feedback resistance Ry, as depicted in Fig, 3.20.

The response speed of the CSA is determined by the time constant 7, or the position of the
second pole fiz . The rise time of the step signal ¢, is defined as the time period between
which the output signal rises from 10% to 90% of the amplitude. Tt is calculated to be
ICHA 90]:

&

1,=227,=22-—™ ;
! 2 2 GBW,, C, (3.29)
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~_
N

L

&

Figure 3.20:  Rise time of the Charge-Sensitive Amplifier.

For a given detector capacitance the rise time can be minimized by increasing the GBW,,
of the core amplifier and using a large [eedback capacitance Cy Since the feedback
capacitance C; is normally set by the sensitivity or gain requircment of the CSA, a fast
response requires theretore a large GBW,,. The maximal GBW,, or the minimal rise time iy
determined by the stability constraint which requires that all non-dominant poles of the core
amplifier must be higher than f., as fi2 is equal to the unity loop gain frequency of the
[eedback loop.

Let us now consider the maximum slew rate at the output. The negative voltage at the CSA
input pushes the input transistor M, in deep saturation. Transistor M, delivers all the current
of the bias transistor Ma. Due to the current folding, there flows no current through Ms. The
bias current through the transistors Msp and My, entirely flows inte Cr This results in a
linearly increasing output voltage v, The maximum slew rate is given by:

SR = d\# - Dyian a4 (3.30)
dr c,

Consider the case where the rise time is slew-rate limited. In that case the rise time f; is not
a4 constant as in the GBW limited case, sce equation (3.29), but proportional to the output
signal. The maximum rise time occurs then for maximal output swing:

OR,.,, =VDD —v s —Vawssn

(3.31)
Osm.u = ORTmu i vnn!.barrfmr

Where Vousaseime 1§ the DC voltuge at the output, with no input signals. The worst case is

given by:

'{rsﬁ‘ :Osmm /SR (3-32)

This is not the preferred operating point, and therefore additional constraints were added to
the DONALD model, to steer the OPTIMAN optimization towards a GBW limited solution
[GIE 90].

The feedback resistance R,

The radiation absorbed in the detector and the steady detector leakage current build up the
charge on the feedback capucitance Cyand would cause the output of the CSA to steadily rise
until it is saturated. Therefore means must be provided to discharge the capacitance Cr. This
can be done either by a switch or a large resistor [GOU 82, LAN 82, CHA 90]. In this design
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a large feedback resistance was chosen. The resistance was implemented using a gm-stage
[STE 91] as is depicted in Fig. 3.21.

The gm-stage has an amplification A,z at low frequencies given by:

i
Agy =—Hr,, (3.33)
40

where £, =roy, [l roys.

The output impedance of the gm-stage is reduced by this amplification because of the unity
feedback configuration [LAK 947:

__"n _ &y,
T (3.34)

The dominant pole of the gm-stage is given by:

1
f"{'“r-Z:rr Coe.

(LT St 1 8

(3.35)

where ¢, is the total capacitance on the output node, The non-dominant pole is given by:

fo = BMyys
M T € IE

M2

(3.36)

asMa

A phase margin of 60° is taken into accounl to guarantee stability of the feedback
configuration. The non-dominant pole is situated outside the frequency range where the CSA
is operational. The circuit thus effectively supplies a feedback resistance Rj needed fo avoid
saturation of the CSA output over Lhe entire CSA operating range.

basing  gmstage

; ‘ < vdd
= i m___ 1 40:1 e :
Ma._h H M, I M :
ib_rt | = ; ;
¢ = My, My JIH—1 in ' { o out
E‘Ma Mz, ]| —‘ 20:1‘ _‘HE M,
- 1 £ '3 vss

Figure 3.21:  Schematic of the feedback resistance Rf of 20 M.
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3.5.2.3 The Pulse-Shaping Amplifier with pole-zero cancellation
The function of the pulse shaper is to optimize the SNR of the readout system. The PSA

depicted in Fig. 3.23 consists of one differentiator and » integrators. This type of PSA is

commonly referred to as Semi-Gaussian Pulse Shaper because of the shape of the resulting
output pulse.

Semi-Gaussian pulse shaper

—H-

{

t
r

P

v

Figure 3.22: Block diagram of the Pulse-Shaping Amplifier.
The peaking time %, and the order # of the PSA are related by following equation:
T,=nty, (3.37)

where 7 is the time constant of the integrator stage of the PSA.

The code of the DoNALD medel is given below, as it serves as an outline of the remaining
sections, The full code can be found in [LEY 95].

psal )‘/?arameters from other circuits

R_lpad, Toad resistance .
T_BW, // target bandwidth of processed signals
t_tp, /f‘ target 5hageng time
wn, / target number of pulse shapers

}.Ap?a // targat gain of the PsA

// psa constants
TPSA @ 300 K
PHASEMARGIN : 60 degrees ;

// interfacing of the module
eg_cint_in : cint_ip = cdif ; // as Tong as input apamp is virtual ground

// other modules
psa_nl(); /i netlist

psa_dc(); // dc operating point
psa_ac8: // ac equatjons :
psa_ls(); // large signal equations and settiing time
psa_app(); // specsheet
" psa_func(); /Y Pgna'lt‘les far feasible design
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AC analysis of the PSA in open loop

As discussed in section 3.5.2.2 on the AC analysis of the core amplifier of the CSA, cne
has to examine two different aspects of the integrator used: will the integrator be stable (open-
loop analysis) and will the circuit behave as supposed i.e. as an integrator in the desired
frequency range (closed loop analysis)?

Expressions for Ay, GBW and PM for the CMOS Miller OTA used for the integrator stages
—see Fig. 3,29 can be found in [LAK 94] The loading of the feedback circuit introduces two
additional poles, see Fig. 3.22. lgnore for the moment resistor R,,.. which is discussed later at
the end of this section. The additional pole from the feedback circuit is given by:

1
= = 338
hy = 2TR C, (338)

The additional pole from the differentiator is given by:

1
2 (R, WR,)C,y

Il

I 7 (3.39)

AC analysis of the PSA in closed loop
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Figure 3.23:  Block diagram of Pulse-Shaping Amplifier.

The circuit in closed loop will perform bandpass fillering. Ignore for the moment resistor
Ry,-. which is discussed at the end of this section. First-hand calculations lead to the following
resulis:

Z,(s)

A.(s)=- Z.05) (3.40)
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with:
I R
()= IR, =— 8
Z(s) S ™ T+sR.C
_ R,R, 1+5R,Car
Z,(s)= L o 1 HR, = 4

sCy Ry+R, $Cy 5Cy

where R,, =Ry I/ R;,. This results in the following transfer function:
§ Rimca*.;(

A _(s)=— (3.41)
wul) (1+s R, Chp )(14+5 R, C,)

In order to obtain the targeted bandpass characteristic the time constant of the integrator is
chosen to be 7, =R, C,, = (Rm.f. IR, )C, . The center frequency of the bandpass filter is

given by:

= = {3.42)

107

Qutput voltage [V]

10 10t 40 10" 100 w107 10
Input frequency [Hz]

Output phase [?]

N\

|
1 dg 197 10 1wt w0 w10 10" 10 0"
Input frequency [Hz]

Figure 3.24:  Simulation of the PSA in closed loop.
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Fig. 3.24 shows the closed-loop simulation of the PSA (for the sizing listed in Table 3.6-
3.8). Frequencies below the GBW of the Miller OTA are bandpass filtered around a center
frequency fr . Above this frequency, a positive zero and a pole is found. The positive zero is
caused by the parallel signal path through the compensation capacitance of the Miller stage;
the pole is the non-dominant pole of the Millers stage [LAK 94].

The peaking time for the PSA is given by:

T, =nt, (3.43)

Large-signal behavior and offset

Slew rate

Slewing occurs when a large mput signal is applied at the input and when the opamp
cannot deliver sufficient current to load C;,. A Miller stage OTA. as depicted in Fig. 3.25,
was used in the design. A distinction is to be made between internal (loading of C.) and
external (loading of Cp,.) slewing. The slew rate is given by [LAK 94]:

SR““ = 1[}54“3
G —s SR = min(SR,, .SR..,) (3.44)
; = { oEMa / DI MY
SR, =——1
Cloaa
_biasing otapstage =~ millerstage
vdd {DT_ r—— ri ’ |
- o i ¥ E
Mﬁ'l— [ ! |M5 | ' M‘ |
in_min o—[F My, My, 1 i _plus —
bt i out
(\' _I E‘ M :
e { 4
g—ig
. - Mz, My, 11
VSS i 5 L4 |

Ficure 3.25; Schematic of the PMOS Miller-compensated two-stage OTA used in the PSA.
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Qutpul swing
The output voltage (OR) is limited by the output (ransistors M and M5 (see Fig, 3.25) of
the Miller OTA. The eoutpul fransistors should be kept in saturation [LAK 947

Vietgnn = 00VOD =Vps1 440 Rivial o5 5 FOR=Y i N (3:45)
V:IM!.III.LIJ. = VSS +VDS.»|T MS .
Offset voltage
The random offset of the Miller OTA is given by [LAK 94];
oL, =0y, +cf.fm[3’”-“’] (3.46)
&My,

Pole-zero cancellation
The feedback resistor ;. needed to avoid pile-up, results in a pole given by:

=L . 1 (347)
2rR,.C, 2mT,

ty

This pole results in a long decay (R; Cyis large) in the time domain that reduces the possible
conversion speed of the PDFE and that iy therefore to be compensated by adding a zero in I.he
differentiatar stage. This is achieved through the tunable sesistance R, placed in parallel with
the capacitor Cyy of the differentiator, as depicted in Fig. 3.23. The transfer function of the

bigsing __level shit differential palv = mimor
vdolc:&»T e H—r ]

| M M M DM, |

W \EHJIH B } T

| [ L) & 1

| | i b crout

' i ‘__f oM, My é’_J i

Figure 3.26: Schematic of the gm-stage used for pole-zero cancellation, a gm-value of
3.2 u§ has been realized.
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CSA-PSA is now given by [CHA 907

v, (5)=

s+l | A ’
0 ) ¥ e v, PSA . (3.48)
&, (s+lf’r,{) s+l | s+17,

To make the pole and zero frequencies equal:

1 1 .
Fo= z (3.49)
2 R,C, 2xR,C,

The tunable resistance R, is implemented as a gm-stage using a differential pair in unity
Teedback conliguration, see Fig. 3.26,
The open-loop gain at low frequencies is given by:

__&m —
Avﬂ.p'z =" ,._:“ Py (350}

where . =roy, froy.

The output impedance of the gm-stage is attenuated by the open-loop gain [LAK 94 and is
given by:

= = J:?M = gmm 3 51
rwr,r..f 1+ A-“-O_P: 2 (- . )

For siability in the feedback loop, a phase margin of 60° is to be taken into account. The
dominant pole is given by:
. 1 .
Fotn = (3.52)

2” rml?‘ ('.am‘

where ¢, is the total capacitance on the output node.

As the circuit only has one high-impedance node, all other poles are located at much hi gher
frequencies outside the frequency range in which the CSA-PSA chain is operational.

3.5.2.4 CSA-PSA sensitivity analysis

A distinction has to be made between the intrinsic detector resolution (associated with the
statistical property of the detector itself) and the electronic resolution (describing the
electronic noise in the readout electronics).

The intrinsic detector resolution stems from the fact that not all incident energy is used for
generating ¢ A’ -pairs and some of them are wasted in the form of lattice vibrations. The
intrinsic detector resolution is expressed as the full width at half maximum FWHM [CHA 90],
see Fig. 3.27:

FWHM =235,[Fe E (3.53)
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where F = Fano factor, always smaller than one, which for Si and Ge is approximately 0.12;
& = conversion efficiency, for Si at 25°C &= 3.61 eVie k': E = the absorbed energy.

G=g dnd ViR = (3.54)

23 &

dQVdE

Figure 3.27:  Intrinsic detector resolution.

The electronic resolution is associated with the noise in the readout electronics and the
leakage current of the detector. In order to compare the electronic noise with Ehe gencral_ed
signals, the electronic resolution is generally expressed as the tlotal c__quwa]ent noise
charge (ENC). The ENC is defined as the ratio of the total integrated rms noise at the output
of the pulse shaper to the signal amplitude due to one electron charge . The ENC depends on
the characteristics of both the CSA and the PSA. Therefore, the optimization of the ENC will
in general involve optimal designs of both the CSA and PSA.

The sensitivity is defined as the voltage generated per unit of radiation energy:

v Qe E | 9
oV Qe E 1 _ (3.55)
sensitivity E E qe.‘(. CE £:C;

The sensitivity requirement determines the integrating feedback capacitance C}-.'Fn.Si a
radiation of 1MeV generates a charge Q = 0.16aC (1M/3.61) = 44 fC. For a sensitivity of
40mV/MeV the required feedback capacitance is C=QI(E sensitivity) = 44,32 fF/40mV
= 1.1 pF.

3.5.2.5 CSA-PSA noise analysis

Either a time-domain or frequency-domain approach can be used to calculate the ENC of
the CSA-PSA chain. Due to the lack of adequate time-domain models for the //f noise, the
frequency-domain approach was chosen. Moreover, the frequency domain is more convenient
for making a comparison of the SNR performance between different pulse shapers.
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In the following paragraphs a detailed analysis of the different noise sources which
contribute to the ENC, is given,

Different noise sources

6

1 diff. n integr,

Figure 3.28: Different equivalent noise sources in the CSA-PSA chain.

To calculate the total ENCy of a readout system, the front-end noise model shown in
Fig. 3.28 is used. :’i“_ represents the equivalent paralle! white input-current noise generator of

the readout front-end. It represents the white noise generated by the detector leakage current
(shol noise), the associated bias network represented by Ry, (thermal Johnson noise) and the
feedback resistance Ry (thermal noise). Since in practice the value of Ry, is very large, its
noise confribution is generally negligible with respect to the detector leakage current.

v is the equivalent seria/ white noise generated by the input transistor M, (thermal channel

noise). The white noise associated with other transistors can be transformed to the input since,
in the frequency region of interest, there occurs no pole in their signal path,

The equivalent serial 1/f input voltage noise generator is represented by 1’;‘} . It represents the

pink noise associated with the input transistor M;. The contribution of the other transistors is
transformed into an equivalent input-referred noise source, and as such taken into account.

The parallel input noise current is simply integrated by the transimpedance integrator. The
serial noise sources arc voltage amplificd because of the series-shunt feedback configuration
of the CSA. If we neglect the low-frequency part and thus omit Ry . the resulting total noise
power spectrum at the output of the CSA is given by:

]

di’

o

H 2
il [Eﬂ; 4 M] (3.56)
df df af

In order to calculate the ENC, the total integrated rms noise at the output of the pulse shaper
must be determined. The analysis will be done for semi-Gaussian pulse shapers. A semi-
Gaussian pulse shaper is constructed by one RC differentiator and n integrators, The noise

df s C

Ciu +C;
¢y
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specirum at the output is weighted by the transfer function P(s)of the shaper. The total
integrated rms noise is thus given by:

¥ = | dv; (j2n f) P2z £)[ df (3.57)
| df

In order to calculate the ENC of the detector system, the signal amplitude at the pulse
shaper output due to one electron charge must be determined as well. The maximal amplitude
of the output signal of a semi-Gaussian shaper due to the generated charge @ is determined in
[CHA 90] and is for the one electron case given by:

Vo= quR" (3.38)

ouly -
C,nle

The previous equations arc the fundamental expressions for calculation the ENC of
detector readout systems employing a semi-Gaussian pulse shaper of arbitrary order n. The
total noise power spectrum v, (s) comprises three independent noise components. Therefore,

it is more convenient to calculate the noise integral for each component separately, as has
been done in [CHA 90].

Serial white noise
According to [CHA 90] the equivalent noise charge due to serial white noise is given as:
C. +C.FBE.n—L)n(n?e
E,fvc;ﬂ,zﬂd"&._H 1 (CutC,F BGn—2In(nte } (3.59)
3 e, q 4rT, L n*
2 2n
. 2k n"e 3 1
with K, =——— and Cg,(n)= Bl=.n—=),
g 7 Ly a2n-17"2 2
| _ 8my, + 8y + 8Mys
gmr.;,n gm:! 1
and f: beta-function,
n: number of PSA integrator sections,

Tcsa:  operating lemperature of the CSA,

2., . equivalent input transconductance modeling the channel noise contributions of
the different transistors in the CSA,

Cin:  1otal input capacitance of the CSA, see equation (3.12),
%! peaking time of the PSA (time to reach peak value of generated pulse), which
is related to the shaper time constant % by T, = n %, see equation (3.43).

This formula can be rewritten as:
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) 1 1
ENCy =Ky Csy (0Tcsa(Cing +Cp)* — (3.60)
Tp 8Mey.n
The value of Cy, (1) for different values of n:
n 1 2 3 4 5 6 7

Cyy(n) | 11.60 | 10.64 | 1195 | 12.58 | 13.97 | 14.65 | 16.08

From equation (3.60). it is apparent that in order to minimize the ENC associated with the
white serial noise we must choose the following:

= as large as possible transconductance g, .

+ as low as possible total input capacitance Ci,: this requires optimal noise matching
between the source capacitance (detector) and the capacitance of the input
transistor;

« large peaking time 7,

The ENCgw is independent of the DC gain of the shaper. The same is true for the 1/f serial
and white parallel noise.

Serial 1/f noise
According to [CHA 90] the equivalent noise charge due to parallel white noise is given as:
s (KFY 1 \Cu+Cpl{nle® .
ENCZ. :{—J ( 2 f [” £ } (3.61)
WL ),C.. g 2n n*

This formula can be rewrilien as:

ENCZ, = K . Cop ()Ci +C, }2(” ] (3.62)
WL ).,
2 2n
. 1 |
with K = = and C_\.}-(H)="-,’e
2¢°C,, u"n+l

KF) _ | |(kF) , (KF . [KF 2
_ = = By b —— | EMiyst| —— 8y s
WL o Mgy, WL M1 \WL M3 WL MSh

The value of Cy, (1) for different values of m:

Co(n) | 7.39 | 6.82 | 6.64 | 6.55 | 6.50 | 6.46 | 6.43
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Minimization of ENCsr is mostly related to the design of the CSA and we must choose the
following:

« as low as possible input capacitance Cp,: this requires optimal noise matching

between the source capacitance and transistor input capacitance;

«+ large inpul transistor M and bias transistor Mz

»  pMOS input transistor M;: because of its much lower KF (factor 40).
Equation (3.61) shows that the serial 1/f noise is independent of the DC gain of the shaper and
independent of the time constant 7, of the shaper. Furthermore, the serial 1/f noise depends
only slightly on the number of inmgratum in the shaper.
One can conclude that the shaper does not significantly influence the ENCsy.

Parallel white noise
According to [CHA 90] the equivalent noise charge due to parallel white noise is given as:

. AL nrd) 2 2
ENChy =214 %, —2 25— (3.63)
g-4rn a"
This formula can be rewritien as:
ENCE, =Ky Cpy (1) T, 11 (3.64)
: 1 alfe’ 1 I
with KFW —'z'x—q and CFW —F ﬂ[i,ﬂ‘FE) 3
7,;  peaking time of the PSA,
I1eat: detector leakage current.
The value of €, (r) for different values of n:
" 1 2 3 4 3 6 7

Cp(n) | 11.30 | 7.98 | 651 | 5.63 | 5.00 | 4.59 | 4.25

The parallel white noise is proportional to the peaking time 7, of the pulse shaper (in contrasl
lo the serial white noise), it depends only on the shaper characteristics, and is independent of
the CSA characteristics.
Total equivalent noise

The total equivalent noise ENC, is given by:
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ENCMr = 'JENC;F + ENC!W + ENC;W {365)

Tt is the number of generated electrons you need to get & SNR=1; its unit is rms electrons
(e”rms).
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Figure 3.29:  The complete CSA-PSA chain and the CMOS implementation of the different
subblocks.
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3.5.2.6 The CSA-PSA as soft IP library cell

Now that all CMOS implementations for the different building blocks of the chain have
been discussed and complete set of design equations has been derived, a sizing plan can be
generated to be embedded in the AMGE library and thus offer the CSA-PSA chain as soft IP
cell to the user. The full schematic of the CSA-PSA chain is given in Fig. 3.29,

The derived set of equations does not yet constitute a sizabic plan. After choosing the set of
independent input variables, and adding penalties the set of equation still needs to be ordered,
some equations may even need to be inverted. The DoNaLD tool [SWI90, PLAS Ola]
automates the difficult task of ordering/inverting the set of design equations and generates a
design plan that can be used by the optimization engine OPTIMAN in the AMGIE framework Lo
optimally size the chain. Although the DONALD model was decomposed in different modules
1o keep the code manageable, the sizing plan and the optimization s completely flattened.
Hierarchy is only to be introduced, if the complete system is too complex and decomposition
leads to problems far less complex than the original problem. otherwise decomposition and
the inhcrent specification translation is to be avoided [ITRS 01, PLAS 01b].

In the following, the set of independent input variables is given first, next the added set of

penalties and the global cost function is discussed. The transistor sizes and component values
of the sized CSA-PSA are given at the end.

Independent input variables

In total 32 independent variables are chosen for the CSA-PSA design plan. For the

different transistors the typical input set is chosen to be:
Kagy ={L'VGS “Vrvlys} (366}

Whenever current mirrors have been used, the same overdrive voltage and gate length were
chosen for the mirroring transistors. Apart form the MOS (ransistor input variables, the
component values for the Ry and Cy from the CSA and the values of Rius Riys Ry, Cas Tor the
PSA stage have been selected as independent input variables. The complete list is given in
Table 3.5.

CSA PSA

X Lpg a3+ s s -l"m—,,m\- "DS. M Lpg ppas !m.au! T s, s+

(Vcs _Vr ).m » (Vcs _Vr ).un * (VGS _V'r )us ’ {I"Gs _Vr ),w * (Vt?s _V‘r )Ma ' {V(;.\' —V.,- }us'
(Vm =V, )mv (V(;s _Vr )Ars' Ly Lyss Lm--Lm

Ly Lys. Lnu- Lysn Ly Ly

Cf Rin Ry Rdgf . Cdi_,( 5 v
{ n (nuwmber of integrators)

Table 3.5: Independent variables x; of the CSA-PSA sizing plan.
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Penalties

The cost function is buill by a weighled sum of functions that force the optimization to
evolve to operational (saturation/linear region), functional (design requirements fulfilled) and
applicable selutions (specifications met). Within this last design subspace, rrade-offs are
optimized to result in a solution with minimal aren and power |DEB 98|, These four
categories of cost terms have weighting terms, which typically differ an order of magnitude in
order to guide the optimization. First the optimization space is scanned for operationally
correct spaces, then the circuit needs to be functionally working, then specifications need to
be fulfilled and finally area and power consumptions should be minimized. This effect can be
scen in Fig, 3.30, where a typical evolution of the cost function during optimization using
VESR annealing [INGB 9] is shown.
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Figare 3.30:  Typical evolution of the cost function and the annealing temperature using
VFSR optimization.

This approach has been used to declare a set of penalties and build a cost function for the
CSA-PSA. Parts of the code are shown here, (o illustrate how the penalties are handled
within the DONALD tool and how the specifications and weighting terms are passed on from
the top level csapsa_pen() to the other modules like e.g. the core amplifier for functional
ca_func()and applicable ca_app()soltions. '
csapsa_pen{w_op,w_app,w_func,vli,v2) : {

// power and area

cal_power 'Iog_sma.ﬂerE power, t_power, p_power, Vi1, \_/2):

cal_area : log_smaller( area, t_area, p_.area, vl, v2);

// Additional penalties

// Glohal cost
eg_p_app : P_App = p_app.Xca + p_App.xpsa + p_power + p.area; // aApplicakle

eq_p_func : p_func = p_func.xca + p_func.xbuf + p_func.xpsa; // Functional
eq_p_op I p-op = p_op.xta + p_op.xbuf + p_op.xhias_csa
+ P-Pp.%psa; // Operational

goal = W_op-p_op - w.app-p_app + w_func-p_func; // Giobal cost Ffunctien
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The Tog_smaller() function attributes a logarithmic cost term to —in this case— the variable
p_power: 1 the variable power is lurger than the targeted valuc t_power, which is
hierarchically passed from the top level, The weighting terms are input from the user and are
passed on fo the different modules.

log_smaller(var, ub, pen, w1, vZ} @ {
// peclare local variables

// calculate pena11¥
eq diff  diff pglO(var) - JegldCub) ;

e A f diff <= 0.0
== then p = 0.0
else p = diff ;

) eg_pen : pen = vl p + vZ pr2 ;

Pawer, arca and operation region are automatically calculated when a trapsistor is instantiated
in the DONALD netlist as shown in case of the core amplifier.

canl():{
// dec]arat‘ion of copstants and variables
// active to total area factor
area : {1 0PumA2" < 1.0"mmA2" < 1.0%cmA2"} “mma2"

// Ports

(in, out) ; bi_port( ; // signal ports
(pvdd pgnd pvss) @ bi_part() ; // biasing ports
tpvbl, pvb2, pvb3, pref} : bi_port() ;

m3 i nm_sat(NMOS_TECH): //bias tor
ml ¢ pm_sat(PMOS_TECH): //input tor
mZ ¢ nm_sat(NMOS_TECH): //input casc tor

msh ¢ pm_sat(PMOS_TECH}; //ro tor
mdb : pm_sat(PMOS_TECH): //ro casc tor

/[.’ calculate the KF ‘Factcr' of tor ml and m3
it kaPMDS _TECH

m3 ¢ kT (NMOS_TECH

msh ¢ kF(PMos_TtEH :

{/ feedback (switch or very high resistor)
cf o tox(ef, TECH) ; // feedback capaciter

// Comnectivity

mn cannecté-wn. g.ml, n.cf) ;

nout : connect{-out, p.cf, d.m2, 'd. mdb}
nl : gonnect(d.ml, d.md, s.m2) ;

n3 . connect(s.mdb, b.mdb, d. me) s
nvhl i connect{-pvbl, g.m3) ;

nvb2 : connect(-pvb2, . m4bg i

nvb3 : comnect{-pvb3, g.m5h) ;

nref : connect(~pref, g.m2) ;

ngnd : connect(-pgnd, s.ml, b.ml) ;

nvdd ¢ connectg-pvdd s.m5b, b. me) :
nvss @ connect{-pvss, s.m3, b.m3, b, m2) ;

// penalty function
eg_p_mos i p_op = pt m3 + pt.ml + pt.m2 + pt.mdb + pt.m5b ;
eg_area ; area A27 (aa,m3 + aa.ml + aa.m2 + aa.mdb 4 aa mSh + pa.cfl;

1

By declaring the input transistor M; as type pm_sat(PMOS_TECH) a penalty pt.ml is
automatically generated that forces the optimization to keep the input transistor in saturation.
The technology parameters are passed on to the different modules through the global variable
PMOS_TECH.
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The formulation of the functional penalties for the CSA is modeled in the ca_func()
meodule shown next. In order to have a stable feedback the phase margin, the pole placement
and the loop gain are penalized, resulting in 4 functional correct design point,

ca_fupc() : {

'5." penalties to guarantee a functional correct design

// penalty to_guarantee stability
ta'l_p__ : Tin_bigger( PM, PHASEMARGIN, p_PM, vl1, v2Z) ;

enalty pole factar margin
% : fpom = POLEMARGIN GEwol ;
ca'l__p_PBM : Tin_smaller( fpom, fpl, p_Pom, v1, vZ) ;

// penalty to guarantee sufficient feedback
cal_p_Avr : Tog_bigger( Avr, GAINMARGIN, p_avr, wvi, v2) ;

eq_p_func : p_func = p_PM + p_POM + p_Avr;
}

Finally, the optimization should look for applicable solutions for the CSA i.e. design points
that are within specification with minimal arc4 and power consumption. These penalties have
been declared in the ca_app() module, They inchude the specifications like the gain A¢gy. the
total noise ENCyy, and the rise time ¢,.

caapp() : {
/{_ specifications
cdl ENCtot log_smaller( ENCIor, t _ENCTotr, p ENCtot, vl, v2); [/ noise
cal_gain : lin_bigger({ gain, t_gam. p_gain, vl. v2) // aain
cal_tr : lTin_bigger{ tr, t_tr, p_tr, vi, v [l orisa time

// penalty Spemﬁr_atwn
e4_p_app : p_app = p_ENCtet + p_gain + p_tr;

}

Similarly, penalties were declared for the other subblocks like the buffer stage of the CSA,
the PSA, and the Miller OTA used in the PSA integrator. The interested reader is referred
to [LEY 95] for a more detailed description. Together they allow the end-user in the AMGIE
framework to guide the optimization and explore the design space by interactively changing
cither weight funclions. upper and lower bounds or the specifications.

CSA-PSA: sizing synthesis

Using this set of penalties the following sizes were obtained for the CSA transistors after
Zlobal optimization with the VFSR simulated annealing routine [INGB 89]. The complete
sizing of the CSA-PSA chain takes 20 min. on an HP712/100.

M; M; M; M, Ms |
W/L | 1623/1.3 um | 515/0.7 um | 578/30.2 um | 34.4/2.4 um | 7.8/1.6 um
Ipy 380.6 A 16.6 pA 397.2 A 16.6 uA 16.6 pA

VosVr| 015V 0.11 Vv 0.788 V 029V 0.50V
|__&m 52 mS 503.8uS | 954.2puS 115 uS 67.3 uS
(a)
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Mg My Mg
W/L | 255/30.2 um | 109.8/0.9 pm | 106.1/30.2 pm
Ips 1753 pA 175.3 pA 73.0 pA
Ves-Vr| 0788V 0.18 V 030V

am 421.1 pS 1.9 mS 175.2 uS

(b)

G| Con |
215 fF | 80 pF
(€

Table 3.6: Sizes of the CSA:
a) transistors of the core amplifier,
b) transistors of the biasing and the buffer stage,
¢} values of the feedback and detector capacitance.

The feedback resistance Ry . implemented as a gm-stage, was embedded in the AMGIE
framework as fixed IP block. It was designed manually. The sizes of the transistors of the gm-

stage for a desired Ry value of 20 MC are listed in Table 3.7.

M, M; M; M, Ms Mg
WL | 1.2/14.6 pm | 140/35 pum | 280/35 pm | 7/35 pm | 7/35 pm | 280/35 pm
Ios | 125uA | 125pA | 250pA | 629nA | 62.9nA | 250 pA
VeV 1.30V 0.10 016V 0.16V 015V 0.15V
gm 17uS | 26.1pS | 33.1puS | 13puS | 8302pS | 33.0pS

Table 3.7: Sizes of the feedback resistance Ry, implemented as a gm-stage.

For the PSA following resulis were obtained:

M, M; M; M, Ms/Mg
W/L |127/3.8 um | 34.9/1.9 pm | 113/1.3 pm | 101.8/2.4 pm | 39.8/2.4 pm
Ips 355 pA 355 uA 186.9 A 186.9 pA 71.0 pA

Vas-Vr| 028V 024V 024V 055V 0.55
gm 259.5 puS 302.6 uS 1.5 mS 681.8 uS 258.3 u8
(a)

Rm R_iﬂ CLnJ_ Reﬁ‘g C{.‘iﬁ
52.3 k2 | 138 kQ | 2 pF | 183kQ [ 6.8 pF

(b)

Table 3.8: Sizes of the PSA:
a) sizes of the transistors of the pMOS Miller OTA,
b) values of integrator and differentiator components,
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The pole-zero cancellation, implemented as a gm-stage, was embedded in the AMGIE
framework as fixed TP block. It was designed manually. The sizes of the transistors of the gm-
stage for the CSA-PSA design corresponding to the specification of Table 3.3 are listed in
Table 3.9.

M, Mz M My/Ms | Ms/My My
WL | 3/40 pm | 50/40 pm | 25/40 pm | 5/40 um | 17/1.6 wn | 162/1.6 pm

Jps |9092uA| 1.8pA | 09pA [ 09pA | 395uA [ 395uA
VesVe| 056V | 020V | 020V | 073V | 051V | 0.5V

em | 3248 | 175uS | 88puS | 2.2pS | 157.2uS | 541248

Table 3.9: Sizes of the pole-zero cancellation gm-stage.

3.6 Layout

After the sizing, the layout of the CSA-PSA was generated using the performance-driven
analog layout synthesis tool LAYLA [LAM 95]. Transistors were generated and placed for
each subblock, taking performance degradation and layout constraints into account. Routing
within the subblocks was done manually as at the time no analog router was available within
the AMGIE framework. The assembly of the subblocks was for the same reason done
manually. A microphotograph of the fabricated chip is shown in Fig. 3.33 later on,

Figure 3.31:  Gate-all-around transistors generated with the LAYLA tool:
a) minimum-size ransistor
b) transistor with large W, implemented in 4 fingers.

To improve radiation tolerance, additional substrate and well contacts were added. The
radiation tolerance can be further improved by using the gate-all-around layout
technique [SNO 00, SNO 01]. Although radiation tolerance has increased significantly in
current submicron technologies [SNO 00), ionizing radiation can still lead to source-to-drain
leakage for the N-channel devices. This can be avoided by using a closed gate as shown in
Fig, 3.31.
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3.7 Extracted model for verification

After layout generation, parasitics were extracted and the final performance was verified
using Monte Carlo simulations. Fig. 3.32 compares the performance with and without layout
parasitics in the time domain: both static and dynamic performance are still within spec after
layout.

Similarly, the other building blocks are verified after layout generation and behavioral
model including layout parasitics is provided. Thus a complete behavioral model of the
PDFE can be used for final verification before manufacturing.
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Figure 3.32:  Transient HSPICE simulation of the complete CSA-PSA chain after sizing (—))

and after extraction of layout parasitics (----).

3.8 Experimental results

This section will only address the experimental resulls obtained for the CSA-PSA.
Experimental results on the complete PDFE are presented in | BUS 95].
The CSA-PSA for the specification of Table 3.3 comesponding to the SST

mission [ESA SST| was processed in a standard CMOS (.7 um process. A microphotograph
of the fabricated chip is shown in Fig. 3.33. The different subblocks are indicated. The setup
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time for the soft IP cell took approximately 3 months. The first layout was generated in one
week. Given a new set of specifications, a chip layout can be aulomatically generated,
providing a GDSTI file, a netlist and a design document, within a few days. The sizing takes
20 minutes, layout generation 1 day, and verification takes and additional day,

Figure 3.33:  Microphotograph of the manufactured CSA-PSA.

3.8.1 Functional Testing

The different measurements results are gathered in the last column of Table 3,10 and are
compared o the required specifications. All results are comparable to what had been predicted
in the sizing. Fig. 3.34 depicts the measured time response from the processed CSA-PSA:
with a peaking time of 1.18 s the chip is well within specification. A total noise figure ENC,,
of 950 e” rms was 'measured, which is also within specification, Fig. 3.35 depicts the measured
energy response of the CSA-PSA. A lincarity of (0.53% has been achieved.

Measured performances (see last column of Tuble 3.10) compare favorable with a previous
manual design [BUS 95] (see second last column of Table 3.10) for the same application. The
earlier manual design used a more complex opamp for the PSA, resulting in slightly higher
arca consumption. Both implementations are within the noise specification, and provide
sufficient gain to amplify the weakest detector signals. The automated design however, is
able to achieve a counting rate of 300 kHz, opposed to the 200 kHz measured on the manual
design. This is combined with 4 power consumption of only 10 mW, which is four times
better than the manual design which consumes 40 mW. Furthermore, the chip was [first
silicon, no iterations were needed.
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Figure 3.34:  Measured time response of the CSA-PSA 1o an incident particle of 100 fC.
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Figure 3.35: Measured energy response of the PDFE: a linearity of 0.5% was achieved,
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Specification Unit | Specified | Simulated Manual Automated
Value Value Design Design
Statie Accuracy keV 5
Max. energy keV 1600
Min, encrgy keV 10 | _
| Noise € rms 1000 905 750 952
Gain mV/fC 20 2 20 19
Dynhamic Peaking time ps =15 1.1 1.1 1.18
Counting rate kHz 200 294 200 297
Environmental | Detector pE BO 80 80 80
cupacitance
Number of = 4 - 4 A
| channels i
Output range Vv 2 2 2 2
Power Supply v 25 +2.5 £2.5 2.5
Technology 2 0.7um 0.7pm 0.7um 0.7um
1P2M 1P2M 1P2M 1P2M
Optimization | Power mW <40 7 40 10
Area mm” Min. - 0.7 0.6

Table 3.10:  Specification list for the PDFE with typical values, simulated values of the
automated design and measured values of a manual design [BUS 95] and the
presented automated design.

3.8.2 Radiation Testing

In addition to the functional testing, a first evaluation towards radiation tolerance was done
on a limited number of samples. These irradiation experiments were done in the facilities of
the UCL in Louvain-la-Neuve. The chips were exposed 1o a total dose exposure of 50 kRad,
a4 required for space applications. All tests were performed compliant with the ESA-ESTEC
policy [ESA 96]. The total noise figure ENC,,, increased slightly to 1125 e rms. The gain
decreused to 15 mV/fC. The peaking time slightly increased from 1.18 ps to 1.24 ps. Fig. 3.36
compares the measured energy response to an incident particle before irradiation, after
cxposure to 50 kRad and after 24 and 168 hours of annealing at room temperature. Although
the response right after the irradiation differs quite a bit, the chips recover well to the original
values after annealing. These results indicate that standard submicron CMOS technology may
be suitable for space applications as was also stated in [SNO 01].
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Figure 3.36: Measured energy response after irradiation: the response before, after 50 kRad
and after annealing during 24 and 168 Hours.

3.9 Conclusions

In this chapier the systematic design of fully integrated, low-power CMOS EDFE,
optimized for space applications, has been presented. During high-level synthesis the PDEE
specification have been translated in specifications for the different building blocks such a8,
the PDSH. the A/D converter and the CSA-PSA. The latter has been selecied as driver to test
the presented approach for antomating commodity [P and has been embedded within the
AMGIE frumework as soft [P cell. Using the AMGIE (ool the chip has been optimally designed,
from specification to layout within two days. The sizing has completely been automated, The
layoul was partly automated, partly manual. The chip was processed in a standard 0.7 pm.
CMOS process, With a power consumption of only 10 mW and a chip area less than | mm®,
the chip is very well suited for the stringent space applications. Radiation testing showed |
performance degradation. All chips recovered within specifications, aller 24 hours
annealing at room temperature. The presented chip compares [avarable to an carlier manual
design for the same application, .

The design of the CSA-PSA as soft IP cell clearly demonstrates, that automated synthe
for commedity IP can leverage the design to a higher level of abstraction, reducing the design
times drastically, if reuse is high. Although not yet commercially available, framewaorks like
the AMGIE framework have reached maturity and are capable of guiding a non-experienced
designer successfuily throngh the design task in short design times. The development of the.
library is still an expert designers job, despite the use of symbolic analysis tools to generate
the design equations. Analog circuit-level synthesis is on the verge of breaking through and
the presented test case clearly shows that design automation comes nef at the expense of
reduced performance, but provides the needed productivity boost for analog design.

Chapter 4
Systematic Design of CMOS Current-
Steering D/A converters

4.1 Introduction

The :thnmf.tq ever higher clock frequency and dynamic range in fields such as video signal
processing, digital signal synthesis and wircless communications demands for high-speed and
high-accuracy D/A converters. Base transceiver stations for CDMA, UMTS, WCDMA, ...
need 12-bit linearity or higher at sampling rates above 100 MS/s. Apart from this large
market, direct digital synthesis also demands DJA converters that combine high sampling
speed with Illigh-accuraCy, Of the several technology and architecture alternatives, CMOS
current-steering architectures are particularly suited for these applications. CMOS solutions
allow SoC approach, with the evident cosl and power consumption advantages. Furthermore,
current-steering D/A converters are intrinsically faster and more linear than competing
architectures such as resistor-string D/A converters [ PEL 90].

With specifications close fo the technological boundaries. current-steering D/A converters
for (wireless) communication qualify as star TP, Time 10 markel is short for (wireless)
communication applications and design times need to be shortened considerably (o meet the
market demands, Therefore the design of high-accuracy current-steering D/A converters was
c!losen as a lest case for the systematic design methodology for star IP, proposed in Chapter 2.
Tlhtf_complete design flow is covered and supported by software 1o0ls lo'spm:d up the task
signi ﬁcapn'y. A generic behavioral model is used to explore the D/A converter's specifications
during high-level system design and exploration, The inputs are the specifications of the D/A
vonverter and the technology process. The result is a generated layout and the corresponding
t‘_xlracteq bel_l._avioral model that allows embedding the converter in system simulations for
hnal. verification. The systematic design merthod allows to generate new designs fast for given
Specifications, or to easily port designs to new processes. Using this approach, the design time
was reduced from 11 working weeks to less than one month for a design that was also
fabricated and that achieved state-of-the-art performance.
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The outline of this chapter is as follows. Section 4.2 explains how the proposed systematic
design methodology for star TP has been adapted to high-accuracy current-steering D/A
converters. In section 4.3 the architecture of the D/A converter and its design parameters are
described,  After presenting the developed behavioral model for system-level design in
section 4.4, the sizing synthesis is explained to full extent in section 4.5. Section 4.6 describes
the layoul generation process, and section 4.7 describes the extracied behavioral model
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Figurce 4.1:  Presented systematic design flow for a current-steering D/A converter.
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Sections 4.7 through 4.10 present the experimental results and measurements of three
implemented designs. Finally, conclusions on the presented D/A converter methodology are
drawn.

4.2 D/A converter Design Fiow

The unified design flow for star IP, presented in Chapter 2, has been adapted to current-
steering D/A converters and is presented next, The flow is shown in Fig. 4.1. As has been
explained previously, the first phase in the design is the specification phase. During this
phase, the analeg functional block is analyzed in relation to its environment, the sarrounding
system, to determine the system-level architecture and the block’s required specifications.
With the advent of analog hardware description languages (AHDL), such as VHDL-AMS or
VERILOG-A/MS, the obvious implementation for this phase is a generic analog behavioral
model [BUS 98b].  This model is parameterized with respect to the specifications of the
functional block but is generic as no details are known of the circuit implementation that will
be chosen later on. The next phase in the design procedure is the design (synthesis) of the
functional block, the center of Fig. 4.1, consisting of sizing and layout. The design
methodology used is  top-down performance-driven [CHA 94,GIE 95a]. This design
mi¢thodology has been accepted as the de lacto standard for systematically designing analog
building blocks [CHA 94,CAR 96,GIE 00b]. Tn [NEF 95] the design of current-steering D/A
converters has been automated following this methodology for one specific architecture that is
however only adapted for 8- or 10-bit D/A converters. In this work, a higher accuracy is
obtained by using an improved converter architecture.

Fig. 4.1 shows the synthesis flow resulting from applying this top-down design methodology
10 the targeted high-accuracy D/A converter. It is & mixed-signal design. The analog design
ilow is grouped on the lefi: the corresponding digital ffow is grouped on the right. The anafog
flow consists of a sizing at three levels: the architectural level, the module level and the
device level. The digital synthesis completes the sizing part of the mixed-signal design. The
design steps are verified using classical approaches (numerical verification with a simulator,
al the behavioral, device or gate level, respectively). The fioarplanning is done joinily for
anzlog and digital blocks, after which the analog layout is generaied, and standard cell place
& route is used to create the digital layoul. Both layouts are separately verified. The blocks
are assembled at the module-level and again a module-level verification 1s done with classical
touls,

When the full converter design is finished and verified, the complete system in which the
functional block is applied, must be verified, see Fig. 4.1, For this, again 4 behavioral model
for the analog functional block (D/A converter) is constructed. This time the actual parameters
extracied from the generated layout are used to verify the functioning of the block within the
System.

The remainder of the chapter focuses on the generic behavioral modeling, the sizing
synthesis, layout generation and behavioral model extraction steps in the design flow for high-
accuracy DfA converters. First, the proposed D/A converter architecture and its important
design paramelers are described.
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4.3 Current-steering D/A converter architecture

For high-specd. high-sccuracy DJA converters, 1 segmented curreni-Steering lopology is
usmally chosen as it s intrinsically faster and more linear than competing
architectures [RAZ 95|. The conceprual block diagram of this type of D/A converter i
depicted m Fig. 4.2: the [ least significant bits are implemented in a binary-weighted way,
while the m most significant bits steer a unary curreni-source array, giving n bits in total:

n=1{+m (4.1)

The gencral specification list for a current-steering D/A converter is given in Table 4.1. The
specifications can be divided into four categories: static. dynamic, environmental and
aptiniization specifications. In the wise of a D/A converter, the sratic parameters include static
accuracy (i.e. number of bits), integral non-linearity (INL), dilferential non-hnearity {DNL)a
and yield. The dynamic parameters include settling time, glitch energy, spurious-free dyn
range (SFDR) and sample frequency. The envirommental parameters include the power qupply,,
the digital levels, the output load and the imput/outpwt range. For the optimizat
specifications, the power consumption and area need 1o be minimized for a given technology,
This specification list serves as input for the design process as will be explained in the

following sections,
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Figure4.2:  Principle block diagram of a segmented current-steering DIA converivr. The'l
teast significant bits steer the binary-weighted current sources divectty. The m
most significant hits are fed into the thermometer decoder (thermocoder),

which steers the unary current-source array,
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The conceptual block diagram of Fig, 4.2 is implemented by (he proposed segmented
architecture shown in Fig. 4.3. The current source is implemenied either by a cascoded (Mg,
Mo see) Or non-caseoded MOS transistor (Mg ). The current generated by the current
sources are switched o one of the two differential output nodes of switch transistors My ,
anid Mgy, . These are steered by a lawch, providing the optimal switching signals to the MOS
rransistors, The full decoder comprises both the thermometer encoder (thermocaoder), that
wenerates the steering signals for the unary latches from the digital mput word, and a latency
equalizer block for the hinary comtrol signals, This lalency equalizer block ensures correct
aming for the steering signals of the binary latches, One of the important architectural choiees
is how many bits are implemented using binary-weighted current sources and how many
usmg unary-weighted.

Specification Unit Value
Static Resolution n # bits 14
INL LSB | 03
| BNL LSB 0.5
Purametric Yield % 99.9
Dynamic Glitch energy pVis | 1O
Seitling time (10-90%) | ns T
| SFDR @ 500kHz B 80
Sample frequency MHz 100
Environmental | Ouiput range (Vi) v 0.5
Rz Q 25
Digital levels 1 = CMOS
Power Supply 5.7 7
Technology - | 050 1P3M
Optimization | Power mW_| Min. (300)
Area mm- | Min. (10)

Table 4.1: Specification list for a curreni-steering DIA converrer with typical values.

The basic floorplan of the proposed architecture is also shown in Fig. 4.3, The swilches
and latch are implemented as one umit cell, and placed in an array, referred to as the swarch
wrray in the middle. The optionsl cascode transistors are also embedded in this array. The
current source fransistors are placed in the cwrrent-source array at the bottom. The full
iecoder blogk is at the top. The three large modules (full decoder. swatch array and current-
source array) are connected by signal busses (indicated as black amrows in Fig. 4.3). A clock
driver completes the DfA converter.

An importunt design parnmeier of a current-steering D/A converter is the switching
scheme. The swilching scheme has two compongnts. A unary curten| source consisis of one or
more parullel units gpread oul over the current-source array, as shown in Fig. 4.4. By splitting
the unary current sources and spreading them across the current-source array, the spatial
errors are averaged, which is necessary for high-accuracy applications, as will be explained to
full extent in section 4.5, The second parameter of the switching scheme is the switching
sequence: the order in which the different current sources in the array are switched on when
the inpui ¢ode is increased. In [MIK 86, YON 00] it is shown that the remaining spatial errors
are not accumulating when the currem sources are switched on in an optimal wuay. The
architecture proposed here differs from previously used architectures in that the switching
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scheme is fully flexible and can be programmed when generating the layout, to optimally
compensate for systematic errors that would otherwise deteriorate the targeted linearity.
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Figure 4.3:  Block diagram and floorplan of the proposed segmented DIA converter
architecture.

(a) (b) (©)

Figure 4.4:  Three different switching schemes:
{at) unary current source implemented as I unit,
{b) unary current source implemented as 4 units in parallel,
(¢) unary current source implemented as 16 units in parallel.

The designable parameters of the proposed architecture are summarized in Table 4.2.
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Designable parameters of the architecture

Architectural level | (numiber of LSBs)
m (number of MSBs) e
a(1)/1 (the relative standard deviation of current matching)

Module level 1/4/16 unils [or unary current source
switching scheme/sequence
Circuit Tevel mer_.m‘; Lj‘ft:ti_r'_.i‘ﬂ‘v (VGS‘ l"'bT}.l'h'nr_.ur

insert M. or not ?

W-Wm.l‘rw LML'.'m.'I (1FGS'VT)M&BL'
WM.W v LM’n-

latch transistor sizes

clock driver

Table 4.2: The designable parameters of the proposed DIA converter architecture.

4.4 Behavioral Modeling for the Specification Phase

By using a complete hardware description language model of the systems blocks, the
designer can explore different solutions on the system level in terms of performance, power
and area consumption [BUS 98b]. In this way, the high-level specifications of the system can
be translated into specifications for the D/A converter. as well as for the other blocks,

The generic behavioral model of the DA converter [BUS 98b] is divided into a digital
thermocoder (which performs the translation from binary to thermometer code) and an analog
core that incorporates the swatch and the current-source array. For the analog core.
SpeotreHDL [SPE 95] was used to implement the model. The digital decoder was
implemented in VHDL and simulated with Design Analyzer [SYN 98], As an example the
generic AHDL model for the glitch energy and settling time (transient simulation) is presented
next, followed by a description of the model for the INL and DNL.

44.1 Dynamic behavior

For the dynamic (transient) behavior of the D/A converter. two specificalions are laken into
account: setiling time t; and ghitch energy Eg. The settling time is mainly determined by the
capacitance on the output node C,,, and can be modeled as such in the behavioral model.

The gliteh is not only dependent on the number of current sources swilched when going
from level; 1o level,, but also on the choice of the number of bits / which steer the binary-
weighted current-source array, A generic model of the glitch can be obtained by superposition
of an exponentially damped sine and a shifted hyperbolic tangent [BUS 98b]:

1 2 i oy 1, J 4 ¥ 3 5
exp[—.\-ign'{,_;”}:-’f (t-r1,) +M ;m\[;‘:‘fr(,_hd}_'_l‘ (4.2)
» = sl J

i
in which i, is the output current, A, is the amplitude, 7 the period of the glitch signal and
level; and level;,; are the code levels between which the convertery switches.

Ty = A, q:n[—{r 1)

i
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The glitch energy is defined as the integrated difference between the real and the ideal curve,
approximated by the area indicated in grey in Fig. 4.5. Using equation (4.2) this area is given
by:

E

—ZR:; AP crirchod = [Ag,sin[%”}exp(—%]«r%—————ifwdi“z_ kel (1¢nh(%”)—l)}!—f:— (4.3)

where nr i is the number of current sources switched when going from level; 1o level,,
Ry 15 the Tesistive load applied to the converter and Ey is the specified glitch energy. Given
£, and the 1, equation (4.3) calculates the amplitude of the damped sine wave Ay as a
function of the number of current sources switched.

The results of this generic behavioral madel of the glitch energy are depicted in Fig. 4.6. At
time #; one current source is switched on, at time 7 a larger number of current sources is
swilched on, which results in a larger glitch as can clearly be seen on Fig. 4.6. Notice that at
time f; as well as t> the overshoot of the glitch is smaller than the undershool which is due to
the settling behavior that was also incorporaled in the model.

4.4.2 Static behavior

The static behavior is delermined by the INL and DNL specifications. As these are
statistical parameters influenced by e.g. mismatch, they are modeled using a stochastic
process. Let p be a vector of 2"4w-/ independent random variables with a variance of 1.
Then the statistical non-linearity can be implemented as follows:

Jiw
Alevel, =p,+A Y. p, (4.4)
=4l
A is a real value, w is an integer value, n is the arder of the converter,
The standurd deviation of Alevel; is then:
o(Alevel,) = 1+ (w—1)A> 4.5)
And the standard deviation of Aleveli-Alevel.; is:
o(Alevel, — Alevel,,) =J1+(A-DT+A° (4.6)
Since
INL=< g(Alevel ) 4.7)
DNLs= a(Alevel — Alevel, ) (4.8)

w and A can be found given a specified (or extracted) value for INL and DNL. When the D/A
converter is simulated using this generic statistical model, it exhibits the requested INL and
DNL. Fig. 4.7 depicts one statistical sample in the case of a requested INL of 0.25 LSB and
DNL < 0.1 LSB. The simulation only includes random process variation effects, systematic
effects have not been modeled in the shown example,
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Figure 4.7: INL and DNL simulation using the generic behavioral model:
(a) Integral non-lineariry < 0.25 ISR,
(h) Differentiaf non-linearity < 0.1 LSB,

4.4.3 Power and Area Estimators

For system-level exploration and verification, also the power consumption (and area
consumption) has to be modeled. The power consumption consists of a DC component (DC
current from the current sources) and a frequency-dependent component (latches and switches
from the analog part plus decoder). It can be approximated by:

Pl Vs + &8V T (4.9)

I
where (¢ is (he switching activity [GHO 92]. The total current /,,, can be readily calculated
from the desired output range and the load resistance Rj.q. The total swilched capacitance Cyy
is the sum of the capacitance of the switches and the latches in the analog parl and the
capacitance of the flipflops Cy at the output of the decoder. As only small currents are
switched in the analog array, switches are small and their input capacitance can be
approximated by the input capacitance of a standard cell inverter Ciyy!

¢, =(2" 2", + (2 )C, (4.10)

fest
The area can be approximated by:

A=2"(WL),,+2"(WL),, +2""" A, (4.11)
The first two terms are the total arca of the current sources. WL can be readily calculated from

matching properties of the used technology, and the specified accuracy and yield [BAS 96], as
will be explained in detail in section 4.5.1. The last term is the area of the flipflops in the

decoder.
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4.5 Design Phase

The converter specifications that have been derived during the specification phase are now
input to the design phase. The design of the converter is performed hierarchically, as indicated
in Fig. 4.1. First, some decisions al the architeciural level have to be made. Next. the
swilching scheme and sequence are determined during module-level synthesis, Finally, the
sizing of the trunsistors at the device level has to be done.

4.5.1 Architectural-level synthesis

The two architectural-level parameters (/. m), i.e. the number of binary and unary bits, are
determined during architectural-level sizing synthesis. Two importunt performance criteria, as
listed in Table 4.1, are taken into account for this: static and dynamic performance.

4.5.1.1 Static performance

The static behavior of a D/A converter is specified in terms of INL and DNL, A distinction
has 10 be made between random errors and systematic errors:

e  Rundom errors:
—  Device mismatches
e  Systematic and graded errors:
—  Output impedance of the current source and switch;
—  Edge eifects;
—  Voltage drops in the supply lines;
—  Thermal gradients;
- CMOS technology-related error components:
+  Doping gradients
+  Oxide thickness gradients resulting in a V; shift across the die
+  ele

The random errors are determined solely by mismatch, and will be taken into account during
circuit-level sizing. The systematic errors are caused by process, temperature and electrical
gradients. In optimally designed D/A converters the INL and DNL are determined by random
errors (i.e. mismatch) only. A small safety margin (10% of INL) is reserved to allow for
systematic contributions. The output impedance constraint is taken into account during
circuit-level sizing, as cxplained in paragraph 4.5.3. The remaining systcmatic errors are
layout-determined and are minimized by optimizing the switching scheme and by careful
layout generation. This optimization is explained in section 4.5.2 and section 4.6.2,

The acceptable random error can be calculated from yield simulations. The tolerable
relative standard deviation of current matching of/)// can thus be calculuted |[BAS Y6]. The
calculated admissible standard deviation is input for the circuit-level sizing later on. Fig. 4.8
depicts the yield simulation for a 12-bit and a 14-bit D/A converter: to achieve a targeted yield
of 99.7% (INL < 0.5 LSB), the relative standard deviation of current matching for the unit
current cell (1 LSB) has to be smaller than 0.13% and 0.06% respectively. The plots shown in
Fig. 4.8 have been calculated using a MATLAB [MAT 92| program. In [BOS 00a,BOS 00b] a
fitting was performed to speed up these simulations, resulting in following equation:
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ol) 1 4.12)

where C is a function of the targeted vield and TNL (e.g. INL< 0.5 LSB with a yield of
99,7%)., and n is the number of bits.
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Figure 4.8:  Yield as « function of unit cell current variance for (@) ¢ 12-bit DIA converter
and (b) a 14-bit DIA converter (INL < 0.5LSB),

4.5.1.2 Dynamic performance

The dynamic behavior of a DJA converter is often specified in terms of admissible clitch
energy, This specification is mainly determined by (1) the number of bits implemented
unary/binary and (2) the way the current sources are synchronized when switched on/olf. The
largest slitch will occur when switching off all binary implemented bits and switching on the
first unary current source, This implies that the decision on the number of bits / to be
implemented binary and the number of bits m to be implemented unary, determines the worst-
case glitch.

The lowest possible glitch energy is obtained when a full unary implementation is
chosen |LIN 98|. This would, however, result in a large area increase. The total chip area
(@reciy_ciren) s estimated by:

“rﬂamm:i.r.w = argauur L +areantm'k.rrr

(4.13)
i area;h'rudrr.eﬂ U"’ﬂ) + a""‘amm.l’nx_.ew U" ”')

An estimate for the active area of the current source wansistor areéd,,, ..y can be calcniated
based on the mismatch model [BAS 96]:
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O 447 _
Wsl=—s—| Ag+ s (4.14)
20°(1) Vs —Vr)
72

where o)/l is the unit current source standard deviation, calculated previously, and Ag, Ay
are lechnology constants |LAK 86.PEL 89|. For minimal area, the Vis-Vi is maximized and
the first term in the expression becomes dominant, The lower bound for the area is given by;

2' A (4.15)

WL . T
Bl )

owerbind = .

20
72

The total current-source array area (ared,,, yy..y) can then be estimated:

i) 3 3 :
areat.‘iir sreest = 2 (W * L)I(Jw.’rh'mnd fmu.ring {4' ]6)

where frin, is the routing overhead factor. The static performunce places a strict constraint on
the arca of the current-source array. In the presented experiments, all routing was done on top
of the active area, resulting in little routing overhead (fuine is close to 1).

The area of the current-source array is fixed by equation (4.16) as is the arca of the swatch
array (areduichesr). However, the area of the thermocoder increases (~2"), as does the size of
the routing busses connecting the three modules, if the number of unary bits () is increased.
Fig. 4.9 shows that in current technologies an optimal number of unary implemented bits is 8,
otherwise the area grows unacceptably. This choice will ultimately limit the dynamic
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Figure 4.9:  Estimated area of the DIA converter as a function of the number of imary
bits (m).
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performance of the D/A converter.
The guantization noise of the D/A converter can readily be calculated since the number of
bits is specified. An ideal n-bit D/A converter has a peak SNR, (over the Nyquist band) given

by:
SNR, =6.02-n+1.76 dB (4.17)

assuming uniform guantization steps and full-scale sinusoidal input [PLASS 94 RAZ 95].
This value is the upper limit of SNR that be achieved. The thermal noise, caused by the
transistors (sce section 4.5.3.2), will be added ta the quantization noise and result in the total
SNR of the D/A converter.

4.5.2 Module-level synthesis

An important design parameter of a current-steering D/A converter is the switching scheme.
The switching scheme has two components. A unary current source consists of one or more
parallel unils spread out over the current-source array, as previously shown in Fig. 4.4. By
splitting the unary current sources and spreading them across the current-source array, the
spatial errors arc averaged, which is necessary for high-accuracy applications
[LIN 98 MAR 98], The second parameter of the switching scheme is the switching sequence,
i.e. the sequence in which the different current sources in the current-source array is switched
on/off. This will now be explained in more detail.

4.5.2.1 Overview of switching schemes

An elaborate overview of different switching schemes is given in [YON 00]. Using an
extracted error profile from a test chip [PLAS 99¢], the resulting INL was simulated for a
14-hit design, The simulations are depicted in Fig. 4.10,

In the first case (Fig. 4.10a), the switching scheme as presented in [NAK 91] was used.
The unit current source is implemented as a single transistor (case a in Fig. 4.4). A row-
column decoder is used to implement the Hierarchical Symmetrical switching scheme: rows
are switched on consecutively; the next row is switched on only after the previous row is
completely switched on. The switching sequence is shown in Fig. 4.11: rows | 3 have been
switched on entirely (graded); the next current source fo be switched on is the 4" column on
row 4. Within one column, the sequence of the sources is chosen not to accumulate the
systematic errors [NAK 91]. In this switching scheme averaging is only performed column-
wise, resulting in a large INL figure of 3 LSB. Because of its simple decoding logic, this
scheme or variants -slightly changing the sequence— are most frequently used
[LAK 86,MIK 86,NAK 91 NEF 85, KOH 95,LIN 98]. In current ftechnologies their
applicability is however limited to 8- to 10-bit accuracy.

In the second case (Fig. 4.10b), the switching scheme as presented in [MAR 98] was used.
The unit current source is implemented as four transistors in paralle]l (case b in Fig. 4.4).
Decoding logic is duplicated: every quadrant has its own decoder. Within each quadrant a
row-column decoder is used to implement the Two-Dimensional Centroid switching scheme:
rows are switched on consecutively: the next row is switched only after the previous row is
completely switched on. Within one column, the sequence of the sources is chosen not to
accumulate the systematic errors [MAR 98], see Fig. 4.12. Because the current source has
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been implemented as 4 transistors in parallel in each quadrant, averaging is now performed
both in X and Y, resulting in an improved INL figure of 1.7 LSB in Fig, 4.10b. Although
there is more overhead for the decoder, the decoding is still row-column wise, resulting in
simple cirevitry. Accuracies up to 12-bit have been reported with this scheme [MAR 98].

_DAC INL [LSB]
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Figure 4.10:  INL simulation for different switching schemes:
(a) INL for 14-bit DIA converter using the Hierarchical Symmetric Switching
scheme [NAK 91],
(b) INL for 14-bit DIA converter using the Two-Dimensional Centroid
switching scheme [MAR 98],
fe) INL for 14-bit DIA converter using the @ Random Walk switching
scheme [BUS 99b].

Finally, the novel Qz Random Walk scheme is simulated (Fig. 4.10¢). The unit current
source is implemented as 16 transistors in parallel, 4 in each quadrant (case ¢ in Fig. 4.4). All
decoding logic is centralized, offering full flexibility in the switching sequence. Enhanced
averaging is performed in both X and Y directions, as will be explained 1o full extent in the
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following paragraph. The novel switching scheme results in an INL figure of 0.15 LSB.
Only this scheme achieves the targeted 14-bit linearity specification.

Row Column —s

15117 31581314106 2 4 § 1218

Figure 4.11:  Hierarchical Symmetrical switching scheme [NAK 91].

The key issuie in choosing the proper swilching scheme is averaging of systematie and
praded errors; the relationship between INL and switching scheme/sequence is formalized in
the following paragraphs.

Row Column — «—— Column  Row
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Figure 4.12:  Two-Dimensional Centroid switching scheme [MAR 98],
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4.5.2.2 Compensating graded and systematic errors

The static performance of high-speed high-sccurucy DJ/A converters is limited by
systematic and graded errors: the current sources in the current-source array are not identical
and these errors result in non-linearity (INL and DNL).

The systematic errors that cannot be eliminated by design are compensated by the switching
scheme. These errors are causcd by:
—  Edge effects;
—  Voltage drops in the supply lines;
—  Thermal gradients:
- CMOS technology related error components:
+  Doping gradients
+  Oxide thickness gradients resulting ina Vy shift across the die
+ elc

Firstly, the edge effect (current maiching errors at the edge of the current-source array)
needs to be eliminated. The processing of a silicon device within an array of identical devices
is diffcrent for the devices situated at the edge. These errors are caused by the etching process
which has a different activity at these different positions [MAL 94,HAS 01]. To avoid this
sudden effect a row or column of digmmiy devices is added. These devices will have different
eleetrical properties but are unused,

Secondly, the current error caused by the vollage drop in the ground/supply lines
[NAK 91] is given by:

AT coshl,/gm R _1)
e A R = 4.18)
( 1 ]l'ﬂffagrdrqrr e L smh(,ﬂqm Rwd) R :

where x 18 the coordinate of the current source along the ground [line, gm is the
transconductance of the current source, R, is the resistance of the ground line assuming the
current-source array has an horizontal supply line, connected on both sides, This effect can be
eliminated by providing wide power/ground lines, reducing thus R,,s. Eliminating the voltage
drop in the ground line to achieve high lincarity by properly sizing the ground line can incur
an unacceptable increase in the area of the current-source array. Therefore, this error is
preferably compensated by the switching scheme.

In [BAS 98a] the effect of the switching scheme on the contribution of the ground line voltage

drop to the INL specification has been investigated. For the sequential bwnchmg scheme of
[MIK 86] the following INL,,, . is obtained:

_EgmR,,
N gni =ﬁ

The symmetrical switching sequence of [NAK 91] reduces the problem of ground line voltuge
drop in high-sccuracy D/A converters. The symmeirical switching sequence suppresses the
contribution to the INL [BAS 98a| by a factor of four compared to swilching sequence:

INL (4.19)
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INL, o =20 R (4.20)
363

The last error sources are the thermal and technology-related errors. These can only be
climinated by averaging out these effects through carefully spreading the current sources
across the array. The thermal gradients and technology-related errors (e.g. doping, oxide
thickness gradients, elc.) are approximated by a spatial Taylor series expansion around the
center of the curTent-source array:

Al (x,y)=b, +hx+hy+bay+bx*+by* +... (4.21)

Temp, technsloy ..

where (1) is the coordinate of the unit in the current-source array.
The curfent-source array thus contains units with ervors which are (to first order) linear and
quadratic in spatial distribution, see equations (4.18) and (4.21). Let us call these spatial error

profiles -g;],:’(.r, y) and sf_j'(f,' y) for first- and second-order respectively. INL and DNL is

only a function of these relative errors, and not of the average current I rur_we flowing through
the current source [YON 00]:

INL(k) ZE,-,,.I, . [0 SkEN= 2") (4.22)

I

&
¥l

DNL(K) =&, , 0<k<N=2") (423)

where k represents the digital code and n the number of bits.
The TNL and DNL can be defined as:

INL = “:éy‘ (|vee)) (4.24)
DNL = max(|DNL(k) ) (4.25)

From equations (4.23) and (4.25), it is apparent that current-steering D/A converters can have
low DNL: 50% variation is enough to achieve (.5 LSB. Equations (4.22) and (4.24) show
that a bad choice of switching sequence, however, resulis in accumulation of the systematic
and graded errors and thus in a high integral non-linearity (see Fig. 4.10).

Reducing spatial errors £,
Equalions (4.22) through (4.25) show that by reducing the systematic errors, INL and DNL
are directly influenced. One way of reducing the spatial error &, is by splitting the current

source in 4 or ecven 16 transistors in parallel, see Fig, 44b and Fig. 44c. The effect of

splitting the current source on the spatial errors is visualized in Fig. 4.13.
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Figure 4.13:  Compensation of first-order E‘i:,'(x, y) and second-order E;;'(.r, y) errors
(a) classical switching scheme: no compensation,
(b) centroid switching scheme:
compensation of linear and odd higher-order systematic errors.
(c) O° switching scheme:
compensation of linear and odd higher-order systematic errors,
aned suppression of quadratic and even higher-order errors.
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In Fig. 4.13a every current source is implemented as one single unit (see Fig. 4.4a),
concentrated at one position, having a total residual error £, (¥, ¥) equal to the spatial error:

€., (. y) =65 (x, y)+ £ (x, 3) (4.26)

In case every current source is split into four units of /4 the value in four different
locations (see Fig. 4.4b and Fig. 4.13b), a spatial averaging of the error is achieved. When the
distribution of the current source transistors is symmetric around the X and Y-axes, the lincar
terms are perfectly compensated (as is the case with all odd higher-order terms of the Taylor
serics expansion). However, the quadratic errors are left unaltered (as is the case with all even
higher order terms of the Taylor series expansion):

£ (1 y) =2 (x)+£5 () (4.27)
The residual error distribution for a basic scgment is shown in Fig. 4.13b on the right-side
plot. In order to also suppress the quadratic error, every current source musi be split in a
higher number of current-source units, By splitting the current source in 16 units as depicted
in Fig. 4.4c, the systematic and graded errors arc suppressed by a factor of four in the X
direction and a factor of eight in the Y direction (Fig, 4.13c):

€20 e20)

(4.28)
4 8

.grc.( (‘r". y } =

This swiiching scheme will be referred to as Quad Quadram (Q%) as four (quad) units in every
quadrant all topether compose one currenl source.

Avoid accumulation of the spatial errors €,

The linearity of the DfA converter is now determined by the accumulation of these residual
errors when the current sources are switched on one by one with increasing digital input code.
Equations (4.22) and (4.23) can now be rewritien as:

INL(K) = i&' , bsk<n=2") (4.29)
=1

DNL(k) = €,

O

o<k<n=2") (4.30)

From equation (4.29) it is apparent that it is essential to keep the accumulated esror as low as
possible for good TNL figures: current sources must be turned on in a sequence such that the
systematic error residucs are not accumulating. Note that some current sources have a
residual error higher than average (positive DNL) while others have a residual error below the
average (negative DNL), This leads us to the choice of the switching sequence for the 8-6
segmented 14-bit D/A converter presented later on, From a first design, an error profile of the
256 unary current sources has been estimated [PLAS 99¢]. If quadratic errors are taken into
account and using the Quad Quadrant scheme of Fig. 4.13¢, an error residue as shown in
Fig. 4.13¢ on the right is found in every quadrant. Only 255 current sources are required for
the D/A converter function (in the case 8 hits are implemented in a unary way). So one of the
256 current sources is used as biasing circuitl.
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The switching sequence of the 255 unary current sources is an important design parameter
to limit the INL. Therefore, o select the sequence of the current sources and to determine the
best swilching scheme (256! possible solutions), an optimization in two steps (hierarchically)
has been undertaken. The goal was lo “randomize™ the different error contributions (positive
and negative) so that no error accumulation occurs, The 16x16 current source matrix of cells
with the above quadratic-like error residuc (which s calculated from the assumed error
profile), is divided inte 16 4x4 regions (referred to with A-P) as shown in Fig. 4.14. The
switching sequence of these regions (A-P) has been optimized to compensate for the
quadratic-like residual errors. Since the 16 current sources in every 4x4 region do not have
exactly the same residue, there still is a remaining small second-order residue within every
4x4 region, This can be approximated as linear and the switching sequence within each 4x4
region therefore has been optimized to compensate for these linear-like second-order residues.
This leads to the overall swiiching sequence of the unary current sources:

15 current source () in region A,
2. current source 0 in region B,
3
17. current source 1 inregion A
1R, current source | in region B
19.
254, current source 15 in region N
253. current source 15 in region O
222[ 180 126] 62 1200]177]113] 48 [218[181]177] 53 [217 186|121 57 |
158] 30 [264] 94 [145[ 17 [241] 81 [149] 21 [245| 85 [153] 25 |240( 89
78 |228] 14 [142] 66 [206] 1 [120] 69 [220[ 5 |133 73 [233] 9 |i37
a6 [110/174|206| 33 | o7 [151]183[ a7 |101[165(187| 41 [105]168[201]
olB 211 176}115] 51 |220] 128! 124[ 60 |215[183]118] 55 [219] 187/ 123] 58|
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DIM|HHE Bl 1144 35| 99 [163]198] 44 | 108/ 172|204( 38 | 103[ 167 199] 43 |107]171[203
- [5]15/a]9 218]188]122] 58 |216[1 | 56 [208[176[112] 48 |z21] 5 6
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Figure 4.14:  Switching sequence of the O° Random Walk switching scheme.

By 'random walking' through the 255 current sources from number | to number 255 in
Fig. 4.14, the residual errors are not accumulated but rather 'randomized', hence the name o
Random Walk switching scheme. Fig. 4.15 compares simulations of the resulting INL, for the
same error profiles extracted from test siructures, in case of the classical switching scheme
used in [MIK 86| and the presented Q* Random Walk switching scheme. The resulting INL is
about 10 times smaller using the Q° Random Walk switching scheme, although in both cases a
quad quadrant (Qz} current-source array was used, i.e. the unit current source is implemented
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as 16 transistors in parallel. The overall non-linearity suppression thus equals 4x10 in the X
direction and 8x10 in the Y direction, oyercoming the technology limits.

The switching sequence is optimized to reduce the accumulation of remaining systematic
errors. A branch and bound search algorithm allocates the current sources [PLAS 01h]. The
search algorithm has been implemented using the C programming language. As such also the
switching sequence can be automatically derived, Together with the splitting of the current
source (1/4/16) this completes the module-level synthesis.
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Figure 4.15:  Simulation of INL for the same error profiles using:
{a) Qz classical switching scheme [MIK 86/,
(h) @° Random Walk switching scheme,
(¢) @° Random Walk switching scheme, detail.

4.5.3 Circuit-level synthesis

The circuit-level synthesis determines the circuit-level design parameters, see Table 4.2.
Again, the two performance constraints (static and dynamic) are taken into account.

4.5.3.1 Static Performance

As stated previously in section 4.5.1.1, u distinction has to be made between random errors
and sysfematic errors. The random errors are solely determined by mismateh errors and will
be discussed next. By choosing the appropriate swilching scheme and sequence, graded and
systematic errors can be compensated, as was explained previously. Nevertheless, attention
should be paid during circuit-level design to keep systematic and graded errors as small as
possible as will be explained.

Random Errors

The random errors are solely determined by mismatch errors. From the full swing (Viewina)s
the number of bils (7) and load resistance (R, the current of one LSB (/;44) is calculated:

V..
g =—""%— (431)
B Ripaa?

Then, the active area of the current source transistor can be calculated based on the mismatch
model [BAS 96]:

2
W#L= ; Aj+ i = (4.32)
257(1) Vgs =Vr)*®
‘,2

where arl)/I is the unil current source standard deviation, derived during architectural-level
sizing, and Ag, Ay are technology constants [LAK 86,PEL 89]. A high biasing voltage
(Vas-Vr) is preferred for mismatch reasons. The upper limit for the biasing voltage is
determined by the output swing and the power supply. For full swing signals, the switch
transistor M., should still be in saturation region.

Systematic and graded errors

A first source of systematic errors is the finite output impedance of the current source. The
output impedance of the D/A converter is given by [RAZ 95]:

R, ;
R =R N—== code:0—2"-1 (4.33)
code

where Kj,.q 15 the external load (usually a double-terminated 50 Q line), Reur o is the output
impedance of the current source (including switch transistor) and code is the number of
sources switched to the output. This variation in output impedance causes non-linearity at the
output given by [RAZ 95]:
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INL = w : (4.34)
4R, .

For low frequencies, the switch transistor M, acts as a cascode for the current source
iransistor (sce Fig. 4.3); the output impedance of the currént source Ry . IS given by:

RL‘irl’ = = g?”MmraMmrrr}Mr:nr g [4‘35]

[f an additional cascode transistar M, is inserted in the current source the output impedance
is given by;

R‘m‘r e gm.ﬂrft‘mu;gmkf.w'r"].\'(cmu.raMw‘roﬂrfc:tr are [4-36)

For higher frequencies equations (4.35) and (4.36) are no longer valid, because ol a pole
formed by the total capacitance Cy at the drain of the current source transistor Mey, 4 and the
output conductance of the transistor [BOS 99]:

PP E— 437)

pocur_ S T

2?3 Cﬂ rol\h—m‘._srr
The output impedance of the current source is then given by:

1+ j@C,/em,,., .
Z =y gt W e — (4.38)
A T [ EMyroe M0 )l:! i jﬂ? C:J POy e

For high accuracies (ubove 10-bit) this has to be taken into account. In [BOS 99] a guideline
is given on how high the impedance at Nyquist frequency should be. A large L of the unil
current Source Moy o 15 chosen to increase the output resistance roye g If the impedance is
still o low, a cascode transistor M. 1s needed. Special attention is paid during layout (o
keep Cy minimal.

Secondly, the voltage drop in the ground lines, results in a quadratic error profile and is to be
avoided. As has been explained in section 4.5.2.2, this constraint would result in wide ground
lines and area overhead. Using more complex switching schemes that compensate the
yuadratic error profile, the area overhead can be reduced. In case the Quad Quadrant scheme

is used, this constraint is relaxed as the switching scheme fully compensates quadratic error
profiles (see section 4.5.2.2). Tn all realizations that are presented, the ground lines are made

as wide as possible, without resulting into wiring overhead.

Finally, the edge effect has to be taken into account: all transistors should have equal

surroundings. Depending on the technology used. and the targeted accuracy dummy cells
should be inserted around the current-source array. In the reafizations presented later om, it
was found that for the 12-bit A/D converter no dummy cells were needed, whereas the 14-bit
design uses 3x4 tows of dummy cells.
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4.5.3.2 Dynamic performance

In order not to deteriorate the dynamic performance, the following factors are taken into
account in the circuit-level synthesis |[WU 95]:
* An imperfect synchronization of the input signals of the current switches:
«  Current variation due to drain voltage variation of the currént sources:
= Transients in the output response of the current source cansed by switching
» The worst-case glitch, appearing at the boundary between binary and unary current

SOUFCCS.
The following measures have been taken to reduce the dynamic non-linearities. To improve
the synchronization, a latch is placed directly in front of the current switches M., (see block
diagram of® Fig. 4.3). Bad synchronization leads to distortion. Without synchronizing the
signals as closely as possible to the switching transistors, additional delays for each codes —
depending on its position in the array in the layout— would ocour. The latch wsed in the
different designs is depicted in Fig. 4.16. It is based on the single-clocking topology presented
in [AFG 96]. The function of the latch is threefold: (1) synchronize the steering signals,
(2) shape the steering signals Qand @ to avoid switching of both switch transistors
simultaneously, and (3) reduce digital signal feedthrough to the outpul. Tt provides the two
complementary signals needed at the input of the current swilches. The input signals [ and
D of the laich are provided directly by the encader, so there is no need for un extra inverter.
The latch reduces the current variation due to the drain voltage variation of the current
sources. It the conventional driving scheme, the driving signals Q and O at the input of the
switching fransistors M.y, , and M., v (see Fig. 4.3, 4.16) change simultaneously and cross
each other in the middle. In this case. both switching transistors will be off for a short period.
As a result, the capacitance at the drain of current transistor My, o Will be discharged. By
properly sizing the latch, the crossing-point has been shifted 1o avoid this [BAS 98b].

The veoltage fluctuation at the drain changes the current from the current source because of

the finite output impedance of the current source transistor M.y <. The problem can be

solved by using a large channel length for the current source transistor or, if needed, by

Latch . VoD

M:ur_w: —f

VSS.., VS5,

VS5

T

Figure 4.16;  Schematic of latch inserted in front of the switching transistors M., to syn-
chronize and shape the steering signals.
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adding a cascode (ransistor M. (see Fig. 4.3). In the basic configuration (ne additional
cascode transistor M), two nodes determine the dynamic performance of the D/A
converler: the output node and the drain of the current source transistor Mg, .. The poles
associated with these nodes are given by:

I
2r Rhmf (C.'mxd +"CL|_M.-.\|-)

_ My, emby,

Forou™ (4.39)

P (4.40)

n +
=T C'D,M'L'xr s

In [MAR 99] it is shown that the pole placement of these peles depends on the choice of the
overdrive voltage of the current source transistor My . which results in an additional
constraint on the choice of the overdrive voltage (Vias-Vr by sree

In the case of a cascode (ransistor the poles are approximately given by:

gm M i+ gmﬂm

Foagu=r e, (4.41)
2r C“.MMW
+ gmby, .
f;.l_g,m e gm.“w.!r & Miayi 2 ( 4. 42)
iz CD. Meur | s
where Cp y.. ., 15 the total capacitance on the drain of the current-source transistor Meur ar

and Cp, ... 18 the total capacitance on the drain of the cascode transistor M.

The influence of the circuit noise on the performance can be approximated as
follows [WIK 99]:

SNR, =3n—6+20log(l,, )~ 101og(Z,, ) (4.43)

where the SNR, is expressed in dB. I, expresses the current of one LSB, and i, is the total
noise power corresponding to one LSB.

The basic circuit is a current source; be it a single transistor or cascode current
source [WIK 99]. If the impedance of the cascode is low enough, the noise is mainly coming
from the current source transistor:

iX(f)=4kT 2 em=4kT 2 2y : (4.44)
3 3Ven =V

where i*(f) is the noise spectral density caused by a transistor in saturation. The total
normalized noise power for a given bandwidth BW is then:

E;=ff(f)'BWE4kTELﬂ__
3 (Vm =V ).Lw;

Substituting equation (4.45) in equation (4.43) leads 10 [WIK 99]:

-BW (4.45)
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SNR, =3n—-6+101log(/,., )-lﬂlog[ﬁ_k-'f#- BWJ (4.46)
3 {Vm = Vr )ua

In most practical cases, noise will not dominate the design, and the SNR will be determined
by the quantization noise. This constraint is checked, but will not influence the design, as
predicied by [KIN 96]. In [KIN 96] it is stated that mismalch requirements are stronger than
noise requirements in 2.5 um to 0.7 pm CMOS technologies for A/D converters and filters.

4.5.3.3 Sizing Plan

Combining all derived constraints, the currenl source transistor, switch and latch can be
sized as follows. During architectural sizing, o(/)/] was determined from Monte Carlo
simulations. From equations (4.31) and (4,14), W o and Leyr s can be calculated after
choosing (Vas-Vrhteur oo - The choice of (Vgs-Vilseur s is constrained by the oulput swing
and pole placement (see equation (4.39)-(4.40)). If the output impedance (see
equation (4.33)) is not sufficient, an additional cascade Mg, is mserted. These calculations
resulting in the sizing of the current source transistors (Meu g and Mg,:), have been
implemented in a MATLAB script.

Using a device-level simulator (HSPICE [HSP 93]) in an optimization loop, the latch and
the switches are sized, taking the crossing point and speed as constraints in the optimization
process.

4.5.4 Full Decoder Synthesis

Since the architectural parameters (/, m) and the latch transistor sizes are now known, the
thermometer decoder (thermocoder) can be synthesized. The remaining / LSBs are delayed by
an cqualizer block to have the same overall delay, The [ull decoder is synthesized using
Design Anulyzer |[SYN 98] starting from a VHDL description.

Using the Q" Random Walk switching scheme, required to average oul the systematic and

‘graded crrors, implies that the classical row-column cncoder [BAS 96, LIN 98, NAK 91,

MIK 86] can no longer be used. In this classical row-column encoder a complete row of cells
has to be turned on before switching on a following row. which results in an accumulation of
systematic and graded errors.

The number of output lines of the thermometer encoder increases with 2, where » is the
number of bits, resulting in complex logic and large input capacitance, which have to be
carefully buffered. This complexity exceeds the behavioral synthesis capabilites of
commonly used commercial tools, and a special VHDL implementation using lookup tables
was developed. Table 4.3 gives the example in case of four bits (n=4). If we look al the truth
table from a high level (coarse encoding) for the more general case, three different #%n
submatrices can be distinguished. The lower diagonal matrices consist completely of zeros.
The upper diagonal matrices consist completely of ones. Finally, the diagonal itself, the truth
table of which will be referred to as the fine encoding. The truth table for the overall coarse
encoding is depicted in Table 4.4a, where a *zero” stands for lower diagonal, “one’ stands Tor
upper diagonal, and ‘x” stands for ine encoding. The truth table for the fine encoding is given
in Table 4.4b, The implementation of the thermometer encoder using fine and coarse encoders
is schematically shown in Fig. 4.17: the address decoder decides whether at the coarse level
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Figure 4.17:  Schematic of the thermometer encoder.

the diagonal submatrices, the upper diagonal submatrices (‘ones’), or the lower diagonal
submatrices (‘zeros’) are used, The address decoder steers the different multiplexers, resulting
in the correct thermometer code. The truth table for the address decoder is given in Table 4.4¢.

4.5.5 Clock Driver Synthesis

The clock driver generates the clocking signals for the full decoder and swatch array. Both
these blocks have been sized above and thus their capacitive clock input load is known. Two
inverter chains (scaled exponentially) have been designed to drive the required load including
the wiring capacitance.

4.6 Layout Generation

Current-steering D/A converters are a typical example of layout-driven analog design. The
sized schematic alone does not constitute an operational converter. An important part of the
performance is determined by the handling of layout-induced parasitics and error components
(i.e. systematic errors). All classical countermeasures for digital to analog coupling (guard
rings, shielding, separate supplies, ...), and standard matching guidelines (equal oricntation,
dummies, ...) have been applied and will not be further discussed. We will concentrate here
on the additionally required layout measures and the developed MONDRIAAN toolset
[PLAS 98,PLAS 02], discussed previously in Chapter 2. section 2.5.4.1.
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Table 4.3: Truth table for the thermometer encader (n=4 bits].
00|01 [10] 11 00|01 [ 10| 11 0o |01 ] 10] 11
X 1 1 | 1 1 | | 1 00 0
0] x| 1 | 0] 1 | | 1L |10]|0
010 ] x| 1 0101 1 0O]l0|1]0
0 010 | x 0 0|0 I 0 0|0 1
(a) cogrse encoder (b) fine encoder (c) address decoder

Table 4.4: Truth table for the different coders.

4.6.1 Floorplanning

The floorplan proposed in Fig. 4.3 1s now refined. The relative placement of the blocks was
already [ixed: at this peint in the design process the actual area of each block is readily
available. However, the aspect ratio is still to be determined. First. the global aspect ratio
influences the aspect ratio of the blocks, In general a square or near square chip layout is
preferred. Secondly, at the chip level the connections between the blocks are extremely
important: a fixed pitch must be chosen to route the busses across the different modules. T the
signal wires of one of the modules are spaced further apart, the pitch change incurs enormous
area loss in the routing of these busses (e.g. the need for river routing). Furthermore. the
choice of the chip-level pilch also ensures that the modules will have the same width,
resulting in an elegant chip assembly,

4.6.2 Circuit and Module Layout Generation

The layouts of the current-source array and swatch array are generated next.
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4.6.2.1 Current-source array Layout Generation

The sizes of the unit current source have been determined. From this the sizes of all other
weighted current sources and the unary current sources are clcrivcd..Tn hfwe op_timal r_nalci?inlg
propertics, the current source must be built up from identical basic units. This basic unit is
laid out manually.

The placement of the hasic units is now known as swilching scheme and switf;hing
sequence have been determined. The current-source array is then gencralcd_ automatically
with MONDRIAAN [PLAS 98 PLAS 02] as has been explained in Chapter 2, section 2.5.4.1. In
the presented flow, the first step is floorplanning. In this case, the ﬂ.oorg?an contains a fixed
placement of the basic cells, this is the optimized placement of the current sources. ﬂe
floorplanning (cell & pin assignment) of the current-source array has'becr_l aulomaied in a
dedicated C++ program. During the symbolic place and route phase the wires are routed to
comnect the parallel current source units and the pins are placed. The MONDRIAAN toolset is
then wsed 1o gencrate the physical layoul of the current-source array. Funhennonle,
MONDRIAAN ensures that equal melal coverage [TUL 97 PLAS 02] of the current sources is
maintained, by inserting dummy metal sirips in the routing. The i.mc:hnolugy-mapph‘ig phaafc
outputs a completed layout in the specified technology and a pin list, which serves as inpul [or
the swaltch array.

4.6.2.2 Swatch Array Layout Generation

The basic swatch cell is laid out manually. The pin list resulting from the curreni-source
array generation, drives the cell and pin assignment of the swatch-array. The floorplanning
(cell and pin assignment) of the swatch array consists of determining the fixed pin positions
(from the current-source array), thus no placement is enforced during floorplanning. The
symbolic place and route is now roating-driven. Cells are placed where a correct cuum’icti(')n
to routing bus is available. The technology mapping phase outputs the final layoul and pin list
from the swatch array. The digital control line sequence (labeled Qand Q in Fig. 4.16)
output resulting from the generated swatch array, is then input to the standard cell place and
route tools used to generale the standard cell decoder.

4.6.2.3 Full Decoder Standard Cell Place and Route

The layout of the digital full decoder is generated using a standard cell place and route

tool, e.g. the Cell 3 ensemble from Cadence |CEL 95], or the tools from Avant! [AVA 97]. The
pin list obtained from the swatch array layout is input to the floorplanning phase of the layout
generation. The cells are then placed and routed.

4.6.3 Layout Assembly

The modules are placed stacked on top of each other. The bus gencrators of the
MONDRIAAN loolset [PLAS 08 PLAS 02] are used to generate the connections between the
three modules (full decoder, swatch and current-source array). Trees are used to collect the
output signals and distribute the clocking signal from the clock driver to the swatch array to
have equal delay.
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The bonding pads are placed and manually connected to all the external pins of the D/A
converter,

4.7 Extracted (A)HDL model for verification

After the layout is completed, a behavioral model is generated where the model parameters
are extracled from the designed circuit. The resulting model is used for final system
verification of systems where the D/A converter is used as embedded functional block.

4.7.1 Dynamic behavior

The glitch model as presented in section 4.4 is extended. Firstly, a separate damped sine is
used for switching on respectively off a current source. The number of current sources that are
switched on or off can be readily computed from the chosen topology (i.e. the choice of the
number of bits [ that steer the binary-weighted current-source array). Switching on or off
current sources is thus modeled separately and combined on the output node,

Amplitude damped sine wave

A ulenyleft I A,e:f,w:.righf
A._g F.:‘ﬂ’fgﬁ Agf.rlﬁrfﬂ

Time constant damped sine wave

Lation left - Loton,right
Llofdnft Tolffright

Table 4.5: Amplitude and time constants used in the extracted behavioral model.

Sccondly, the amplitude and the time constant of the dumped sine of the left-hand side and
the right-hand side (see Fig. 4.5) arc controlled separately. This results in 8 paramelers (see
Table 4.5) which can be easily extracted from a numerical simulation (HSPICE) switchin g one
bit on and off. The comparison of a HSPICE simulation and the derived model for some digital
input. is depicted in Flg 4.18: a 5-bit D/A converter was taken as illustrative example. Note
that this digital input is different from what was used during the extraction of the model
parameter values. The output waveforms are shown at the top of the figure, the digital input
codes applied to the model are shown at the bottom. The extracted model has an accuracy
better than 1 percent: both behavioral model and HspicE simulation resulted in a glitch energy
of 0.13 pVs. The HSPICE simulation required 4:37 minutes of CPU time on a HP 712/100, the
behavioral model 12 seconds. This means that the simulation speed-up is a factor of 23.

4.7.2 Static behavior

The transfer function of a non-ideal D/A converter has a statistical distribution. Similar to
the approach presented in [LIU91], the principal compoenents of the statistical model arc
identificd using singular value decomposition. For modeling the static behavior of the D/A
converters. an additional stochastic term was added to the output equation (4.2):
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Figure 4.18:  Comparison between the exiracted Behavioral model cmf.f the numerical
circuit-level simulation (HSPICE) of the time response of a DIA converter:
specireHDL model (—),
Hspice simulation (===).
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(4.47)

This additional term can be derived using Principal Component Analysis (PCA)‘ [JOL 86].
Assume p is a random INL measurement (p; denotes the INL for code 7). These
measurements are obtained using Monte Carlo simulations in HSPICE taking random errors
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(i.e. mismatch) and parasitic effects into account. After normalization, this set of correlated
vectors p; is transformed into a set of uncorrelated variables ¢ =( CiyCyy.een €, ), using a linear

transformation ¢ =T p. This is achieved by calculating the Singular Value Decomposition of

the correlation matrix X EE{E'ErJ:

A s O
: and 4 :var{c,} (4.48)
0 - 4

Z=TAT" where A=

The principal components correspond to the largest values A, ol this decomposition, The
estimator p', which is the additional stochastic term in the output equation (4.2), can then be
calculated as:

p=Tc (4.49)

Using PCA a 10-bit D/A converter was modeled. The residual (non-modeled) total
variance is less than 0.001%. To verify the resulting behavioral model, 100 random INL
samples were generated and verilied against 100 (other) test sumples generated by Monte
Carlo simulation using HSPICE. Both Monte Carlo simulations and behavioral model showed
an INL below 0.4 LSB. Five samples of each of these sets (behavioral model and Monte Carlo
simulations) are depicted in Fig. 4.19: in both cases, the INL is below (.4 LSB,

INL [LSB]
INL [LSB]

Input Code
(a)

Figure 4.19:  Comparison berween extracted behavior model and HspicE simulations. Both
simulations show an INL of 0.4 LSB.
(a) Extracted behavioral model (5 random samples),
(b) Monte Carto stmularions using HSPICE (5 other samples).
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4.7.3 Power and Area Estimators

For system-level exploration and verification, also the power consumption (and arca
consumption) was to be modeled using equations (4.9) and (4.11). After layout generation the
total switched capacitance €y, can be extracted as well as the activity coefficient. For the
14-bit design, that will be presented in section 4.10, the power estimator is compared to
measured values in Fig. 4.20, with @, =4%and @, =10% .

This concludes the complete design process of the D/A converter as an embedded
functional block. The methodology has been applied to three converters. These have been
fabricated and measured. The experimental results are prescnted next.

4.8 Experimental Results

Three designs were done using the proposed design methodology. The measurements of
the fabricated chips are listed in Table 4.1. Firstly, a 12-bit D/A converter with a 200 MS/s
update rate was implemented [BOS 98]. The chip has an INL of 0.5 LSB, a low glitch energy
of 0.8 pVs and a SFDR of 69 dB @ 500 kHz full-scale input signal. The chip runs from a
single 2.7 V power supply and consumes 140 mW. This design is described to full extent in
section 4.9.

Secondly. a 14-bit D/A converter with a 200 MS/s update rate was implemented. The chip
has an INL of 2.5 LSB, a very low glitch energy of 0.3 pVs. The chip runs from a single 2N
power supply and consumes 300mW. Finally, a second 14-bit D/A converter was
implemented [BUS 99b]. The update rate of this converter is 150 MS/s. The chip has an INL
of 0.3 LSB and a DNL of 0.2 LSB. This proves that the approach of using an optimized
switching scheme is required for 14-bit accuracy. The settling time is 0.9 ns. The converter
has a SFDR of 84 dB @ 500 kHz full-scale input signal, and a SFDR figure of 61 dB is
abtained for a full-scale input signul @ SMHz. The power consumption of the third design is
300 mW. These two designs are described to full extent in section 4.10.

140

Power [mW]

0 20 40 &0 a0 100

f, [MHz]

Figure 4.20: Comparison between measurements (x) and power estimator (— ) for a 14-bit
design.
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4.9 A 12-bit 200 MS/s CMOS D/A converter

4.9.1 Introduction

In the following paragraphs, the realization of a 12-bit 200 MS/s CMOS current-steering
D/A converter is presented. This design was the first of 3 designs that were done using the
presented methodology and novel topology. The chip was processed in a standard 0.5 pm
CMOS technology. Measurements show a low glitch energy of 0.8 pVs. The measured INL is
better than +).5 LSB. The D/A converter operates at a 2.7 V power supply, it has a 20 mA
full-swing output current and a 200 MHz conversion rate. The worst-case power consumplion
is 140 mW at the maximum conversion rate.

The different building blocks of the converter are explained next in detail: the digital
decoder, the current source and the switching cell. A special switching scheme and switching
sequence has been implemented to reduce the glitch energy and special care has been taken
for the layout. A final paragraph summarizes the measurement results.

4.9.2 D/A converter Architecture

The 12-bit D/A converter is implemented as a segmented current-steering D/A converter.
The block diagram is depicted in Fig. 4.21. The l(=4) least significant bits are delayed by the
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Figure 4.21: Block diagram and floorplan of the 12-bit segmented DIA converter
architecture.
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latency equalizer which steers directly the binary-weighted current sources. The m(=8) most
significant bits are fed into the thermometer decoder, which steers the unary current-source
array. The outputs of the current sources drive a 50 Q doubly-terminated load.

4.9.3 D/A converter Synthesis

Architectural-level synthesis
The architectural-level parameters (/m) and the admissible unit current source relative
all)
I
explained in section 4.5.1, Staric and dynamic performance are taken into account.

For good static performance, Monte Carlo simulations result in an admissible standard
deviation of 0.1 %, targeting an INL<0.5 LSB with a yield of 99.7% |BAS 96,BOS (00b]:

standard deviation are determined during architectural-level synthesis, as previously

0_[!_) <0.13% (4.50)
I

Dynamic performance is determined by the trade-off betwgen the achievable glitch energy
specification and the complexity and thus area of the decoding logic. Given the choice of
technology, 4 bits were implemented binary (/=4), while the 8 MSBs were implemented in a
unary-weighted current-source array (m==8),

Madule-level synthesis
The number of parallel current sources (1/4/16) and the switching scheme/sequence is
determined during module-level synthesis, as previously explained in section 4.5.2.

In the case of 8- and 10-hit converiers, the current source can be implemented as a single
transistor. The 10-bit DfA converter presented in [LIN 98] already uses systematic error
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Figure 4.22:  Switching scheme and switching sequence of the 12-bit DIA converter:
a double-centroid switching scheme is used o compensate for linear systematic
errors and to suppress paraholic systematic errors.
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compengsalion by separate biasing for cach quadrant of the current-source array. In the 12-bit
converler presented in [BAS 98b|, every current source is split into four units of '4 the value
in four different locations. Tn this design. the current source is implemented as 16 current
sources in parallel. The switching sequence was chosen manually such thut accumulation of
systemalic errors is small. see Fig, 4.22,

Circuit-level synthesis

During circuil-level sizing (see section 4.5.3), the sizes for the current-source transistor
Moy s the switch transistor My, and the sizes for the cascode transistor —if needed- are
calculated. Also, the latch is sized for optimal dynamic performance. Finally, also the clock
drivers are sized in this stage of the design, Again, static performance as well as dynamic
performance are taken into account during sizing.

During the architeclural-level sizing, the admissibie relative standard deviation [or the current
was calculated to be 0.1 LSB, sce equation (4.50). From equations (4.14, 4.50) the current-
source transistor My o can be sized for a choice of (Ves-V7 Imew oo For mismatch reasons a
high overdrive voltage is preferred, The overdrive voltage is however limited by the output
swing and the pole placement, see equations (4.39-4.40). The trade-off resulled in a choice of
overdrive vollage of | 'V, targeting the 12-bit linearity at a sampling rate of 200MS/s. The
active area of a LSB current source is derived as:

W _ A, 4 A%
IJ WLHFW_MT WLMmr AT (Vﬂs _vf'):Mrur_xr." = WLMau_:J‘r

(Vt;s =V ]M’r'ur_; e =V

n
‘n

3um®, (4.51)

where Ag= 25m-pm and Ayr= 8.6mV-pm.
The full-scale current (/7,) is used to calculate the width over length ratio of the LSB
current source device:

w |
I =20mA = |— e 4.52
e " ( L JMa:ur g 24 { )

From equations (4.51) and (4.52) the current source dimensions (Wyy and Lyy;) are then
derived. The swilches were manually designed for dynamic performance (low glitch and fast
settling).

This resulted in the following sizing:

(/L)oo =15 1m[35.5 pim

4.53)
W/L),,, =12.8um/1.0 um e

The dynamic performance is not only determined by the sizes of the switching transistors,
also the steering signals of these transistors play a crucial role with respect to the achievable
dynamic performance. Bad synchronization leads to distortion. Without synchronizing the
signals as closely as possible to the switching transistors, additional delay for each code —
depending on its position in the array in the layout— would occur, resulting in distortion.
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Therefore a latch with limited output swing is inserted in front of the switching transistors, see
Fig. 4.23. By properly sizing the latch the crossing-point has been shifted to 2.4 V to avoid
switching off both switching transistors simultaneously, see Fig. 4.23. Sizing of the latch
resulted in (see Fig. 4.16):

28
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Time [ns]

Figure 4.23:  Simulation of latch inserted in front af the switching trunsistors My, to
synchronize and shape the steering signals. The latch toggles in 0.8 ns, the
clock feedthrough is negligible. The crossing point of the Q and (_2 signals has
been shifred to 2.4 V.

[ M | M: | M, My Ms _]
] 12.8um/0.5um ‘ 12.8;,:ij.5an 12.8um/0.5um | 19.2um/0.5um | 12.8um/0.5um |
Table 4.6: Sizes of the laich of the 12-bit DIA converter.

Full decoder synthesis

As explained in section 4.5.4, the decoder is synthesized from VHDL code for the MSBs:
the 4 least significant bits are equally delayed. The choice of standard cells in the given
technology poses an ultimate limit of 200 MS/s on the achievable sampling rate. With current
technologies, higher sampling speeds up to 500 MS/s should be achievable. As CMOS
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technology is digitally driven, this limit will move as technology advances, following Moare’s
law.

Layout

As stated previously, a properly designed circuit does not yet constitute a proper design.
Especially when high speed and high accuracy are combined, design is often layout-
determined. The microphotograph of the chip is shown in Fig. 4.24. The decoder was placed
on 0p, far away and well shielded from the sensitive analog parts. The standard cells have
been placed and routed with Cell-ensemble 3 from Cadence. Digital and analog power
supplies are separated. All substrate straps and well straps have been brought off chip
separately, as recommended in [SU 93,ING 97].

Two clock drivers have been added to the chip, one for driving the digital decoder, the
other for driving the analog latches in the swatch array.

The swatch array (middle of Fig. 4.24) has been organized in a 9x29 matrix. The latch and

FuLL DECODER

Figure 4.24:  Microphotograph of the 12-bit DIA converter.
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switches are laid out manually, the placement of the cells in the array was done manually as
well. as the MONDRIAAN tool still lacked some required functionality at that time. The latches
have been flipped sideways to share power and clock lines.

The current-source array (bottom of Fig. 4.24) is organized in a 74x72 matrix and has been
generated automatically using the MONDRIAAN tool. Binary current sources have been
derived from the unary current source, by connecting these cells in series. and placing them
on position 255, as indicated in the switching scheme (see Fig. 4.22). Metal 1 was used to
distribute biasing and ground, horizontally. Metal 2 and Metal 3 were used to connect the 16
current sources in parallel, Because the MONDRIAAN tool still lacked functionality at the time,
not all routing was done on top of the current-source array. This resulted in a rather big
routing overhead (middle of Fig, 4.24). Apart from area overhead, this is also bad in terms of
dynamic performance, as the routing array results in big parasitic capacitance Cy on the drain
of the current-source transistor Mgy ¢ - As has been cxplained in section 453, a big
capacitance Cy on the drain deteriorates lincarity at higher frequencies, see equation (4.37).

Measurements

The package setup for the measurements is shown in Fig 4.25: the fabricated die is
mounted on a4 ceramic substrate, where all power supplies have been locally decoupled. The
cornmic subsirate is encapsulated in a copper-beryllinm case to shield the circuit from extermal
noise coupling. The static measusements are performed with a 50 £ doubly-terminated cable.
All measurements are performed on a single-ended output. The chip runs from a single 27V
power supply. Dynamic measurements were performed with an HP 3585 spectrum analyzer
having a frequency range of 40 MHz. and having a guaranteed dynamic range of 80 dB.

Figure 4.25:  Photograph of the measurement setup of the [2-bit DIA converter.
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Figure 4.26: Measured worst-case glitch energy of the 12-bit DIA converter.

Fig. 4.27 shows the measured differential non-linearity (DNL) and integral non-linearity
(INL) of the 12-bit DJA convertes. The INL is lower than 0.5 LSB, implying a monotone
behavior of the D/A converter.
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Figure 4.27:  Measured static performance of the 12-bit DIA converter:
{a) Measured DNL of the 12-bit DIA converter,
(h) Measured INL of the 12-bit DIA converter.

Fig. 4.26 shows the glitch energy al the output of the D/A converter. Although special
attention has been paid in the layout to prevent any direct coupling between the digital and the
analog signal, some digital coupling at the clock frequency through the substrate on the
nMOS current sources has been noticed at the output. This coupling can only be diminished
using pMOS sources or Iriple-well nMOS technologies. This digital ceupling cannot be
distinguished in the measurements from the glitch encrgy generated by the transition between
consecutive codes. As the coupling ocours into the unit cusrent sources, the measured value is
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proportional to the number of current sources that is switched on. This means that the worst-
case glitch energy, including both the coupling and the code transition, is measured at the
{ransition from code 4079 to code 4080 (code 11111110 1111 to code 11111111 0000). The
measured worst-case glitch energy is only 0.8 pVs, which is better than what has been
reported previously [WU 95,LIN 98] proving the cffectiveness of the proposed driver
topology.

Fig. 4.28(a) shows the measured SFDR of the D/A converter as a function of the clock
frequency at a 500 kHz input signal frequency. Fig. 4.28(b) gives the measured spurious free
dynamic range (SFDR) of the D/A converter as a function of the input frequency at an update
rate of 200 MHz.
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Measured dynamic performance of the 12-bit D/A converter:
{a) Measured SFDR for a constant input signal fi,, ,
{b) Measured SFDR for a constant update rate f; .

Figure 4.28:

Fig. 4.29 shows the output spectrum of the D/A converter with a 500 kHz digital sinusoidal
input clocked at a frequency of 200 MHz. The overall signal to naise ratio is dominated by the
second-order harmonic distortion component which is 69 dB below the signal level.

The measured worst-case power consumption at a 200 MS/s update rate is 140 mW.
Table 4.7 summarizes the measured performance of the 12-bit D/A converter,

494 Conclusions

A 12-bit current-steering D/A converier has been realized in a single-poly triple-metal
standard CMOS 0.5 pum technology. The D/A converter operates at a power supply of 2.7 V.
A very low glitch energy of 0.8 pVs has been measured. To obtain this low value, a dynamic
driver circuit has been presented. The measured INL is smaller thun 0.5 LSB guaranteeing a
monotone behavior of the D/A converter. The worst-case power consumption is 140 mW at a
200 MHz update rate. The die area measures 3.5x4 mm’.
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Figure 429:  Measured spectral power plot of the [2-bit DIA converter.
Specification Unit Value DﬁiiEn 1
Static Resolution n # bits 14 12 |
INL LSB 0.5 0.5
DNL LSB 0.5 <1
Parametric Yield T 99.9 NM#*
Dynamic Glitch energy pV.s 1.0 0.8
Settling time (10-90%) | ns 10 NM
SFDR @ 500kHz dB 80 (]
Sample frequency MHz 100 200
Environmental | Output range (Vi) b4 0.5 0.5
Rinud Q 25 25
Digital levels - CMOs CMOS
Power Supply vV 2.7 27
Technology = 0.51 IP3M || 0.51 1P3M
Optimization | Power mW | Min. (300) 140
Area mm’ | Min. (10) | 35x4

Table 4.7;

* NM=Not Measured

Measured performance of the 12-bit DIA converter.
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4.10 A 14-bit 150 MS/s Q2 Random Walk CMOS D/A
converter

4.10.1 Introduction

In this section the design of a 14-bit 150 MS/s current-steering D/A converter is presented.
Two designs were made: the first design uscs the Quad Quadranmt (Q°) switching scheme; the
second design uses the novel @° Random Walk switching scheme to obtain full 14-hit
accuracy without trimming or tuning. lts measured INL and DNL performances are 0.3 LSB
and 0.2 LSB respectively; the SEDR is 84 dB @ 500 kHz and 61 dB @ 5 MHz. Running from
a single 2.7 V power supply it has a power consumption of 70 mW for an input signal of
500 kHz and 300 mW for an input signal of 15 MHz. Both designs were ’rabrlcmed in a
standard digital single-poly, triple-metal 0.5pum CMOS process. The die area is 13.1 mm’.

The different building blocks of the converter arc explained next in detail: the digital
decoder, the current source and the switching cell. A special switching scheme and switching
sequence has been implemented to reduce the glitch energy and special care has been taken
for the layout. A final paragraph summarizes the measurement results.
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Figure 4.30: Block diagram and floorplan of the [4-bir segmented DIA converter
architecture.
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4.10.2 D/A converter Architecture

To overcome the technology constraints to obtain 14-bit lmeant), a modified segmented
D/A converter architecture and a new switching scheme, called Q* Random Walk, were
developed. The block diagram of the presented 14-bit segmented architeciure is depicted in
Fig. 4.30. The & MSBs (referred to as bg-bys in Fig. 4.30) are encoded from binary to
thermometer code in the thermometer encoder, which steers the unary-weighted current-
source array. The 6 LSBs (referred to as by-bs in Fig. 4.30), that steer the binary-weighted
current-source array, are delayed by the binary delay block to have equal delay with the
MSBs. This architecture reflects directly in the floorplan of the chip (see also Fig. 4.32-4.33
fater on). Unlike other implementations [LIN 98 MAR 98] all digital coding (thermometer
encoder and binary delay block) has been grouped at the top of the chip. The latches and the
current switches Mg, and My, (see Fig. 4.30) are grouped in the switch/latch array in the
middle of the chip. Finally, all current sources (binary-weighted as well as unary-weighted)
can be found on the bottom of the chip in an array of 74x72 units. Every unary current source
(referred to as uny-unsss in Fig. 4.30) is split in 16 units, which are spread across the current-
source array to compensate syslemalic and graded errors required for the 14-bit linearity as
will be explained in the next section, The hinary current sources (referred to as by-bs in
Fig. 4.30) are implemented by connecting units of the array in parallel/series as depicted in
Fig. 4.31. The least significant bit by is implemented as 4 times 16 units in series, which are
again spread across the array. Bit by is implemented as 4 times 8 units in series, bit by as 4
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Figure 4.31:  Implementation of unary and binary current sources.
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times 4 units in series, bit by as 4 times 2 units in series, bit by as 4 units in parallel, and bit bs
(inally as 8 units in parallel.

The presented architecture leaves full flexibility concerning the switching sequence of the
unary current sources. This is impossible with the traditional row-column
encoder [NAK 91, MIK 86] where a complete row of cells has to be turned on before
switching on a following row. This flexibility has been exploited to implement & new
switching scheme capable of obtaining 14-bit intrinsic static linearity, as will be explained in
the following section.

4.10.3 D/A converter Synthesis

Architectural-level synthesis

The architectural-level parameters (/,m) and the admissible unit current source relative
standard deviation o{/)/I are determined during architectural-level synthesis, as previously
explained in section 4.3.1. Static and dynamic performance are taken into account.

For good static performance, Monte Carlo gimulations result in an admissible standard
deviation of 0.06%, targeting an INL<0.5 LSB with a yield of 99.7% [BAS 96,BOS 00b]:

%’)g 0.06% (4.54)

Dynamic performance is determined by the trade-off between the achievable glitch energy
specification and the complexity and thus area of the decoding logic. Given the choice of the
technology and looking at Fig. 4.9, 6 bits were implemented binary (/=6), while the 8 MSBs
were implemented in a unary-weighted current-source array (m=38).

Module-level synthesis

The number of parallel current sources (1/4/16) and the switching scheme/sequence is
determined during module-level synthesis, as previously explained in section 4.5.2.

In [MAR 98,BAS 98b] 4 current sources in parallel are used to achicve 12-bil linearity
given the choice of technology. In order to achieve intrinsic 14-bit linearity, even this is no
longer suifficient to compensate for gradients. In both designs the unit current source is splil
up in 16 units. From the first design, it was understood that the switching sequence is crucial,
and this resulted in the enhanced Q° Random Walk switching scheme, as explained previously
in section 4.5.2.2. By ‘random walking' through the 255 current sources, the residual error is
not accumulated but rather 'randomized’, hence the name @ Random Walk switching scheme.

Current source 15 in region P, see Fig. 4.14 is not used as a currenlt source, It is contigured
as a MOS diode and used as a biasing reference for the current-source array. Since it is spread
across the array in the same way as any other unary current source, it tracks these sources
accurately,

Circuit-level synthesis

During circuit-level sizing (see section 4.5.3), the sizes for the current-source transistor
M. s, the switch transistor M., and the sizes for the cascode transistor —if needed— are
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calculated. Also the latch is sized for optimal dynamic performance. Finally, also the clock
drivers are sized in this stage of the design. Again, static performance as well as dynamic
performance are taken into account during sizing.

During the architectural-level sizing, the admissible relative standard deviation for the eurrent
was calculated to be 0.06%, sce equation (4.54). From equations (4.14, 4.54) the current-
source transistor Mey, 4 can be sized after choosing (Vigs-Vy Jyur sn- For mismatch reasons a
high overdrive voltage is preferred. The overdrive voltage is however limited by the output
swing, and the pole placement. sce cquation (4.39-4.40). This trade-off resulted in a choice of
overdrive voltage of 1 V. The active area of a LSB current source is derived:

W) A 4 A
12 WLM{:m'_mv' W!'..“{.'ILF_.\TJT (VGS - V’T )ZMEHI S =i WL_WL‘NJ‘_:!(' i [ 16#’“: i (4'55)

(VGS = VT )Mr.'ur (e 2 ]‘V

where Ag=25m-pm and Ayr= 8.6mV-um,

The [ull-scale current (Ir,) is used to calculate the width over length ratio of the LSB
current source device:

w

I, =20mA = |— -
- " [ L J.ﬂ'rr.rr_ w7

|
- 4.56
06 (4.56)
From equations (4.55) and (4.56) the current source dimensions (Wapr s and Lagey o) are
then derived. The sizes of the switches can be determined from optimizations which run
HSPICE in the loop, taking dynamic performance constraints into account,
This resulted in the following sizing:

W /L)yt e =110 104 g2
(W/L) . =12.81m/1.0pm

The dynamic performance is not only determined by the sizes of the switching transistors,
also the steering signals of these trunsistors play a crucial role with respect to the achievable
dynamic performance. Bad synchronization leads to distortion. Withoul synchronization
additional delay specific for each code —depending on its position in the swatch array in the
layout— may occur, resulting in distortion. Therefore a latch with limited output swing, is
inserted in front of the switching transistors, see Fig. 4.16. By properly sizing the laich. the
crossing point has been shifted to 2.3 V to avoid switching off both switching transistors
simultaneously.

Since the current switches of the binary current sources are smaller, dummy switches have
been added. So all latches, binary and unary, have the same load and delay.

(4.57)

Full decoder synthesis

Using the Q® Random Walk switching scheme, required to average out the systematic and
graded errors, implies that the classical row-column encoder [BAS 96,LIN 98, NAK 91,
MIK 86] can no longer be used. In this classical row-column encoder a complete row of cells
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has to be turned on before switching on a following row, which results in an accumulation of
systematic and graded errors.

The encoder was implemented using Tookup tables, as explained in section 4.5.4. Design
Analvzer [SYN 98] was used for synthesis.

Layout

The 14-bil linearity requirement has a strong influence on the layout of the chip. The chip
photograph of the first and the second design are shown in Fig.4.32 and Fig. 4.33
respectively. The chip has been implemented in a single-poly, triple-metal (.5 yum CMOS
process.

Figure 4.32:  Microphotograph of the 19 14-bit DIA converter.

The digital encoder was placed on the top of both designed chips (sce Fig. 4.32-4.33), far
away and well shielded from the sensitive analog parts (current-source array). The standard
cell placement and routing was done with commercially available topls, In the first design,
the Cell Ensemble 3 Tool from Cadence [CEL 95] was used, in the second design the Avant!
place and route tools were used [AVA 07], The Cell Ensemble tools use channel routing
resulling in a less dense layout compared to the Avant! tools that can route on lop of the
pluced standard cells. Digital and analog power supplies have been separated: an additional
2.5 nF of decoupling capacitance has been integrated around the perimeter of the chip in the
second design. All substrate straps and well straps have been brought off chip separately, as
has been advised in [SU 93, ING 97]. The output signals have been shielded from the substrate
and any other busses.
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Figure 4.33:  Microphotograph of the 2" 14-bit DIA converter.

Two clack drivers have been added to the chip: one for driving the digital encoder, the
other for driving the analog latches in the switch/latch array. In the first design, both drivers
have been grouped on the right; in the second design. the digital clock driver was moved to
the top 10 avoid coupling. Both clock drivers are implemented as inverter chains with
cxponential scaling. The analog clock is distributed through a binary tree, to ensure fow skew
between the different analog laiches. The clock tree is sitwated in between the digital encoder

and the analog switch/latch array, routed on the top-level metal layer (lowest capacitance).

The switch/latch array (middle of Fig. 4.32-4.33) has been organized in a 9x30 matrix. The
basic swatch cell is laid out manually as shown in Fip. 4.34. The array has been generaled

-automatically by the MONDRIAAN tool [PLAS 98], as has been explained previously in

Chapter 2, section 2.5.4.1. Within this array, the decoupling of the power supplies has been
located close to the latches and inverters. It has been inserted under the power lines and inside
the cells. As such, an additional 750 pF decoupling capacitance has been integrated for the
switch/latch array in the second design. The latches have been flipped sideways to share
power, ground, clock and output lines with their respective left and right neighbors. The unit
switch and latch have been designed to switch a unary current source. The binary switches
und laiches have been derived from this by reducing the size of the current switches M., and
M.y (see Fig. 4.31); dummy switches were added leading to the same load for the latches. In
this way, an equal delay time has been achieved.
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Figure 4.34:  Layout of swatch cell: on the left the latch, on the right the two switch MOS'
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Figure 4.35:  Placement of binary and dummy current sources in the current-source array.

The current-source array (bottom of Fig. 4,32-4.33) is organized in a 74x72 matrix and has
been generated automatically by the MONDRIAAN tool [PLAS 98], as has been explained
previously in Chapter 2. section 2.5.4.1. The 132 units used for the binary current sources (see
Fig. 4.31) have been integrated into the current-source array in columns 20 and 21 and 53 and
54 as shown in Fig. 4.35. Based on measurements results extracted from the first design
[PLAS 99¢]. three rows (X direction) and four columns (Y direction) of dummy cells have
been added at each side of the array in the second design (Fig. 4.35). The layout of a single
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current source transistor is shown in Fig. 4.36, its current is equivalent to 4 LSB. Since its
width over length ratio is extremely small, it has been folded three times to obtain an
acceptable aspect ratio for the current source cell and curreni-source array.

Figure 4.36:  Layourt of one current-source transistor.

To implement the Q* Random Walk switching scheme, the three metal layers available in
the technology were used. The first metal layer is used to distribute ground and biasing,
horizontally, The second metal layer has been used to connect the 4 parallel MOS current
sources in one column (sec Fig. 4.35). The third metal layer was then used to connect 4 of
these metul-2 lines to achieve one unary current source of 16 units. In this way the current-
source array was completely covered by identical metal wires by the MONDRIAAN
lool [PLAS 98]. As such degrading of the matching by asymmetrical metal coverage [TUI 97]
is avoided.

Measurements

The package setup for the measurements is shown in Fig, 4.37. The fabricated die is
mounted on 4 ceramic substrate, where all power supplies have been locally decoupled. The
cerumic substrate is encapsulated in a copper-beryllium case to shield the circuit from external
noise coupling. The static measurements are performed with a 50 £ doubly-terminated cable.
The measurement setup for the dynamic characterization is shown in Fig. 4.38. Dynamic
measurements were performed with an HP 3585 spectrum analyzer having a frequency range
of 40 MHz, and having a guaranteed dynamic range of 80 dB, with a typical value of 84 dB.
The measured performances of the first and the sccond design are summarized in Table 4.8.
The measurements of the second design will be discussed in more detail next.



Figure 4.37:  Photograph of the measurement setup of the 14-bit DIA converter.
Specification Unit Value Design1 | Design 2
Static | Resolution n # bits 14 14 14
INL LSR 0.5 2:5 0.3
DNL L5SB 0.5 0.5 0.2
Parametric Yicld G 99.9 NM' NM"
Dynamie Glich energy : pV.s 1O 0.3 NM™
| Settling time (10-90%) | ns 10 1 09 |
SFDR @ 500kHz dB 80 NM" 84 |
| Sample frequency Miiz 100 200 150 |
Environmental | Output range (Vi) v 0.5 0.5 0.5
| Ry Q 25 25 25
| Digital levels - | CMOs CMOS CMOS
Power Supply N 27 87 27
Technology - | 0.5u 1P3M | 0.5u 1P3M [ 0.5 1P3M
Oprimization | Power mW | Min. (300) 300 300 |
Area mm’ | Min. (10) | 35x35 | 32x4.1
Table 4.8: Specification list for a current-steering DIA converter with typical values, and

measured values of desien | and 2.
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Figure 4.38:  Block diagram of the dynamic measurement setup.

The modified segmented architecture using the Q° Random Walk switching scheme,
resulted in the measured INL and DNL plots shown in Fig. 4.394 and 4.39b, An INL smaller
than 0.3 LSB and a DNL smaller than 0.2 LSB are obtained, showing that this design achieves
an intrinsic 14 bit linearity without tuning or trimming,
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Figure 4.39:  Measured static performance of the I4-bit DIA converter:
(a) Measured DNL of the 14-hit DIA converter,
{b) Measured INL of the 14-bit DIA converter,

Fig. 4.40a shows the SFDR as a function of the output signal frequency at an update rate of
150 MS/s. An SFDR of 84 dB was obtained for signal frequencies below | MHz. Fig, 4.40b
shows the measured SFDR as a function of the update rate for a full-scale input signal with a
trequency of 500 kHz. The output spectrum of the chip is shown in Fig. 4.41a: no measurable
spurs occurred for an output frequency of 500 kHz. Fig. 4.41b shows the output spectrum at a
signal frequency of 5 MHz.
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Figure 4.40:  Measured SFDR for the 14-bit DIA converter:
(@)SFDR as a function of the output signal frequency,
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Figure 4.41:  Measured output spectrum of the 14-bit A/D converter at a 150 MS(s update
rate:
(a) approx. 500 kHz signal, 0 dBFS,
(b) approx. 5 MHz signal, (! dBFS.

The total chip area (bonding pads included) is only 13.1 mm”. The power consumption is
70 mW at a 500 kHz output signal and 300 mW at a 15 MHz output signal, running from a
single power supply of 2.7V. These results compare favorably to other reporied
designs [BAS 96,LIN 98,BAS 98h,NAK 91 MIK 86], as the chip area is entirely determined
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by the requirement to reduce the mismatch effect down to 14-bit linearity. Unlike [BUG 99],
no tuning was used to achieve 14-bit linearity.

4.10.4 Conclusions

A novel D/A converter architecture and swilching scheme called Q’ Random Walk able to
overcome lechnological constraints, has been presented. A 14-bit, 150 MS/s update-rate,
current-steering D/A converter has been fabricated in a standard digital 0.5 pm CMOS
technology. The intrinsic 14-bit linearity (no trimming nor tuning was used) was achieved by
compensation of the systematic and graded errors using the Q° Random Walk switching
scheme, With an SFDR of 84dB @ 500kHz output signal, spurs measured up till 40MHz
(dictated by measurcment equipment), it was the [irst reported intrinsic 14-bit linear CMOS
D/A converter known lo the authors at the time of publication. The D/A converier is
implemented in only 13,1 mm®, has low power consumption, and operates from a single 2.7 V.
power supply.

4.11 Conclusions on D/A converter Methodology

High-accuracy current-sieering D/A converters are used in (wireless) communications. To
meet the market demands, design times need to be reduced considerably. The systematic
design methodology for star IP, presented in Chapter 2, hus been adapted to high-speed high-
accuracy CMOS current-steering D/A converters, as has been demonstrated in this chapter.
The methedology covers the complele design flow starting from the specification phase of the
converter inside the system using a generic model, down to system verification with an
extracted behavioral model of the actual designed converter. The well-established
performance-driven top-down design methodology is used to synthesize the D/A converter.
Both commercially available and newly developed soltware tools support this methodology.
The correctness of the upproach has been proven by the fabrication and measurement of three
high-speed high-accuracy D/A converters,

The time spent on the different steps in the proposed design methodology have heen
summarized in Table 4.9. During the [irst design the different design trade-offs were explored
and embedded in the MATLAB scripts. Using these scripts for the second and the third design,
the design time could be reduced from 4 weeks to 1 week. The layout of the swatch array was
done manually for the first design, as the layout tool MONDRIAAN still lacked functionality at
that time. Two weeks were needed to draw the swatch cell and array manually, In the second
design the swatch cell was laid out manually in 1 week, the generation of the swatch array
itself took only a few hours using the MONDRIAAN toalset. For the third design the basic cells
were modified, and the arrays were fully generated with MONDRIAAN. Although the switching
scheme was completely different, the layout generation took only 8 hours (current source and
swaich array). The layout assembly of the different blocks was done manually for all designs.
DRC and LVS checking were done to verily the generaled layout. Parasitics were extracted
and the sizing was verified using HSPICE. As shown in Table 4.9, the overall design time was
reduced from |1 weeks to 4 weeks of total person effort. This is a reduction by a factor of
2.75, demonstrating the effectiveness of the presented design methodology.

As general conclusion, it can be stated that the presented design methodology supported by
commercial and in-house developed tools can reduce design times considerably. The
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presented fest case proves that automation comes not at the expense of reduced performance.
By combining a dedicated flexible architeciure, with automated layout generation, more
complex switching schemes can be implemented, resulting in the [first reported CMOS
current-sieering DfA converter with intrinsic 14-bit linearity [BUS 99b].  Although the
presented methodology results in GDSH files and extracted behavioral models, some
additional effort is required 1o meel the VST standards. By further automaling the design and
automatically documenting the decisions taken in during design, the approach would result
nol only in a physical layout, but also in a fully documented hard IP block promoting reuse in
SoC.

Design 1 Design 2 Design 3
Sizing & high-level 2 weeks 1 week 1 day
Synthesis current-source I week | hour -
_swatch array | week 2 days - ]
thermocoder | day I day 1 day
Layout lloorplan B 2 days | hour 1 hour
current-source 3 days | day | hour
swatch array L week 3 days 7 hours |
thermocoder | week 4 days 4 days
assembly 4 days 3 days 3 days
Verification sizing lweek | 1 week 1 week
layout | week 1 week 1 week
Total personeffort 11 weeks 6 weeks 4 weeks
Table 4.9: Time spent on design, layout and verification of the three designs.

Chapter 5
Systematic Design of an
Interpolating/Averaging A/D Converter

5.1 Introduction

The amount of data transmilted either by wire or by air is ever increasing. Broadband
internet connections are replacing the traditional 56K V.90 telephone modems. WLAN,
Bluctooth and i-mode will find their place in the market in the near future, offering the
consumer wireless networking. Together with these increased data rates, the demand for
high-speed A/D converters and D/A converfers has increased. Chapter 4 presented the
systematic design of high-speed high-accuracy D/A converters as star [P, This chapter
presents the systematic design of a high-speed, high-accuracy Nyquist-rate A/D converter as
star [P, The converter is targeted to a WLAN application [DON 99]. A microphotograph of
this application is shown in Fig. 5.1.

The systematic approach for star TP, presented in Chapter 2, is applied to an 8-bit 200 MS/s
interpolating/averaging A/D converter. The presented design methodology covers the
complete flow from specifications 1o verified layout and is supported by CAD tools. A
generic behavioral maodel is used to explore the A/D converter’s specificutions during system-
level design and exploration. The inputs to the design flow are the specifications of the A/D
converter and the technology process. The major design decisions to be taken at both
architectural and circuit level are described and trade-offs are elaboriated. Because of the high
number of acting design constraints and the high interdependency between the design
paramelers, a correct-by-iteration approach was chosen during circuit-level sizing. The
presented approach results in a generated layout and the corresponding extracted behavioral
model, offering the converter as hard IP block. The approach is demonstrated for a real-life
test case, where a Nyquist-rate 8-bit 200 MS/s 4-2 interpolating/averaging A/D converter was
developed for a WLAN application. Design times are compared to an earlier manual design,
showing a significant speed up.

This chapter is organized as follows. First a short introduction on high-speed A/D
converter topologies is given, situating the flash-like A/D converter topology among other
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Figure 5.1:  Microphotograph of the interpolatinglaveraging AID converter as hard IP in a

WLAN application [DON 99],

high-speed architectures. Next the design methodology is introduced in section 5.3, and the
interpolating/averaging A/D converter architecture is described in section 5.4, specifications
are given and a list of design parameters is derived, This list of specifications serves as input
for the automated design phase. presented in section 5.6. Using simulated annealing, the
circuit is automatically sized, After layoul generation and verification, the chip has been
processed in a (.35 pm CMOS technology and has been fully characterized. Section 5.9
presents these experimental results: measured performances are listed and design times are
compared 1o an earlier manual design. Conclusions and recommendations conclude this
chapter.

5.2 High-speed A/D converter architectures

Different architectures are available to combine high conversion speed with high accuracy.
An overview is piven of the different topologies. This overview is intended to situate this
work and the used topology among the different options available to the designer. It is not the
intention to analyze feasibility of the different topologies and the interested reader is referred
to [PLASS 94, RAZ 95 ROO 96].

An overview of different high-speed architectures found in open literature is given in
Fig. 5.2, With current technologies, high tesolutions (10 bit or above) are usually
implemented in pipelined architectures if moderate conversion speeds (in the range of
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100 MS/s) are required. For high conversion rates (above 100 MS/s) in combination with
moderate resolution (8 bits er less) flash-like architectures are still preferable in current
technologies. As technology evolves, this boundary is moving, and pipelined architectures
offering 10-bit at 200 MS/s have been reported recently [SUR 01]. The figure also indicates
the design presented in this chapter.
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Figure 5.2:  Overview of high-speed CMOS AlD converters presented in apen literatire.

In the following each of the above mentioned architectures will be discussed briefly. First,
the flash architecture is discussed, the basic topology is introduced and the analog
preprocessing techniques (interpolating, folding and averaging) are explained. At the end of
this section. the pipelined and two-stage architectures are briefly introduced to give a basic
understanding. A more detailed analysis on these different topologies can be found
in [PLASS 94, RAZ 95, ROO 96].

5.2.1 The flash architecture

With its parallel implementation, the flash archilecture is able to achieve the highest
possible conversion rates. Fig, 5.3 shows an N-bit flash A/D converter: a reference ladder
subdivides the main reference into 2V equally spaced voltages and the 2%’ comparators
compare the input with these voltages. The output of the comparalors is a thermometer code:
the number of conseculive ‘ones’ corresponds to the decimal number being decoded. The
decoder stage converts the thermometer code into Gray code and usually performs some
additional error correction [PLASS 94 RAZ 95].

Because of its parallel nature, the flash architecture has the disadvantages of high power
consumption and high input capacitance. Input capacitance and power drain increase
exponentially with the resolution N of the converter. The large inpul capacitance is also
nonlinear, resulting in distortion [PEE 96].

To counter the drawback of large input capacitance and large power drain, preprocessing
techniques like folding and interpolating are often applied. Preamplifiers are inserted in front
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Figure 5.3:  Bilock diagram of the flash architecture.

of the comparators (see Fig. 5.3). By amplifying the difference between the input signal and
the reference ladder, the specification of the comparator can be relaxed as its mismatch
contribution is attenuated. A detailed analysis of these techniques would go out of the scope
of this research work and this section will only introduce the basic principles. The interested
reader is referred to [PLASS 94,RAZ 95.R0O0 96] for a full-depth analysis.

The principle of interpolation is shown in Fig. 5.4: the output of the preamplifiers is linear
over a voltage range proportional to the overdrive voltage Vgs-Vr (for CMOS
implementations). Therefore outputs onf;s; and ont;.2 can be calculated from the outputs ouf;
and out,, 5 omitting the two intermediate preamplifiers as indicated in Fig. 5.7h. The level of
interpolation, denoted by nryyy is defined as the number of outputs that are ggncraled from ong
preamplifier, in Fig. 5.7b myyrequals 3. The level of interpolation is determined by the linear
range of the preamplifier. Inferpolation reduces the number of preamplifiers and thus the
input capacitance by the amount of interpolation mrpr of the consecutive preamplifier stages:

21\'
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Figure 5.4:  The principle of interpolation: the preamplifier output signals for (a) a full
Jlash architecture, and (b) an interpolating architecture.

There are several ways to implement interpolation. Most frequently used is the resistive
interpolation where the intermediate outputs are generated by resistors as depicted in Fig. 5.5.
This implementation has the additional advantage, that the mismatch of the preamps is
averaged out [KAT 91.BUL 97]. The amount of averaging nraye; is detined as the number of
preamps that contribute to 1 output, as depicted in Fig. 5.6; in the figure nry=5.
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By interpolation the number of preamplifiers needed can be reduced, but the number of
comparators needed still equals 2V, This drawback of the flush topology can be countered by
using the folding technique, shown in Fig.3.7. The parallel implementation of the A/D
conversion has a lot of redundancy: the information in the digital thermometer code is only

folded
siTal
folding |} | fine o  falded signal
circult Apc [ =F
coarse ! ; X
ADC |7> MSBs >

Figure 5.7:  Folding principle.
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related to the place of the 0-1 crossing in the output. To reduce this redundancy, the analog
input signal is transformed into a ‘folded’ signal as shown in Fig. 5.7. The folded signal is
still an analog signal and is quantized in a low-resolution fine A/D converter. The second A/D
converter is the coarse converter, thal determines which of the folds is actually converted by
the fist A/D converter. The combination of both digital outputs results in the digital output.

5.2.2 The pipelined architecture

The exponential growth of power, area and input capacitance of flash converters as a
function of the resolution makes them impractical for resolutions above 8 bits. The concept
of pipelining, used in digital high-speed cireuitry, can alse be applied in the analog domain to
achieve high conversion speed at the cost of latency. Fig. 5.8 shows the pipelined A/D
converter archilecture; each stage converts & bits using a &-bit flash A/D converter; the residue
is then amplified and passed on to the next stage. Thus, at any given time all stages are
processing different samples concurrently, and hence the throughput rate depends only on the
speed of each stage and the acquisition time of the next sampler. The concurrent operation of
the pipelined converters makes them altractive for high speed. The maximal allowable gain
error and non-linearity of the S/H and residue amplificr is determined by the number of bits
resolved afterwards and must remain below 1 LSB in the first stages. This requires high-
speed high-linearity amplification stages, which ultimately limits the dynamic performance of
the pipelined architecture.

Vi[> » Stage1|» -~ —» Stagej | » - —s| Stage N

SH k=bit | K-bit

ADC DAC

ke-bit

Figure 5.8:  General pipelined AID converter architecture.

5.2.3 Two-step architectures

A second alternative for high-speed, high-accuracy A/D converiers is the two-step
architecture shown in Fig, 5.9, which trades speed for power, arca and input capacitance.
Firgl, a coarse analog estimate of the input is obtained using a flash A/D converter,
Subsequently, the input level is.determined with higher precision within the range selected by
the first stage,
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Figure 5.9:  Two-step AlD converter architecture.
A variant of the two-step architecture that does not require an explicit subtraction is the
subranging architecture. In this architecrure, the coarse stage identifies and subdivides a

reference voltage range around the input voltage. A fine stage then subscquently compares
the inpul against a new set of references.

The choice between these alternatives depends on many things. 1f latency is unacceptable,

flash converters are to be used. For the highest conversion speed designers still resort 1o flash
topologies as well. As technology scales down, the pipelined architectures are now able to
combine high linearity (10-12bit) with high sampling speeds of above 100 Ms/s. At the time
of our design, a [lash architecture using interpolation and averaging was chosen to combine
the 8-bil linearity with a high sampling speed of 200 MS/s. In the remainder of this chapter
the systematic design of u Nyquist-rate 8-bit 4-2 interpolating/ averaging 200 MS/s A/D
converter is presented. But first, the design methodology used is discussed,

5.3 A/D Converter Design Flow

In the design of analog functional blocks as part of  large system on silicon, a number of
phases are identified. These are depicted in Fig. 5.10. The first phase in the design is the
specification phase. During this phase, the analog functional block is analyzed in relation to
its environment, the surrounding system, to determine the system-level architecture and the
block’s required specifications. With the advent of analog hardware description languages
(VHDL-AMS [VHDL-AMS 99],  VERILOG-A/MS [Verilog-AMS 98]).  the obvious
implementation for this phase is a generic analog behavioral model [PLAS 99b]. This model
is parameterized with respect to the specifications of the functional block. The next phase in
the design procedure is the design (or synthesis) of the functional black. Tt consists of sizing
and layout, and is shown in the center of Fig. 5.10. The design methodology used here is top-
down performance-driven [CHA 94,GIE 95a]. This design methodology has been accepted a8
the de facto standard for systematically designing analog building blocks [CHA 94, CAR 96,
GIE 00b]. This methodology is now demonstrated for a Nyquist-rate interpolating/averaging
CMOS A/D converier [BUS 02b] for a WLAN application [DON 99].
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Figure 5100 Presented design flow for the interpolatinglaveraging A/D converter.

5.4 The interpolating/averaging architecture

‘ The architecture that is used as test case for the presented methodology, is depicted in
Fig. 5.11. The front-end is fully differential for improved dynamic performance. A Sample &
Hold circuit samples the differential input signal. The resulting signal is compared with the
taps of the fully ditferential reference ladder network and the result is amplified in the first
amplification stage. The output of the preamplifier stage is interpolated nrypvyy; times. If
needed, a second preamplifier stage is added, which is interpolated nrwre times. Both
preamplifier stages use averaging (o improve static performance [KAT 91]. The outputs of
the preamplifier stage(s) steer the regenerative comparators. A digital back-end performs
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additional error correction and encodes the thermometer coder output from the comparators in
Gray code. The digital output code is buffered by a laich.

Ref. Ladder  Preamp Stage 1 Praamp Stage 2 Comparator NAND FiOM Latch

j

ﬁ:’]

> by,

1> b,

GRAY CODER
I
o i
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Figure 5.11:  Block diagram of the presented interpolating AID converter architecture.

The general list of specifications for an (interpolating/averaging) A/D converier is given .in
Table 5.1. The specifications can be divided inte four categories: static, dynamic,
environmental and optimization specifications. The sratic parameiers include resolution (i.e.
number of bits), integral non-linearity (INL) and differential non-linearity (DNL). The
dynamic parameters include sampling rate, spurious-free dynamic range (SFDR) and the total
signal to noise and distortion ratio (SNDR), which is often also expressed as effective number
of bits (ENOB). The environmental parameters include power supply, output load, coding
scheme used, and latency. For the opfimization specifications power consumption and ared
need to be minimized for a given lechnology. This specification list serves as input for the
design process as will be explained in the following sections.

The interpolating/averaging architecture 149
Specification Unit | Target value
Static Resolution N # bits 8
DNL /INL LSB < /<l
Parametric Yield | % 99
Dynamic | SFDR dB | =45
SNDR dB > 40
‘Sample frequency | MS/s 200
Environmental | Conversion rate - |1 code/clock cycle
Input capacitance | pF <5
Input range V pip =05
Latency = nol specitied
Output load pF 10
| Power supply v 33
Digital levels - CMOS
Coding - Gray code
Optimization |Power mW min
Area um’ min
Table 5.1: Specification list for an (interpolatinglaveraging) AID converter with target
values.

The designable parameters of the proposed architecture are listed in Table 5.2. During the
architectural-level sizing, the total admissible input-referred offset @, 4o s calculated. The

admissible phase shift at Nyquist frequency @y,quy 15 also determined at this phase. These
parameters serve as input for the circuit-level design where uall the other parameters are
determined. Specifications are expressed as a function of the circuil parameiers as listed in
Table 5.2 and used in a global optimization loop as will be explained in section 5.6.2.

Das_ignahl'e parameters of the architecture

Architectural level ]_]jpul.refe—n—ed offset arr.dg.f.tﬂ'ui

Phase shift at Nyquist frequency
Circuit level Resistance reference ladder Ry, .,
[Boost voltage S/H _

(W.L), transistors S/H

Level of interpolation:

- T | T2

Amount of averaging:

- Wi ] Mlave i

Resistance for averaging:

;{R avia | Rave oz . N
G’&]_]] preamps: Ap'rm»w..\r! and Aprmmn,.vr_‘-‘

AW L), transistors preamps
Regeneration time constant 7,

|(W.L), transistors comparator
(W L); transistors digital buck-end

Table 5.2:  List of designable parameters for the proposed interpolating/averaging AID
converter,
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5.5 Behavioral Modeling for the Specification Phase

Using the (generic) behavioral model, the targeted specification as listed in Table 5.9 can
be verified at the system level. Two approaches are available for the statistical behavioral
modeling  of A/D  converters:  equation-based modeling [LTU91]  or macro
modeling [PLAS 99b].

An equation-based behavioral model for the S/H was presented in [LAU 00]. The model
incorporates control-signal feedthrough, signal-dependent opening/closing and channel
resistance.

Also the A/D conversion can be modeled using equations. The transfer function of a non-
ideal A/D converter has a statistical distribution, denoted 7. This distribution can be modeled
by a small zero-mean multivariate distribution {/, around the nominal code transitions,
denoted g4 This normal distribution is a function of the implementation and process
variations. In [LIU 917 this distribution is mathematically modeled as:

t = normal (1,,Z,)=U, + 4,

(5.2)
¢=normal (0.2, )

Noise can be modeled similarly. This approach has the advantage that Monte Carlo
simulations are no longer needed and thus simulations can be speeded up considerably.
For timing verification/simulation though, macro models are better suited. To study the
effects of clock jitter. signal-dependent delay, etc., the designer needs lo resort to macro
models as presented in [PLAS 99b). In our approach such macro models were used as well.
As an example the macro model used for the comparator is shown in Fig. 5.12. The voltage-
controlled voltage sources ¢; and e; are given by:

i TR _Vﬂ'n'—+vnﬂ’.\'-r.|

st i

(5.3)
€1 =Vaw " Acp
where gy is the voltage on the internal node npw that models the dominant pole of the
comparator. The current-controlled voltage Source hym models the clipping of the output
voltage of the comparator. All parameters (BW, Aopp. Vigie) i this model are statistical
parameters with & normal distributien.

Figure 5.12:  Macro model used for the comparator.
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5.6 Design phase

The specifications that have now been derived during the specification phase are now input
to the design phase. The design of the converter is performed hierarchically. The design
parameters are listed in Table 5.2. The specifications listed in Table 5.1 are used to derive all
nurmerical design data presented in this chapter. First, some decisions on the architecture have
to be made, Both static and dynamic performance are taken into account, resulting in
specifications for mismatch and admissible phase shift for the different modules. These then
serve as input to design these blocks at the circuit level.

5.6.1 Architectural-level synthesis

5.6.1.1 Static performance

Considering that the offset voltages of all the comparators in a tull-flash architecture are
independent variables with a normal distribution, then & Monte Carlo simulation can be used
to estimate the design yield as a function of the total equivalent input-referred offset . For
these simulations a targeted INL of 1.0 LSB and a targeted DNL of (.5 LSB were used. Using
averaging techniques, the DNL can be improved by a factor of nryye , while the INL can be
improved by far,,; [KAT 91]. Taking this into account, Monte Carlo simulations resulted in
the plots depicted in Fig, 5.13, where the yield is plotted as a function of the offset, with the
amount of averaging nryye as @ parameter varying from | (i.e. no averaging) to 9. This
dependence on the amount of averaging nrayg is implemented in a lookup Lable to speed up
circuit-level optimization later on.
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Figure 5.13:  Esnmated yield as a function of the total equivalent input-referred offset for:
(a) a targered DNL of (1.5 LSB,
(b) atargeted INL of 1.0 LSB.
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Erom these simulations a constraint for the admissible total equivalent input-referred offset
can be found for a targeted INL < 1 LSB with a yield of 99%. e.g. in the case where nrye=9:

it < 0.7 LSB (5.4)

From Fig. 5.11, the total equivalent input-referred offset 0., 5, can be calculated as:

2 2

JJ’rrmmp 312 aiffser o-rwr:p‘ql‘.l’.urt (5 5)

G'rr.rmf. offvet = U;N'rmlp__.vfl. offrer + A + A A

\preamp st S i

prreiitip 5t

Where @y sz, e 15 the input-referred offset of the preamplifier stage 1, O, w2 aer 1S

the input-referred offset of the preamplifier stage 2. and @, 0 is the input-referred offset
of the comparator stage. The latter term is negligible if the gain in the preamplifiers is high
cnongh. The input stage of the regencrative comparator is a differential pair (see Fig. 5.24),
which amplifies and converts the output voltage from the 2™ stage preamplifier into a current
imbalance injected on the regenerative nodes of the comparator. A worst-case estimate for the
gain of the preamplifiers can be calculated from the offset contribution of a minimal sized
differential pair in the used 0.35 um CMOS technology. These calculations result in a
constraint on the gain of the preamplifiers: a minimum gain of 15 is needed for the
comparalor to have negligible contribution in the total equivalent input-referred offset in the
used technology. Hence the constraint becomes:

A = Apr{ump sl Aprﬂw w2 (56)

preamp

= f(INL, technology) 2 15

In this design Apeump Was chosen to be 20. Asa result mismatch and speed no longer have to
be traded off for the comparator, allowing the designer to optimize the comparator for speed.

5.6.1.2 Dynamic performance

Going to high-speed conversions, timing becomes critical and delay management is crucial
in order not to deteriorate the dynamic performance of the A/D converter. Both timing errors
as signal-dependent delay can result in bad dynamic performance and will be considered next.

Timing errors
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where @, is the standard deviation of the clock jitter. This implies that for a 8-bit 200 MS/s
Nyquist A/D converter a variance of only 5 ps is allowed before the jitter noise equals the

quantization noise.

The clock skew is mainly caused by bad layout. As a clock skew of only a few ps can
already deteriorate dynamic performance, special attention needs to be paid to the layout of
the clock distribution and signal lines, The use of binary trees or stubs (o have equal delay is

needed for high sampling speeds.

Signal-dependent delay

In flash A/D converiers, the applied input signal is much larger than the linear input range
of the preamplifiers or comparator. When a full-scale sine wave is applied it looks as if the
input signal is cut into pieces with a different slope, as depicted in Fig. 5.14. This slope is
dependent on the level at which the input signal is equal to a reference voltage level. Around
the mid-point the slope is close to a step function (see Fig. 5.14a); at the end points the slope
is less steep (see Fig. 5.14b). This variable slope introduces a variable delay of the zero
crossings of the output signal. This signal-dependent variable delay causes distortion and
ultimately limits the dynamic performance. A constraint on the bandwidth vs. input signal
frequency of the preamplifier is next calculated to avoid this signal-dependent delay resulting

in distortion.
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Sampling clock jitter and skew of the clock and input signal have to be carefully taken into
account. Sampling clock jitter can originate from beth outside or inside the circuit. The
outside clock jitter must be designed to have a low jitter as it increases the SNR noise floor

according 1o [GEE 01.KOB 99]: Figure 5.14:  Definition of the delay problem of the bandwidth-limited preamplifier stage:

(a) at the outer codes the slope is less steep,
(b) full range inpur signal,

| (5.7)
(c) ar the mid-range the slope is steep.

SNR, =—————
- (ﬂ.' -f.v. GJ\T )_
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s
Amplitude

limiting circuit BW limiting circuit

(a)

Figure 5.15:  Mudel used to caleulate the signal-dependent delay:
(a) the preamplifier stage has a limited output and BW,
(h) output of the madel to a ramp input.

The model used to calculate this signal-dependent delay is shown in Fig. 5.15. Suppos¢
the input signal is given by:

Vv
V. = ?frhm Wt (5.8)

where Vj; represents the full-scale input range of the A/D converter and @=2x fj, is the input
frequency. The slope of the signal is obtained from differentiating the equation. After the
amplification Ay, the slope is given by:

V.
S0 = Ay 50 cO3 01 =2 (59)

L=

By applying the Laplace transform and evaluating the expression at 1, =1, +5, (ty—ty)+1s,
an expression for the delay is obtained [PLASS 94]:

F liy -ty bty A iy,

0 —RC {l—{?_ e )y=RC (1- e_b';R{?n}wuuma_Rf} (510}

where b, represents the relative output voltage level at which the signal delay is determined
(e.g. h,=0.5 at mid-codes). As we are mainly interested in the variation of the defay, this
expression is rewritten as:

1, =RC+8t,

o

_ b,y Ve (5.11)
vy, RE wiv W Vo e
5f,¢ =RC£’ iy RE iR KL = RCé’ o fueosnrt

where f,, = is the bandwidth of the preamplifier and f, is the frequency of the input
2 RC
signal, This function is shown in Fig. 5.16. This implicit function reaches a maximum when

coswt= 1. This maximum is given by:
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L Vi o | ey

Bty =RCe Wl N (5.12)

From this equation it can be concluded that for minimal delay variation:

. the linear input range of the preamplifiers Vj, should be large;
. a large preamplifier bandwidth fzw is needed;
. the full-scale input range of the converter V}, should be small.
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Figure 5.16:  Variation of the delay & t; as a function of the inpur signal.

From Fig. 5.16 it can be seen that the implicit equation (5.11) can be approximated by a
cosine wave [PLASS 94] as:

dt==1,,., [cosai (5.13)

This expression allows us to calculate the 3™-order distortion caused by the signal-
dependent delay as follows. Suppose a sine wave with frequency @ is applied:
Vv, = A, sin(@r+ gv) . The output signal after the preamplifier is given by:

V.. = A, sin(@(t+ 8t)) (5.14)
Subsiituting equation (3.13) in equation (5.14) leads to:
V. = A, sin @t cos(@dtlcos wi]) - cos i sin(w difeos i])] o (5.19)

Using a series expansion and assuming that dr, is small with respect to 1, this expression can
be rewritten as:

¥ = m,[-.,/tan*rﬁ I sin(ru:+n)+%cm3w{[. (5.16)

HW
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_:m“-'hfw 1
where g =¢€ nin and tanp =4 @&, . . This expression is a direct expression for the

3"_order distortion. The results of these calculations are depicied in Fig, 5.17: for a targeted
third-order distortion, the oversampling ratio Preamplifier Bandwithilnput Frequency can be
determined, given a choice of Vgs-Vr .

-20 ; - L =

Third Order Distortion [dB]

1

10
Preamplifier Bandwidth/Input Frequency

Fipure 5.17:  Third-order distortion due to signal-dependent delay as a function of the
preamplifier bandwidthiinput frequency ratio for a full-seale input voltage Vi
af 1.25V.

This results in a constraint for the optimization used during circuit-level sizing. If e.g. a
Vis-Vr of 0.3 V is chosen, then the Preamplifier Bandwith/Inpur Frequency ratio must be 6,
which implies that only a phase shift of 10° is admissible at Nyquist frequency in order to
have 50 dB 3™ order distortion:

Pt = atﬂﬂ(l} =10° (5.17)
6
5.6.2 Circuit-level synthesis

The architectural-level design resulted in constraints in terms of gain (A4, >15) and

bandwidth of the preamps (e.g. for a Vis-Vr of 0.3, @, <atan [l] =10"), and admissible
6

input-referred offset (e.g. 0, ., =0.7LSB) for the different building blecks. Using these
constraints, each of the building blocks can be sized as will be discussed in detail in the

following paragraphs for each block: sample & hold, fully differential ladder, preamplifier
stage 1, preamplifier stage 2, comparator and digital back-end.

5.6.2.1 Sample and hold

The open-loop architecture (see Fig. 5.18) is the simplest track and hold architecture that
can be used and therefore intrinsically allows fast sampling speeds, with small power
consumption. The open-loop S/H architecture consist of a simple switch (transistor Mg, ) and
a hold capacitor Cpz (which is the impul capacitance of the input transistors M, of the #
stage preamplifiers). This simple Track & Hold circuit has only little transistor count which is
the best choice for high-speed applications |[HAB 99]. Using the clock boosting
technique [BRO 97] technological constraints can be overcome, resulting in high-speed
performance for low-voltage (3.3V power supply or less) applications and lurge hold
capacitance Cpyy (as is the case for Nyquist flash-like A/D converters).

Cli, E
M, Via.sh

Vinsh C
Hirled I
-

Figure 5.18:  Sample and Hold in open-loop configuration.

The maximum speed for the S/H in open-loop configuration is given by:
1 . | 1
212" R.—m C.ﬂ:r.lfrl’

o = (5.18)

23’ rm‘-'ﬂ]r-‘h'ag

The hold capacitance Cj,y is given by the input capacitance of all 1¥ stage preamplifiers:

o N
(‘ ML, preamp _ a1l y 2 {5‘ ] 9)

T
i I e i

=l

!

hotd =

where N is the resolution (i.e. the number of bits) and #rpean the number of preamplifier
stages in the design. Cys, preamp s 18 the input capacitance of the preamplifier of stage |
(see Fig. 5.21 later on).

From equation (5.18), one can readily see that high sampling frequencies can only be
achieved by keeping R, and Ciqp as small as possible. The total hold capacitance Chag (see
equation (5.19)) is determined by the total number of interpolations over the different
preamplifiers stages. and the input capacitance of the 1 stage preamplifier which is
determined by mismatch constraints. The hold capacitance Cpyy 15 thus mainly technology
determined and is no degree of freedom in designing high-sampling-speed S/H circuits. The
only remaining degree of freedom in the open-loop S/H is the on-resistance of the switch
transistor My, . Putting a PMOS pass transistor in parallel to the NMOS pass transistor does
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not decrease the on-resistance enough to achieve high sampling speeds. A more profound
solution can be found by analyzing the on-resistance of the switch R, more carefully:

W -1
Ron :[ﬂ Cox [I) Vias —Vir }M.m') (5.20)
Maw

The resistance of the switch R, can be reduced by increasing the W/L ratio of the switch M,
or increasing the (Vi —V;),,. . An increase of the W/L ratio unfortunately also has a major

drawback that the overlap capacitances increase. This means that the charge stored in the gate
to source/drain overlap capacitance and the channel charge are increased as well:

Otat = C.wc-rfap (W) Vs +Cox (W } (V(}s -V ) (5.21)

For & given Cjy, the bigger this charge the more important the charge redistribution: when
switching off the switch transistor My, the total charge Q,,,,; stored on the hold cupacitance
Cyau 18 Tedistribuled over the parasitic capacitance of transistor My, and the hold capacitance
Chons- A big part of the charge redistribution results in a common-mede component, which is
suppressed by the fully-differential preamplifiers of the following ADC. More important
however is the signal-dependent character of this effect: the total charge Oy depends on
V-V and thus on the input signal. Charge redistribution will therefore result in harmonic
distortion and has to be avoided. This implies that the W/L ratio of the switch transistor offers
no profound solution for reducing the on-resistance R,,.

The only remaining degree of freedom for reducing the on-resistance R, and thus
increasing the sampling speed to the targeted specifications, is the Vys-Vir. The maximum
gate voltage of the switch transistor My, is limited by the power supply. The source voltage is
determined by the chosen LSB value and signal swing from the preamplifier of the first stage.

v Inpos [
[ D=
|bias
Vss Inneg [ >
el | Fixed bias
M2a
Ciock n2

Figure 5.19:  Schematic of the differential SIH circuit using clock boosting.
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and thus can not be used lo decrease the resistance R,,. Therefore, the technique of clock
boosting has been developed, and is now frequently used in low-voltage switched-capacitor
circuits [BRO 97, TON 99). With the emergence of double gate oxide thickness for analog
design, the voltage at the gate of the pass transistor can be increased using clock-boosting
technigues without affecting the reliability,

The schematic of the S/H with clock boosling is shown in Fig, 5.19. The circuil is based
on the architecture presented in |[BRO 97]. Three adaptions were done: (1) the gate is boosted
with a fixed voltage, (2) special attention is paid 1o the clock recovery and timing, and (3) a
PMOS transistor is added in parallel with the NMOS switch transistor.

The S/H was designed to steer a load of 5 pF with an input swing of 0.8V, The simulated
3 harmonic is -68dB and the 5 harmonic is -83dB at a sampling rate of 200MS/s. The S/H
setiles within 3 ns and consumes 8 mW,

5.6.2.2 Reference ladder network

As explained previously, the ladder network subdivides the converter reference voliage in
cqual tap reference voltages for each comparator, which should be constant under all
conditions. One important source of errors in a flash A/D converter is caused by the capacitive
feedthrough of the input signal to the resistor ladder [RAZ 95,VEN 96]. Consequently, the
voltage at each tap of the ladder network can change substantially from its nominal DC value.
degrading the converter performance.

Figure 5.20:  Feedthrough calculation madel,

The reference ladder has to be properly sized in order to avoid feedthrough. To first order
the feedthrough to the midpoint of the reference ladder, which is the worst case, can be
estimated by [VEN 96]:

er'r! /Vir! — % fm "en’ﬁﬂrrC. (5.22}

In this formula f;, is the input frequency, Rz 1% the total resistance in the case of one ladder,
and €, stands for the total coupling capacitance from the input 1o the reference ladder (the
gate-source capacitance of the input transistors of the preamplifiers). With this formula, the
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maximum resistance of the ladder network can be calculated. The total resistance was

calculared to be 14 €. In addition 10 x 30 pF of decoupling capacitance was added to each
ladder, to [urther reduce the feedthrough [VEN 96].

5.6.2.3 Preamplifier stage 1

Static performance

The schematic of the 1* stage preamplifier is depicted in Fig.521. Monte Carlo
simulations resulted in a maximum admissible input-referred offset contribution for the
preamplifiers, e.g.: G ot ine S 0.7 LSB.

=l

M]]I 111 @‘[THM*M';_II 1:1 [

Figure 5.21:  Schematic of the 1™ stage preamplifier.

The input-referred offset was calculated using the ISAAc tool [GIE 89]:

£

5 , (o : y
B i i =4{o*;,l J{ j;‘ ]+a;,,. Hﬁ‘l (5.23)

The offsel voltage of two matched transistors can be expressed as a function of the overdrive
voltage and the gate area by [PEL 89]:

= Aiz'.r + Wﬁ:\' _V'I")f 3 Aj'
(we), 4 w)’

where Ay = 20m:-pm and Ay = 8.5mV-pm for the 0.35 pm CMOS technology.

The gain Ay of this preamplifier is a function of the number of averaging nrayg and
the number of interpolations nriyy. In [BUL 97| a new preamplifier topology was proposed
which has high impedance load, which is beneficial for averaging. The proposed preamplifier
of Fig.5.21 exhibits the same advantage of high intrinsic impedance load (formed by

o (5.24)
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transistors My and My). Thus the gain in the preamplifier and the averaging effect no longer
have to be traded off [KAT 9117,

Using macromodels for the amplifiers, a closed expression for the overall gain of the
preamplifier as a function of the number of averaging nrave and the number of interpolations
nrnr was calculated using the ISAAC tool [GIE 89]. Fig, 5.22 shows the case where iravg=3
and nrpr=2. Similar macro models were used to derive equations for other values of nruyr
and nraye. Comparing the different equations resulted in a closed-form expression for the
eamn:

A - L T Al (A +1) (5.25)
preame_xtl a
K ave 2
where g, =1/R 0 -
vﬂ
U ravg,
Ny
ravg, cavg,
= i
= E 1 T
rava, cavg,
) gm, 0. < .
2
ravag, < cavg,
_IL ke
ravg, cavg,
) gm.nf i % %0‘- B
s
ravy, < cavy,

ravg,

gmtu U‘E

HHAH
;—"gg

ravg,

s
e
ravyg; _I cavg,

M0y

— T
3
u:

ravg, cavg,

gm,, My,

gjl

ravg,

75
ravg, : %cavg
o =

Figure 5.22: Simplified schematic for preamplifiers in case of nraya=5 and nrivr=2.
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Dynamic performance
Architectural sizing resulted in a constraint on the admissible phase shift ai Nygquist
frequency. Expressions were derived for the dominant pole as a function of both the amount
of averaging nray and the number of interpolations nryy:
1
) RTe= (5.26)
2rx- f(mh\‘c;”rfw ) Rye C g

where f{-) is a fit factor, extracted from simulation. This fit factor is a function of both the
number of averaging nryvg and the number of interpolalions nrpg: its value can be found in
Table 5.3.

Fit factor f nravG

3 5 7
| gy | 2 230e-2 | 1.04e-2 | 5.92e-3
4 3.53e-3 | 1.60e-3 | 9.02¢4

Table 5.3: Fit factor for dominant pole of preamplifier.

The other poles are located at nodes ny and ny. The non-dominant pole is given by:

Bt = 8???_7;” : (5:27)
2+ Cg

with C; Lhe total capacitance on node n:. The pole on node ny is similarly given by:

Foi = (5.28)
2z.C,

with C,,; Is the total cupacitance on node 1y,
5.6.2.4 Preamplifier stage 2

Static performance

The second-stage preamplifier is depicted in Fig. 5.23. The mismatch contribution is given
by [BUL 971:

>} 2 2| gm J
P +2D_r:r}[ — ] (5.29)
gm,

) As was the case for the first preamplifier, also this 2™ stage preamplifier has a high output
impedance. Equation (5.25) gives the gain of the preamplifier as a function of the amount of
AVETaging nrayvgy: and the number of interpolations mrpygz.
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Figure 5.23:  Schematic of the 2" stage preamplifier.

Dynamic performance

The approach followed in the design of the 1" stage preamplifier is also applicable for the
gk stage preamplifier. An equation for the dominant poles, similar to equation (5.26), has
been derived.

5.6.2.5 Comparator and digital back-end

Regenerative comparator

The comparator used in this A/D converter is & very [ast regenerative structure, as depicted
in Fig. 5.24. When the clock is high, the comparator is reset: the switch transistor M, is
closed, short circuiting the regeneration nodes 1, and n1,z. During the same clock phase. the

vblas_comp  clk_comp G, G cik. nand

go U Dee B
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1 i
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e

Figure 5.24:  Schematic of the regenerative comparator and NAND gate.
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clocked differential pair M;-M, injects a current imbalance in the regeneration nodes n,; and
#;2 proportional to the preamplificr output signal.
In the next clock phase (when the clock is low), the voltage imbalance that exists between the
two regeneration nodes is amplified to digital levels by the NMOS and PMOS regeneration
loops. The clocked differential pair M;-M; is disconnected from the preamplifiers in this
phase as the clocking transistors M3 are switched of. As such, the kick-back noise is reduced
and will net deteriorate the targeted specifications [POR 96].

During the reset phase the voltages on the regenerative nodes 51,4 and 1,2 can be calculated
as follows [MAR 99.PLAS 953 UYT 00]:

! g Fey. 4 ]
(Vﬂ., Wy ]: (“n,, =V ](‘nj' ekp| =Pt | F Wy _gut| LBND) St (5.30)
L Ay ] Cr_’q.!u
where:
Segires = Ems +i8nie — Gos — Bos — 23d.r4 — 84 (5.31)

and C,q. £quals the total capacitance on the regenerative nodes n,y and n,2, (v" —¥, )(rﬂ) is
y ) 1 i Az
the initial voltage imbalance on the regenerative nodes.

The secapd term in this expression is negligible, as immediately after the clock signal goes
down, transistor M still works as a cascode transistor resulting in a high impedance. As soon

as transistor My is switched off completely. the impedance becomes infinite. Therefore, the

reset time constant can be approximated by:

= Cﬂr,?.rﬂ
T (5.32)

ey
gn:ﬁ + 8niv —8us — 8Bos — ?‘-g.'.hr-!

In order to have reset, 2g,, >, .+ 2., —g.:—&.- On the other hand, the equivalent
resistance 1/(2g,,, + 2, + 845 — &us — 8 ) Should be high enough to cause a relatively large
initial voltage imbalance in the two regeneralion nodes n,.; and n,2. Because of this trade-off
between reset accuracy and imbalance, 2 20" 8,5+ 8, has been made about twice the value
of Ems +Rm6'

During the regeneration phase (clock is low) the injection of the imbalance current stops,
and‘ l.hl: cnnductance‘ of the switch My drops t zero. The regeneration speed is governed by'a
positive pole approximately given by [MAR 99 PLAS 99a,UYT 00]:

gmi =+ gmﬂ - gnﬁ e gvb
(&)

o TET

Inr'eg = {5;33)

where C, 1. is the total capacitance on the regencrative nodes n,y and #,2. Note that both the
NMO$ and PMOS regeneration loops contribute with transconsductance and with parasitic
capacitance (o the definition of this pole. The transconductances of PMOS and NMOS
transistors are made equal by properly sizing the transistors Ms and Mj:

| Sy |
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g’fﬂl; = gﬂlh (5'34}

Digital Back-end Logic (NAND, ROM and LATCH)

The outputs of the comparators form a thermometer code, as depicted in Table 5.4a: all
comparator outputs below the input level are ‘1" and vice versa.

(a) | (b)
comps | 0 0
comps | 0 0
COMpis | L
compya | 1 | O
COmp; 1 1
Compy { 1

Thermometer code: (a) Correct thermaometer code,
(h) Ocenrrence of bubble at comp;.z

Table 5.4

Under such conditions, the thermometer cade can easily be converted in a binary code by
transforming this code in a l-of-n code followed by a ROM with a binary pattern. A flash
converter with this type of structure typically suffers from two problems: bubbles in the
thermometer code (see Table 5.4b) and metastability [POR 96]. Very fast input signals (near
Nyquist frequency) can cause a siluation where a ‘1" is found above a “0°. The simplest
circuit that can detect this is a 3-input AND-gate to ensure that only a single onc occurs that
drives the ROM, as illustrated in Fig. 5.24 and Fig. 5.25.
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Figure 5.25: Gray-coded ROM decoder.

Metastability occurs when the applied input signal difference is very small and the
comparator is completely balanced for a short period of time. In a flash converter this means
that, when the input signal is very close to one of the reference voltages, the comparator might
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be unable to toggle to a valid logic level within one clock period. Therefore, the logic gates
driven by that comparator output might interpret the output from the comparator wrongly, Ag
a consequence, zero. one or iwo ROM lines might be selected leading to severe errors in the
digital output code. To reduce the metastability error, one can increase the regenerative time
constant of the comparator or/and a Gray-coded ROM can be used. An implémcntaﬂon of the
first approach consists of introducing pipelined latches immediately after the comparator
outputs and before the logic decoder, increasing the regeneration gain of the comparator.
However, each pipeline stage needs 2" —1 latches, increasing the die urca and power
consumption. The other approach consists of using Gray-encoded ROMs, which is an
effective solution to reduce the metastability errors provided that the case of having no lines
selected is eliminated by design [POR 96]. Therefore, in this design, it was made sure that
there is always a valid logic level at the output of the comparator to drive the Gray-coded
ROM. To achieve this, one can use the circuit presented in |POR Y6]. Another possibility to
accomplish the same effect is using two asymmetric inverters (i.e. the toggle point of the
inverier is shifted). For very high acquisition speed, the voltage swing at the ROM output
lines might be relatively small. To increase the speed, one has to decrease the ROM output
capacitance. Therefore, the drain arca has been made egual to the area of one via (minimum
arca).

5.6.2.6 Sizing plan

From these constraints and the complete set of design equations that have been derived
above, all fransistors can be sized. As the interdependency of the different design variables is
high, the sizing plan has been formulated as one (global) constrained optimization probleﬁj
that has been resolved using adaptive simulated annealing [ASA MED 95];

[
minifni?sz w,-filx) suchthat g(x)<0 (5.35)
= =]

where x is the set of 33 independent variables as listed in Table 5.5. f(x) is a set of &
objective functions, g (x) denotes a set of / constraints, and w, are weighting coefficients.
Constraint functions are formulated such that a constraint is satisfied when g(x)<0. Being
an unconstrained technique, simulated annealing manipulates only a single scalar function
called cost function, € (JQ The constrained optimization (5.35), can be transformed in an
unconsirained optimization problem as follows;

minimize C{x)= Y AW, g, ) (5.36)

i=]

The cost function Cfx) is built as a weighted sum of functions that force the oplimization to
cvnh:e to operational (saturation/linear region), funcrional (design requirements fulfilled) and
apg!m_abfe solutions (specifications met). Within this last design subspace, trade-offs are
optimized to result in a solution with minimal area and power |[LEY 98, DEB 98]. These four
categories of cost terms have weighting terms, which typically differ an order of magnitude in
order to guide the optimization. First the optimization space is scanned for operationally
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correct spaces, then the circuil needs to be functionally working; then specifications need to
be fulfilled, and finally area and power consumption are minimized.

1™ stage preamp 2" stage preamp comparator
x| L, Ly, Ls=Lsz. Ly Lyl Lz Ly, Lo, Ls, Ledog, Wy
(Vas _Vf )m ' {Vas = Vr } Mzt {VU.\' 'VT ].m § (V:_;.s- Y V-T )_u'g . (VG.T '_V;r )M 1+
(Vu.\ _V:r .)m ! (Vm 'Vr }m (Va.s _V'r )m (Va _Vf )MJ_ » Viesor
Ipss Ipss Ipsz, Ipss
Ravaus. Lavgar , raveyl Ruyean, Lavasz . iAvGse
Table 5.5: Input variables x; for the 1" & 2™ stage preamplifier and comparator.

For the different transistors the typical input set is chosen to be:
X =L Ve =V T s} (5.37)

A level-1 Spice model was encapsulated in a separate MATLAB routine to calculate the device
characteristics during optimization. Given L, V., —V, and Iy, the routine returns W, gu, 2o,

a’(AV,), o‘{éﬁ [LAK 86,PEL 89] and the parasitic Cas, Cop. With some additional
g

development, other device-level evaluations (e.g. BSTM) could be used as well, by either a
MATLAB routine or an external C-code routine that can be invoked from within the MATLAB
environment. For the regenerating transistors Ms/Me in the comparator, the Vo —V, is not a
direct input; but calculated from the desired reset voltage Viegr:

.fV{'FH - V’r )“ 5 = Vr_r.w! = v! i {5 38)

(Vr.}s = VT )Mﬁ = VDD&-m:p - v‘rﬂ_w:r'

Also the bias current Ipsme is calculated from the biasing of the differential voltage to current
input stage and the bias current through transistor Ms:

Ias,o == Im,s "'195‘1 (5.39)

To design the averaging resistors, an additional routine was added in MATLAB. The rotitine
takes the resistive value Ryy and the length Ly as inputs and decides in which layer 1o
implement the resistor {e.g high-resistive poly, low-resistive poly) such as fo minimize
parasitic capacitance. The rautine returas the width Wy and the parasitic capacitance Cyupe.
The amount of averaging nrayg is needed to calculate the averaging effect and thus the exact
constraint on the admissible input-referred offset @, 4., - The amount of averaging nravg is

however not an independent variable, and is calculated from the ¥V, =V, . the gain and the

linear output range of the preamplifier stages. This loop in the calculations is Tesolved by
choosing mtaveear and Arave.qe 48 input variables und forcing them to be equal to the derived

actual nrave -
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The simulated annealing loop executing the overall circuit-level optimization, solving for
the 33 variables of Table 5.5, was implemented in the MATLAB environment and uses the
Adaptive Simulated Annealing (ASA) C-routine as actual optimization algorithm [ASA]. The
evolution of the different cost terms is depicted in Fig. 5.26. About 30 trials were nceded to
obtain the final result. _Qne trial lakes 14 min on a Sunblade 1000 workstation. One frial
typically evaluates 30.000 design points.

# penalties

sigma [mV]

Figure 5.26:  Evolution of cost functions terms during sizing using Adaptive Simulated
Annealing:
{a) global cost, (b) power cast, (c) pole placement eost, (d) mismatch cost.
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M, M. My Mz M,

ASA | 50.5um/0.69um | 123.1um/0.36pm | 32.1um/0.37pm | 16.0pm/0.37urm | 10.5um/0.4411m

Grid | 50.5um/0.7um | 120.0pum/0.35um | 32.0um/0.40pm | 16.0um/0.40um | 10.4pm/0.45um

Table 5.6:  Sizes of the 1" stage preamplifier.

The output of the solutions was manually snapped to grid and listed in grey in the
Tables 5.6-8. For the preamplifiers, no additional modifications were done: transistor sizes
were snapped to grid, and the overdrive voltages of the input pair, which determine the
amount of averaging, also match. For the 1* stage preamplifier the optimization resulted in
an overdrive voltage of 265 mV, while SPICE simulations resulted in an overdrive voltage of
270 mV. The 1™ stage preamplifier is biased with a current /s of 1.2 mA. For the 2" stage
preamplifier an overdrive voltage of 311 mV was predicted, simulations resulted in 300 mV.
The 2™ stage preamplifier is biased with a current /pg of 251 pA. The value of the averaging
resistors were 130 € and 720 Q for the 1™ and 2™ stage preamplifier respectively.

M, M, My
ASA | 4.61um/0.36um | 21.7um/0.38um | 2.7 lpm/0.38m
Grid | 4.60pm/0.35um | 20.0um/0.35pm | 2.70um/0.400m

Table 5.7:  Sizes of the 2™ stage preamplifier.

Transistor M; (see Fig. 5.24) was not included in the aniomated sizing plan, nor was the
inverter My/Mg and the NAND gate. These were sized manually. All transistor sizes maich
well. The differential input stage is biased with a current Ips> of 13.5 pA. the NMOS
(ransistors draw a biasing current Ipg 5 of 57.5 pA. The sizes of the switch transistor My and
the NMOS trunsistor Ms were manually adapted after sizing, to further tune the reset of the
comparator, which was not extensively modeled in the sizing plan. A reset voltage Vi of
[.05 V' was obtained.

M, M- M; My M;
ASA | 1.71um/0.35um | 6.14pum/0.35um = 3.77Tum/4.47um | 1.53um/0.460m
Grid | L.70um/0.35um | 6.0um/0.35um | 0.95pm/).35um | 1.40pmy0.35um | 1.251um/0.551um

M M, My
ASA | L.61um/0.35um = =
Grid | 1.60um/0.35)m | 0.80um/0.35pm | 4.00um/0.35m

Table 5.8: Sizes of the comparator stage.

The sizing of the S/H, the reference ladder network and the digital back-end was not
included in the global optimization. The S/H circuit was designed using the ELDo simulator
within an optimization loop, while the digital back-end was designed manually,
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5.7 Layout

As the specifications push the design closer to the technological boundaries, chip design
has become layout driven, Parasitics are no longer a check at the end of the design cycle: they
have to be estimated early in the design stage, and the designer should have a floorplan before
starting the destgn.,

Floorplanning

In this design, the floorplan follows directly from the block diagram in Fig. 5.11. The
result is depicted in Fig, 5.27. The Sample & Hold was inserted on the top. From left to
right, the differential ladder network, the 1" and 2™ stage preamplifiers, the comparators and
the digital back-end are placed.

Circuit and module layout generation

. The reference ladder was implemented in metal-1 layer. Dummies were added to provide
xdannf:al surroundings. In order to provide stable references, 10x 30 pF of decoupling
capacitance was added to euch side of the differential ladder. The layout was done manually.

Figure 5.27:  Microphotograph of the manufactured interpolatinglaveraging AID converter.
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The layout of the preamplifier modules and the internal routing of thesc modules was done
manually; devices were generated nsing the LAYLA tool [LAM 95], placement of the different
modules (1 & 2™ stage preamplifier) was done using the MONDRIAAN tool [PLAS 98].
Internally, an additional 500 pF of decoupling capacitance has been added. Guard rings were
used lo reduce substrate (digital) noise coupling. A routing channel has been inserted between
1™ stage and 2" stage preamplifiers. Although this kind of task is automated in digital layout,
in analog this is still a manual job, as equal delay is important in these
connections [PLASS 94|,

The Tayout of the digital back-end was done by combining Virtuoso from Cadence [CAD]
and the MONDRIAAN fool [PLAS 98, PLAS 02]. The layout of the comparalor was done
manually as was the internal routing; transistors were generated using the device generator
from the LAYLA tool. To increase the speed, the ROM output capacitance has to be minimal.
Therefore. the drain area has been made equal to the arca of one via (minimum area). The
ROM cell was handcrafted; 8 ROM cells constitute 2 ROM line as depicted in Fig. 5.28.
MONDRIAAN is used to place the ROM cell and connect the cells using a listing of the Gray-
code as input. Generation of the ROM encoder is done within | minute on a HP B1000
workstation.

The clock distribution is critical for mixed-signal designs, and available digital tools
cannot deal with the specific analog requirements. A buffered binary clock tree takes care of
equal delay, which would otherwise deteriorate the dynamic performance. The design and
layout of this clock buffer was done manually.

Figure 5.28: Layout af the ROM line: minimum drain area.

Layout Assembly

Analog and digital power supplies have been separated to avoid cross-coupling between
the analog and the digital part. Around the perimeter of the chip 1nF of decoupling
capacitance has been integrated to provide stable power supplies. Overall chip layoul
-assembly was done manually.

5.8 Verification Phase

After sizing, the design was verified with device-level simulations using the ELDO [ELDO]
circuit simulator. Layout parasitics were extracted and the static performance was verified
with Monte Carlo simulations considering process variations. The netlist is preprocessed
using the in-house developed tool called Mmv1 or Mmpre [VER 97]: a mismatch offset
voltage and offset current are automatically added to the netlist. Five random samples from
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these Monte Carlo simulations are shown in Fig. 5.29. The simulated DNL is clearly below
0.2 LSB.

The offset of the comparator was automaltically extracted with an in-house developed tool
presented in [PLAS 99b]. The offset is determined by narrowing down the input voltage
intervul for which the comparator toggles. In this way the input voltage compensating for the
offset voltage is obtained. A regeneration time constant 7,, of 50 ps was simulated.
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Figure 5.29:  Five random samples from the Monte Carlo simulations for mismartch
verification.

As clock distribution is crucial for the dynamic performance, the complete binary clock tree
was extracted and verified.

Figure 5.30:  Measurement setup for the high-speed AID. converter.
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5.9 Experimental Results

The A/D converter was designed for the specifications of Table 5.9. A microphotograph of
the fabricated chip is shown in Fig. 5.27. The A/D converter was processed in a standard
digital 0.35 um CMOS process. The A/D converter was mounted on a ceramic substratc as
shown in Fig, 5.30. All biasing was generated on the substrate to minimize incoupling noise.
The analog preprocessing chain runs from a 3 V power supply, the digital back-end runs at
2.5V, All measurcments were done at full speed [DOE 84,PLASS 94] of 200 MS/s. The
analog preprocessing chain consumes 285 mW, the reference ladder consumes 250 mW and
the digital part consumes 120 mW worst case.

The measured static performance is given in Fig. 5.31: an INL < 0.95 LSB and a DNL <
0.8 LSB were measured [BUS (12a].
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Figure 5.31:  Measured static performance:
(a) measured DNL < (0.8 LSB,
(b) measured INL < 0.95 LSB.

The measured dynamic performance is given in Fig. 532: a Signal-to-Noise-and-
Distortion-Ratio (SNDR) of 44.3 dB is achieved at low frequencies, at 30 MHz an SNDR
figure of 43 dB was measurcd. Both measurements with and without the S/H circuit are
shown. A spectral plot at an input frequency of 40. MHz is shown in Fig. 5.33,

The measured performance is summarized and compared to the specifications in Table 5.9,
last column |BUS 02a]. All results are comparable to what had been predicted during the
sizing.
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Specification Unit | Target value | Manual Design | Systematic Design |
Static Resolution N # bits 8 8 ¥
DNL /DNL ILSB| <W/<l 1.6/27 0.8/09
Parametric Yield % 99 - -
Dynamic SFDR dB > 45 46 59.2
SNDR dB > 40 3RdB@GkHz 44 3dB@1.5MHz
42.7dB@40MHz
Sample frequency | MS/s 200 200 200
Environmental | Conversion rate - 1 code/ 1 code/ 1 code/
clock cycle clock cycle clock cycle
Input capacitance | pF <35 3 4.8
Input range V pip >0.5 1.3 1.3
Latency - - 1 clock cycle 1 clock eycle
Output load pF 10 - -
Power supply v 3.3 33725 3.3/25
Digital levels - CMOS CMOS CMOS
Coding - Gray code Gray code Gray code
Optimization | Power mW min 540) 655
Area pm’ min 1000x2400 1400x2400

Table 5.9: Measured performance of the high-speed AID converter running at 200 MS/s.

To evaluate the systematic approach, the presented design is compared to an earlier manual
design for the same set of specifications [BUS 99a,BUS 02b]. The circuit topologies are
almost identical; the manual design used resistively loaded differential pairs for the second-
stage amplifiers, consuming slightly less power than the systematic approach. The
microphotograph of the manual design is shown in Fig. 5.34. The measured performance is
listed in Table 5.9, 2™ last column. Because of a design error, the manual design shows
missing codes, and it is hard to compare performances between the two designs. More
intercsting, however, are the design times spent for the two designs. These design times are
compared in Table 5.10. Architectural-level sizing was reused in the second design, as was
the circuit-level design of the ROM decoder and the digital back-end. The analog
preamplifier stages and the comparator were automatically sized as explamed. Setup time for
the optimization loop in MATLAB and the Perl scripts took approximately one month. Perl
scripts were used for parsing the optimization results and generating Eldo-netlists for
simulations and verifications. In order to guide the designer, penaltics were visualized as
shown in Fig. 5.26. Two weeks were used to explore the design space. The layout generation
times needed for both designs are comparable, as in both cases MONDRIAAN was used to
speed up the process: only the basic cell of the 1* and 2" stage preamplifiers needed to be
laid out manually. The automated design was laid out faster mainly because of reuse of
experience gathered in the first manual design. Assembly and verification times have not
been reduced. In total the first manual design took about 6 months, the new presented
systematic approach resulted in functional silicon within 2.5 months, which is a speed-up of a
factor 2.5x.
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Figure 5.34:  Microphotograph of an earlier wanual designed 8-bit 200 MSs interpolating!
averaging AlD converter.

Task Manual Design Systematic Design w4
Sizing Architeclural 1 week -
level
Sizing Circuit level Analog: 4 months Analog: | - setup: 1 month
- exploration: 2 weeks
| Digital: 1 week Digital: =

ROM | day ROM: -
Layout Analog; 1+ 1 week Analog: I week

Digital: 2 weeks Digital: 2 days

ROM: - setup: (0.5 hour ROM: -

- ROM ceil: 1 hour
- generation: < 1 min

Assembly 4 days 3 days

Verification Sizing: | week Sizing: 1 week
Layoul: 1 week Layout: 1 week

Total S months, 3 weeks & 2.5 days 2 months, | week & 2 days

Table 5.10:  Comparison bepween design times for an earlier manual design and the
systematic design.

Conclusions 177

5.10 Conclusions

The systematic design of an 8-bil interpolating/averaging 200 MS/s Nyquist-rate A/D
converler as star TP has been presented. Using behavioral madels, the system specifications
are translated in offset and bandwidth constraints. Because of the high number of interacting
constraints and the high interdependency of the design parameters, a correct-by-iteration
approach was followed for the circuitdevel sizing. The sizing is formulated as an
optimization problem and solved using adaptive simulated annealing. The chip was processed
in a standard 0.35 um CMOS process. Measurcments on the processed chip yielded good
results: a DNL/INL figure of 0.8/0.9 LSB has been obtained. At an input frequency of
30MHz and at full clock speed a SNDR of 43 dB was mcasured. These results arc
comparable to the simulated values. The presented systematic design compares favorably 10
an carlier manual design. In total the manual design took about & months, the newly
presented approach resulied in funcrional silicon within 2.5 months, which is a significant
speed up in design time of about 2:5x.

The above lest case proves that by using a systematic design approach supporicd by 1ools
the design of star IP can be boosted, Many tools, though, are still missing. For sizing, the
designer has to sct up his/her own environmenl using a general programming language like
Ca+ or MATLAB as was done here. Good visualization of acting constraints is crucial to
anderstand and (une the optimization problem, resulting in a large overhead for the designer.
This overhead can easily be avoided if the designer is offered an interface, from within his/her
analog design framework. to a set of optimization routines and visual aids to guide and tune
the optimization. Unfortunately this is not available in current commercial frameworks.
Apart from the sizing, also the physical layout generation still lacks (commercial) tols. As
part of this research. the MONDRIAAN tool was developed o automate regular array-type
analog layouts. Other specific analog layout tasks, though, still nced to be antomated or
refined for analog constraints, A router which performs equal-delay routing, adding stubs il
needed, is not yet commonly available within commercial analog design frameworks. Binary
clock-tree generafors, generating both clock drivers and equal delay paths fo the most
sensilive parts, are equally missing.

As general conclusion it can be stated that a systematic correct-by-iteration approach for
star 1P indeed reduces design times. Reported performance is good, despite the prejudice that
automation comes at the expense of reduced performance, Setup times though are still large,
and commercial tools are lacking to fully support the systematic design. As long as this is not
solved, the reluctant analog design expert may not change his/her design approach,



Chapter 6
General Conclusions

The (CMOS) semiconductor industry has continued to prosper since the early 70s. The
ever decreasing feature size has provided improved functionality at a reduced cost. As the
feature size decreases, designs move from digital microprocessors and application-specific
integrated circuits (ASICs) to systems-on-a-chip (SoC). Especially the wired (broadband) and
wireless voice and data communications as well as the consumer market push integration of
complete systems on a single die to reduce cost. The ITRS report from 1999 though reported
that design productivity is lagging behind. With a productivity growth rate of only 21%,
compared to 58% complexity growth rate, design cost is increasing rapidly, For analog and/or
mixed-signal design the situation is even worse because of the lack of commercial EDA tools
to support the analog design. Productivity should be boosted to double every year in order to
bridge the gap [TTRS 01], but remedies are not clear, in particular for analog and RF design.

Analog CAD and design automation over the past fifteen years has been a field of
profound academic and industrial research activity [CAR 96,GIE 00b]. Little has changed
though in the analog design flow on the floor. The analog designer often still handcrafts a
nominal design point, and manually uses a device-level simulator like SPICE to tune this initial
point in the design space to achieve specifications and increase yield and robustness of the
design. Commercially available mixed-signal and mixed-level simulators are used io verity
the function of the analog circuit in its hostile digital surroundings. High-level exploration or
architectural choices are still highly based on the design expertise. If any tools are used for
high-level exploration, it's most likely a general programming language/tool (e.g. C++ or
MATLAB). At the physical layer, automation is achieved by in-house device generators using
P-cells [PCELL 99]. Placement and routing are done manually. Setup time for different
technologies is large, and often not well automated.

Analog design reuse is low, and unless analog synthesis and analog IP finds its place in the
(analog) design community, analog design cannot be leveraged to a higher level of
technology. Despite the advent of standard mixed-signal hardware description languages and
the foundation of the VSI alliance, analog IP is only limited available, and hardly ever
reported 1o be used in complex SoCs. This is mainly because the layers of abstractions are
not clearly defined in analog design, and design stages are interleaved. In addition analog
applications are often highly technology dependent, requiring tuning and tweaking when
migrating to another technology. Therefore, the analog design automation roadmap
intrinsically differs from its digital counterpart.
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Just as iy done with digital TP, analog IP can be divided in two categorics: commodity IP
and st [P, depending on the design challenge. Designs on the edge of the technological
boundary are categorized as star IP. Their topology and performance are susceptible to
technological changes and evolve as technology changes, Design creativity is a crucial
element in achicving good performance in this zone of the design space. Commodity IP is
less susceptible to technological evolution and the topologies are common knowledge
requiring less expertise. This distinction has impact on the possibilities lo boost the design.
Commulity IP are well suited to be automated in a synthesis environment and provided as
soft IP: the design knowledge is usually common knowledge, and reuse is high which
accounts for the setup time of the analog synthesis. Star IP still chunges with technology, and
for these circuits the best approach for reducing design cost is a good methodology supported
by pueint tools, which relieves the dedigner from crror-prone, repelilive or boring tasks,
allowing the designer to concentrate on new ideas (o push the limits of the design. Star IP is
delivered as hard TP (GDSIL); the design methodology should result in a traceable, well
documented TP block. fulfilling the VS1 standards.

This work tries 1o bridge the apalog design productivity gap. Both for commedity IP as
star 1P it is clearly shown how the needed boost can be achieved. For commodity IP several
academic analog synthesis environments exist and some have been recently commercialized,
Still, there seems to be a lot of skepticism. In Chapter 3 the systemalic design of a fully
integrated. low-power CMOS particle detector front-end (PDFE), optimized for space
applications, has been presented. During high-level synthesis the PDFE specifications have
been translated in specifications for the different building blocks such us the PDSH, the A/D
converter and the CSA-PSA. The latter has been selected as driver to lest the presented
approach for automating commodity IP and has been embedded within the AMGIE framework
as soft IP cell. Using the AMGIE tool the chip has been optimally designed from specifications
to layout within two days. The sizing has completely been automated. The layout was partly
automated. partly manual. The chip was processed in a standard 0.7 pm CMOS process. With
a power consumption of only 10 mW and a chip area less than 1 mm”, the chip is very well
suited for the stringent space applications. Radiation testing showed little performance
degradation. All chips recovered within specifications, after 24 hours of annealing at room
temperature [BUS 98c|. The presented chip compares favorably to an carlier manual design
for the same application.

The design of the CSA-PSA as soft IP cell clearly demonstrates that automated synthesis for
commodity IP can leverage the design to a higher level of abstraction, reducing the design
tmes drastically, if reuse is high. Although not yet commercially available, frameworks like
lhe.AM(‘.TE system have reached maturily and are capable of guiding a non-experienced
d.em gner successfully through the design task in short design times. The development of the
library is still an expert designer’s job, though symbolic analysis tools can assist in generating
the design equations. Analog circuit-level synthesis is on the verge of breaking through and
the presented test case clearly shows that design automation comes not at the expense of
reduced performance, but provides the needed productivity boost for analog design.

For star TP commercial tools are not available and the design of these IP blocks is still done
completely manually. A systematic design methodology to also boost the productivity for star
IP has been developed as part of this work. Through a sequence of documented, traceable
and verifiable steps the developed methodology reliably produces a design, whereby
quantitatively or qualitatively the design parameters/decisions (architecture selection/
creation, sizing, layoul, etc.) are determined/calculated by the performance specifications of
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the requested function block while maintaining feasibility with respect to constraints enforced
by technology or profitability. Both commercially available and newly developed software
tools sopport this methodology. The flow covers the complete path from system-level
exploration of the analog function in its (digital) surroundings to physical layout generation.
The well-established performance-driven top-down design methodology is used for circuil-
level sizing. To boost physical layout generation a tool called MONDRIAAN
[PLAS 98.PLAS 02] has been developed and evaluated [BUS 01.BUS 02b] as part of this
work. The tool provides a fast and technology independent solution for the layout synthesis
of regular array-like layouts with irregular connectivity, promoting layour reuse. Not only
does the tool result in a considerable design productivity boost, it also enlarges analog layout
capabilities which can be exploited by the designer to surmount the technelogical boundaries
for luyoul-driven analog designs. The correctness of the novel approach has been proven by
the fabrication and measurement of several industrial-strength test cases.

Firstly, the systematic design methodology was applied to the design of CMOS current-
steering D/A converters, The experimental results have been presented in Chapter 4. First the
design flow has been presented. Next the general operating principle has been explained and
the novel architecturc has been introduced. This architecture offers full flexibility 1o the
design in terms of switching scheme and switching sequence which is a crucial design
parameter. In a first phase of the design, the system specifications of the canverter are
determined using a generic behavioral model. The next phase consists of sizing and layout
generation,  For the sizing the well-established performance-driven top-down design
methodology is used. During architectural-level sizing, the admissible current mismatch and
the partitioning into binary/unary current sources is determined. The module-level sizing
consists of deriving the appropriate switching scheme and sequence. The novel Q" Random
Walk switching scheme has been developed to compensate for systematic and graded errors
which would otherwise deteriorate the lincarity. Finally, all transistor sizes are determined
during circuit-level sizing. Static and dynamic specifications are taken into account. The use
of the MONDRIAAN tool facilitates the complex switching scheme which would otherwise
result in an impractical/unfeasible layout task. After verification of the sized circuil and the
layout, an extracted behavioral model is used for system-level verification.

Three implementations are presented and compared in terms of performance and design times.
The last implementation is a 14-bit, 150 MS/s update-rate, current-steering D/A converter and
has been fabricated in a standard digital 0.5 pm CMOS technology. The intrinsic 14-bit
linearity (no trimming nor tuning was used) was achieved by compensation of the systematic
and graded crrors using the Q* Random Walk switching scheme. With an SFDR of
84dB @ 500kHz output signal, spurs measured up till 40 MHz (dictated by measurement
equipment), it was the first reported intrinsic 14-bit linear CMOS D/A converter known to the
authors at the tfime of publication, The D/A converter is implemented in 13,1 mm®, has low
power consumption, and operates from a single 2.7V power supply. Design times were
compared and the overall design time was reduced from 11 weeks to 4 weeks of total person
effort. This is a reduction by a factor of 2.75. demonstrating the effectiveness of the presented
design methodology [BUS 01].

Apart from designing high-speed A/D converters, the developed methodology has also
been adapted in the design of high-speed high-accuracy A/D converters. The experimental
results have been presented in Chapler 5. First the design (low has been presented. Next the
general operating principle of flash-like and interpolating A/D converters in particular has
been explained. A general list of specifications is given and the design parameters of the
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presented architecture are listed. In a first phase of the design, the system specifications of
the converter are determined using a behavioral model. The next phase consists of sizing and
layout generation. For the sizing the well-established performance-driven top-down design
methodology is used. During architectural-level sizing, the admissible current mismatch and
bandwidth of the preamplifiers is determined. Because of the high number of acting
constraints and the high interdependency of the design parameiers, a correct-by-iteration
approach was followed for the circuit-level sizing. Circuit-level sizing was formulated as an
optimization problem and solved using adaptive simulated annealing. The design equations
were derived using the ISAAC tool [GIE 89, WAM 95]. Static and dynamic specifications are
taken into account. Alfter verification of the sized circuit and the generated layout, an
extracted behavioral model is used for system-level verification,

The chip was processed in a standard 0.35 um CMOS process. Measurements on the
processed chip yielded good results: a DNL/INL figure of 0.8/0.9 LSB has been obtained. At
an input frequency of 30 MHz and at full clock speed a SNDR of 43 dB was measured
[BUS (2a]. These results are comparable to the simulated values. The presented systematic
design compares favorably to an earlier manual design. Tn fotal the manual design took about
& months; the newly presented approach resulted in functional silicon within 2.5 months,
which is a significant speed up in design time.

As general conclusion, it can be stated that the presented design methodology for star [P
supported by commercial and in-house developed tools can reduce design times considerably.
The presented test cases prove that automation comes not at the expense of reduced
performance. In the case of the current-steering D/A converters, the combination of a
dedicated flexible architecture with automated layout generation, resulted in the first reported
CMOS current-steering D/A converter with intrinsic 14-bit linearity [BUS 99b,PLAS 99d].
For the‘ A/D converter, setup limes wcre larger as no commercial tools are available to setup
the optimization problem. Reported performance is good, and the overall design time was
reduced from 11 to 4 weeks of total personeffort [BUS 024,BUS 02b].

Although the presented methodology results in GDSIT files and extracted behavioral models,
some additional cffort is required 1o meet the VSI standards. By [urther automating the
design and automatically documenting the decisions taken during design, the approach would
result not only in a physical layout, but also in a fully documented hard IP block, promoting
reuse in SoCs. i
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