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Abstract—In its recent 2011 version, Th
Technology Roadmap for Semiconductors [1] u
on analog design technology challenges. In th
these challenges and exemplary solution app
sketched. In detail, structure and symmetry 
placement, design for aging, discrete sizing, si
layout, and  performance space exploration will 
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I.  INTRODUCTION 
Sophisticated algorithms for analog de

published since the 1970ies. It took about 30 y
synthesis tools have become part of comme
EDA tools, but hardly any analog EDA too
beyond circuit simulation is established in pr
serious problem, as analog components are o
chip: even a chip considered purely digital w
clock generation component, mostly a mix
locked loop circuit. Considering a study of 
cited in 2005 in EDA Weekly [2], on average
area are analog, but 40% of the design effort
costly design re-spins are due to analog comp
assumed that these numbers are valid on a 
correspond to the persisting expensive and err
process of analog circuit design. 

Obviously, there is a deadlock situation, w
hand more EDA in analog design is requ
efficiency and quality of the design, and wh
hand it has not possible to establish analo
simulation. In [1], few overall recommendatio
deadlock and several specific challenges of 
given, which will be discussed in the rest of the

II. ANALOG IN SYSTEM DESI

Analog circuits are components of co
realized on one chip. Fig. 1 gives an impressio
components that appear on such a system o
Depending on the embedding of the ch
application, different parts will play more dom
others. Analog components appear at variou
cells of an SRAM, within voltage regulatio
reset, as signal converter between analog (e
digital (signal processing). System syn
different design views and abstraction l
Synthesis is usually attributed to the transit fro
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Figure 1.  System on a ch

view of the system specification ov
by netlists, to the geometrical vie
transit from the overall system
implementations of system blocks
(gates) and circuits (transistors)
refinement [3], [4]. 

For the hardware parts of syst
algorithmic functions, well-rehearse
form of sequential steps of high-leve
layout synthesis. System design s
description, e.g. in SystemC, c
synthesis steps of scheduling, bindi
model of controller, data path and 
gate netlist after logic synthesis a
synthesis.  

For an SoC with software and
submicron technologies, the design 
Design prototyping and design pa
preparation of the design process 
power, timing and area of underl
libraries. At system level, the indus
large extent still manual. 

  
Figure 2.  System synthesis: design views (
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Figure 3.  Analog and digital system synthesis and typic
on different abstraction level 

On the other hand, design decisions on sy
the analog components and vice versa. 
exploration must therefore start on system lev
the rest of the system, not after the digital arch
generated. System design exploration 
simultaneous process for digital and analog c
3). This is also reflected by analog mixed-sign
the main modeling languages. 

This means that analog design is at the side
from the top of the refinement pyramid in Fig
and does not just start when digital design rea
at the circuit level! This strong interrelation
reason according to [1] why analog design is 
It makes the decision where to put analog/mix
elements like converters or mixer into the s
difficult, as well as the decision how to 
performance objectives [1]. Instead, method
interactive and semiautomatic AMS design sh
Against this background, modeling and simul
analog/mixed-signal/RF (AMSRF) blocks is 
place of EDA tasks to be done. 

III. SIMULATION OF COMPLEX AMSR
We will now have a look at three exam

blocks with analog component and discuss co
of simulation. 

A. Operational Amplifier 
Operational amplifiers like the folded-cas

Fig. 4 are purely analog and can be simulated 
netlists, transistor models including statistics
automatic simulation are available for eve
simulation takes a few seconds.  

B. Phase-Locked Loop 
Phase-locked loops as shown in Fig. 5 

circuits with charge pump, loop filter and osc
parts, and phase-frequency detector and divide

 

 
Figure 4.  Folded-cascode operational am
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Figure 5.  Circuit model of phase-locked
(PFD), charge pump (CP) and voltage-c

transistor netlist, divider (D

These circuits cannot be simula
they are modeled in the same wa
transistor netlists as in Fig. 5, and u
models, simulation of features li
locking time takes more than 2
frequency even a week! 

In order to be able to simulate a 
e.g. using a hardware description lan
Fig. 6 shows a block-based modeli
of the frequency now takes in the ran

However such models are not a
must be created by hand. And the p
HDL models down to the transist
another task that has to be solved by

C. Analog Receiver Front End 
The upper left part of Fig. 7

communication system, where at t
channel a simple arrow denotes the
whose block level schematic is give
the figure. For two important compo
mixer and low noise amplifier, the t
It is not possible today to simulate t
from the transistor level up to its
mention of closing the link to the 
complete communication system! 

Figure 6.  HDL model of phase-lo
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ocked loop based on [5]  



Figure 7.  Communication system with analog receiver fr
components mixer and low-noise ampli

IV. ITRS 2011 REQUIREMENTS ON MO
SIMULATION OF AMS CIRCUIT

The three examples in section III corresp
abstraction levels sketched on the right side 
illustrate the requirements on modeling and sim
circuits mentioned in [1]. There are standar
circuits on each of the three levels, which are d
respective modeling languages and correspon
methods. But there is no seamless hierarchic
across the abstraction levels in a viable w
practice, neither bottom up for analysis and 
top down for synthesis and optimization (Fig.
gap between the abstraction levels for a seam
design is the “number one” requireme
development of EDA methods for AMS desig
solution approaches must take into account se
[1]:  

A. Standardized Blocks and Hierarchical Par
Models  
The MOS transistor is established as th

device of integrated circuits and exemplary 
design across levels of abstraction. By model
netlist of transistors, its behavior can be de
performances that are simulated with SPICE
methods. The next lower level of abstraction is

Figure 8.  Hierarchical AMS design: simulation (bottom
(top down) 
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m up) and synthesis 

manufacturing level, which is ca
transistors. This set contains NMO
geometries etc. The structure of
standardized through, e.g., BSIM [6
a variety of parameters, some o
beforehand for the underlying m
some of which are determined durin

The power of the transistor 
immediate reusability in any type
automatism to higher levels of ab
level still does not exist. In order to
the meanwhile powerful modeling m
AMS and SystemC-AMS within a h
standardized circuit blocks have to b

The open question is: What can
of a transistor on a higher level o
more abstract component has a 
reusability in a general design flow?

Independently of that big quest
development of currently prevalent
front ends, A/D and D/A conv
standardized components with 
different levels of abstractions. Thi
standardizing types of blocks, nu
simulation benches, parameters, aut

The ideal goal should be to be a
receiver front end into a schem
system, and further detail its block
netlist implementations for, e.g.,
availability should be open source o
vendor, rather than specific in-house

B. Simulation During Design, Not A
The state of the art in analog d

after having completed the design 
design is based on manually c
structural alternatives and parametr
behavior is modeled through a comp
behavior of basic building blocks lik
identification and behavior compo
practice. 

 In order to boost the design pro
applying simulation within a sem
optimization process is needed. This

1) Put simulation at the beginn
not the end: This means that a desi
such a way that all or most or the m
be simulated. Only at first sight this
Actually, the design problem g
optimization approaches, without 
This saves a lot of design time as m
handled less error-prone.  

2) Simulation Shell Standards f
standard should be developed that d

a) a set of relevant analog 
starting from Opamps to bigger bloc

b) complete sets of performan
like, e.g., PSRR, CMRR, noise figu

aptured through a set of 
OS, PMOS, small or large 
f the transistor model is 
6] or EKV [7], and contains 
of which are determined 

manufacturing process, and 
ng design. 
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 be able to make full use of 
methods in VHDL/Verilog-
hierarchical design process, 
be defined. 
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f abstraction, what type of 
comparable potential for 
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tion, we need a systematic 
t components like receiver 
verters, Opamps towards 
exchangeable models on 
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umbers and types of pins, 
tomatic simulation etc. 
able, e.g., to plug the analog 

matic of a communication 
ks with different transistor 
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or at least through an EDA 
e solutions.  

After Design 
design is to use simulation 

in order to verify it. The 
controlled explorations of 
ric trials or sweeps. Circuit 
position of the basic transfer 
ke differential stages. Block 
sition is mostly manual in 

oductivity, a change towards 
mi-automatic synthesis and 
s includes several aspects: 

ning of the design process, 
ign task is first prepared in 
most important aspects can 
s seems to be a loss of time. 
gains access to powerful 
loosing its physical roots. 
more complex tasks can be 
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c) definitions of simulation bench
performance feature, 

d) definitions of extraction routines to
performance feature from the output w
corresponding simulation. 

Standardization should include circuit de
beyond the pure modeling languages. Such 
consider the hierarchy within AMS systems. I
discussion how to combine/consider a gm/I
W&L-based view on sizing. Based on such a
design automation could be enhanced fr
industrial state of the art, where simulation
often evaluated manually.  

3) Automatic sensitivity calculation of 
features: Sensitivities are a powerful tool to 
the dependencies and correlations among mu
and multiple objectives of a design proble
gradients for optimization. For the perfo
standardized as described before, an autom
calculation with regard to any simulator 
(transistor model or geomeetry parameter, tem
voltage etc) must be available. This 
standardization as well as to simulator capabi
should be able to perform sensitivity calculat
of simulation, AC, DC, TR, HB, etc, and
standards should enforce that models attached
by the user include the required sensitivity equ

4) Curriculum of circuit design and ED
study programs: A feature of the described
that a closer interaction between EDA for
analog/mixed-signal circuits is needed. On on
algorithms need to incorporate circuit design 
deeply. On the other side, design needs to i
formal methods. Another sign of the closer i
requirement for interactive and semi-a
Programmers must know about circuit desi
right interrupts for user input in their tools, an
know about mathematical algorithms to give
As a consequence, university curricula sho
recommend a combination of courses on ana
design and on numerical mathematics and 
specialization that leaves out one side, either
or the optimization side, is a big drawback. 

V. ITRS 2011 REQUIREMENTS ON SYN
OPTIMIZATION OF AMS CIRCUI

The ITRS 2011 edition itemizes some spec
on tools for synthesis and optimization of ana
circuits, which are [1]: 

• interactive generation and select
structures, 

• interactive placement and routing, 
• interactive design for yield and reliabi
• discrete optimization, 
• integration of structural and layout sy
• design space exploration. 

Problem formulations and solution approa
these tasks will be sketched in the following se
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Figure 9.  Structural hierarchy and sig

Please note that the result of 
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a manual inspection of the same circ
automatic design algorithms with m
necessity that immediately follows
interactive design algorithms: the t
“language” of designers not only i
end, but throughout the whole d
inevitable consequence of interactiv
is a shift from statistical to determi
methods.  Statistical solution meth
detailed knowledge on a process
contrary, the manual AMS design
sophisticated proceeding that ha
deterministic/constructive algorithm
required interactivity and compati
application of the method [10] w
algorithm for analog placement [11]

VII. PLACEMENT A

Analog layout is mostly done m
than other analog design tasks, it req
specific solution approaches, which 
difficult. Some recent approaches to 
be found in [12], [13]. Among curren
the method [11] stands out for ex
manual proceeding of analog layou
generates both comprehensive la
placement flow from the inherent h
Fig. 10 illustrates the hierarchical p
that result for the circuit in Fig. 9. Th
of devices that have to comply wit
blocks or symmetric signals (MGB or
proximity from building blocks or 
PGN) constraints. This hierarchy ca
plan” for computing the placement in
way fully compatible with the manua

OPTIMIZATION 
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pproaches concentrate on 
le structures along a circuit 
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ronger interactivity of the 
on methods for a thorough 
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h a method is presented to 

d the qualitative signal flow 
Opamp in Fig. 9). 

 
nal flow ([10] © IEEE 2011) 
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manual design processes is a 
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design process. A further 
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quires strongly application-
makes its automation very 
analog layout synthesis can 

nt analog layout approaches, 
xtensively reproducing the 
ut design. It automatically 
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Figure 10.  Hierarchical placement flow and resulting lay

Fig. 9 ([10] © IEEE 2011) 

For the leaf groups, e.g. MGS,x in Fig. 
placements are enumerated.  For the high
placements are subsequently constructed by eff
the lower-level placements [11]. The search 
bounded by the inherent hierarchy, no stat
required! As a result, all possible aspect ratio
provided. The method works fast for usual an
around 100 transistors. 

Please note that solution algorithms for stru
sizing and layout synthesis have two features: 
and development of numerical optimization 
other is the method to capture design knowledg
into optimization objectives, optimization 
control mechanisms of the optimization pro
should enable semiautomatic and interacti
approaches. 

VIII. DESIGN FOR YIELD AND RELIA

Yield [14], [15], [16] and, more recently
[18] are important issues in analog/mixed-sign
There are sophisticated methods to analyze
yield, available as commercial tools, e.g. Wi
focus of current research on analog reliability
and simulation of aging effects on transis
research has been done on methods for reliabi
of analog circuits [20]. From the results 
reliability optimization should deal with the fo
and questions: 

1. Which circuits and performances are aging
2. Aging and reliability should be considered
3. Reliability and yield optimization should b
4. Sizing with reliability constraints is faste

optimization with aging simulation. 

Item 3 has been targeted in [20] with the co
yield and life-time worst-case distances. Th
worst-case distances [21] was to approximate
linear performance models in the finite stat
element sw,i with highest probability to violate
all specs i:     ߚ௪,௜ଶ ൌ ൫࢙௪,௜ െ ௪,௜࢙ଵ ൫ି࡯଴൯்࢙ െ ࢙
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with s0 being the mean value vec
matrix of statistical parameters s
distance. Aging effects are con
variables that are affected by aging
variables:     ࢙଴ ՜ ;ሻݐ଴ሺ࢙ ࡯  ՜ ௪,௜࢙;ሻݐሺ࡯ ՜ ;ሻݐ௪,௜ሺ࢙ ௜ܻ
Fig. 11 illustrates this for two statist

Figure 11.  Aging leads to a degradation of t
of statistical parameters. This leads to a dec

and yield over lif

A basic reliability optimization 
The flow has been made more effic
of aging simulation, second, apply
lifetime worst-case distance, third, 
circuits (DC aging simulation) [2
mentioned items 1 to 4 is required. 

Figure 12.  Basic reliability optimiz

IX. DISCRETE OP

Most existing sizing tools a
optimization. Most of the design 
actually discrete. For instance, trans
to a given manufacturing grid. Many 
handle discrete parameters by con
subsequent rounding, which is know
hybrid algorithm using Nonlinear P
and-Bound has been developed as
research is required to include param
consider that only discrete paramete
Beyond that, discrete analog optimiz
to consider unordered optimization
where no Taylor-like performance m

X. INTEGRATION OF STRUCTUR

Especially RF circuits cannot be 
consideration of the parasitic effec
submicron technologies, layout effe
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are based on continuous 

parameters, however, are 
sistor geometries must snap 

existing analog sizing tools 
ntinuous optimization with 
wn to be suboptimal [22]. A 
Programming and Branch-
s a first step [23]. More 

meter tolerances [24], and to 
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zation must also be enabled 
n variables, i.e., parameters 

models can be established. 
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sized without simultaneous 
cts from layout. In deeper 
ects more and more have to 



be considered for regular types of analog/mixe
as well. This can be achieved by integrating 
and sizing. For efficiency reasons, layou
frequently applied to model the layout effec
[25], [26], [27]. An interesting approach has b
[28]. Here, the fast deterministic placement 
integrated with the sizing tool [19] to conside
The runtime is still acceptable: it increases
roughly 8 compared to sizing with layout co
integration requires a sophisticated con
generation. More research and development is
to practicable solutions and tools. 

XI. DESIGN SPACE EXPLORAT

Design space exploration is a very importa
automatic/interactive design flow. Trade-offs b
performance objectives and among different
variants, considering parameter toler
sophisticated solution approaches based on Pa
[27], [29], [30], [31], [32], [33], [34]. In [35], t
to systematically span a multi-dimensional 
been introduced and illustrated with analog cir
advanced method to compute yield-optimized
analog circuits has been presented. Fig. 13 ill
situation for two performances of an Opamp. T
that better circuits are in direction of the lower
three fronts given from lower left to upper ri
front, new approach for yield-optimized fron
yield-aware front. It can be seen that negl
suggests a much too optimistic performance 
approach leads to a much better performanc
yield constraint. More research to deal wi
simulation cost in Pareto optimization and to 
other trade-offs, e.g., considering reliability, is 

Figure 13.  Pareto fronts of some opamp ([36] © E

XII. CONCLUSION: IS THERE A BUSINESS
MODEL FOR ANALOG EDA? 

This paper has illustrated requirements o
signal design tools mentioned in the ITRS ro
main messages are that modeling/simulati
systems is urgently missing, and that algorithm
to be compatible with the manual design proce
question that comes up as so many analog ED
disappear after a while is whether there can be
also research) model for analog EDA. My an
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