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Abstract —The electronics industry is increasingly focused on direction: because of the increasing significance of physical
the consumer marketplace, which requires low-cost high-volume effects, there has been a need to observe lower levels of detail.
products to be developed very rapidly. This, combined with gjona) integrity, electro-migration, and power analysis are
advances in deep sub-micron technology have resulted in the . o . .
ability and the need to put entire systems on a single chip. As now adding severe complications to design methodologies
more of the system is included on a single chip, it is increasingly already stressed by the increasing device count. This is true
likely that the chip will contain both analog and digital sections. for both analog and digital design. The total range of design
E}i\l/;'ocprigﬁezhge:: brgtiﬁeg-stfgzlez%/;r:zrgsgntﬁgighli[:)rgs;r?ést f?ﬁ;abstractions encountered in a single design flow is continually
developers of the CAD systems that are used during the designgrowmg’ and pulllng n oppo§|te directions (.abstr'actlon VS
process. This paper presents many of the issues that act to com-detail). Manqglng this increasing range, and insuring t.h'at the
plicate the development of large single-chip mixed-signal sys- System definitions (constraints) are preserved and verified (or
tems and how CAD systems are expected to develop to overcomeyerifiable) through all levels of abstractions and between dif-
these issues. ferent levels is where one becomes acutely aware of the wid-
Index Terms —Design methodology, design automation, mixed ening gaps in today’'s design methodologies. However, to

analog-digital integrated circuits, hardware design languages, meet TTM needs, it is imperative that these be kept under
simulation, integrated circuit layout, integrated circuit model- control

ing, and testing.
The stresses caused by this wide abstraction range and the
I. INTRODUCTION increasing complexity of design at each level of abstraction
uncover significant methodology gaps. These occur both

S . etween abstraction layers as well as within them. Design
ued consumerization of the electronics market place and

- o _ Sthodologies, tools, and flows, evolve to try to hold the
availability of shrinking process technologies are the two furd-e ign “system” together. However, what we see today is just

(éaDrRinta:I forcdei d”V'?g ddesllgt?er_s ’ _(Iiles[{gntn:je_thcl):(_iololgles, Sidl beginning of what is to come, with the new, even smaller,
ools and flows today. This is illustrated in Fig. 1. process technologies.

Time-to-Market m Stressed by cost and performance objectives resulting from
Pressures Designer the consumerization of electronics, designers are driven to

take advantage of the smaller process technologies, putting

Design Increasing Range ~ €ntire systems on chips. Two basic types of systems-on-a-
Methodologies chip (SOC) exist — one that has grown from the ASIC world,
Shrinking Proces Tomws and the_ other frqm t.he custqm IC wor_ld. An e_xample of _th_e
Technologies w former is shown in Fig. 2. This is a design that is mostly digi-

tal. It is a programmable system that integrates most of the

Fig. 1. Design drivers and design methodology gaps. functions of the end product. It contains processors. It has

. . embedded software, peripherals both analog and digital, and
On one hand, TTM pressures, along with the added INteYAS a bus-based architecture. Analog and mixed-signal design

tion aﬁord_ed by newer process t_echnologies, have force%l cks are only integrated if they can be in a reasonable time
move to _h|g_her Ie_vels of_abstractlon to cope W't_h the a(_jd_g d at a reasonable cost. For example, high-frequency RF
complexity in design. This can already be seen in the dlgn'I%lmains as a separate chip for this type of design. For this

_design domain space, where cell based design is rapidly m e of design, the integrator is a digital designer and increas-
ing to Intellectual Property (IP), re-use based or block-basI ly, the cost is in the development of the embedded soft-

design methodologies [4]. On the other hand, shrinking PI@are rather than in the hardware design of the IC.
t

cess technologies have also caused a move in the opposite . ) i
The other type of design, which we will henceforth refer to as

AMS-SOCis shown in Fig. 3. This is a design that began in
the realm of custom mixed-signal designs. These are designs
that are both high in performance and have complex signal

Increasing time-to-market (TTM) pressures due to the cont
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Fig. 2. An ASIC-SOC example. Fig. 4. The design flow.

paths through both analog and digital components. Examp#ages. There are certain design capabilities and tool require-
of these designs include PRML disk drive controllers, xDSments that span the design process. In many ways these are
front-ends, 10/100 base-T physical layers and RF front-entise more difficult for EDA tool vendors to address as they are
This era of process technology has also allowed analog d@vd contained wholly within the expertise of a specific design
mixed-signal designers to begin to integrate significagtage, and of necessity require interaction across the designers
amounts of the functionality of the entire systems onto a siand design tools at each of these stages. Section Il explores
gle chip. However, unlike the case of the ASIC design moviriese complex intra flow issues and how they might be
to SOC, the analog/mixed-signal design is not an “option.” addressed.

is the critical and probably the differentiating part of the ICs

with the digital part optional as to whether or not it is inte- II. THE DESIGN FLOW

grated. In this case, at today’s process technology, embedde

. L . L ?ms section we analyze the main areas that must be
software is not yet a significant issue. The most significan . .
) . . . . - addressed to provide a workable solution to the problem of
issues lie around the design and integration of digital and al

na- : X
log/mixed-signal blocks, d%velopmg successful AMS-SOC designs.

The solution must consist of a set of design methodologies,
tool flows, as well as an appropriate and cohesive set of tools.

RAM All of these are necessary to create a complete solution.
Processof |  DsP While a specific design group may not have the desire or need
for all three, all three must be considered in concert to

develop the complete solution.

“ To provide a framework for what the solution entails, we have

selected specific aspects of the design process and provided
%gf;f,‘ Complex mixed-signal || rF an overview of some of what is needed in each area.
Al . . .
- The design flow of a complex AMS-SOC starts with an idea

and ends with a layout. In between is a series of refinement
and verification steps. First the idea is refined to a series of
These are the designs that are the main focus of this pajggecifications, which are verified by talking to potential cus-
The highest level of abstraction is the system level. Thus,temers. Then the specifications are refined to a functional
this case, the range of abstraction levels spans from the dewlescription or an algorithm, which is verified with system
level (including parasitic devices) through to the system levedimulators. The functional description is refined to an archi-

Due to the complex feedback loops that involve signal aﬂ%cture, which is veriﬁgd_ by simulators that interpret mixeq-
b P gha' p nal hardware description languages (MS-HDL, see Section

. . L [
crossing the interface between digital and analog blocks m E : ;
tiple times, as well as less obvious physical effects betwe iE)- 'I_'he bIo_cks_ are tht_an refined to the tran3|st_or level and
frg‘lverlﬁed with timing simulators or withFE&cE. This repre-

Fig. 3. An AMS-SOC example.

the analog and digital blocks, we believe that we are reachify . ;

a point where ad-hoc “patching” of the design process wiFnts the electrical design process.

not hold it together anymore and allow meeting TTM objed similar process occurs for the physical design. The archi-
tives for this type of design. tecture is converted to a floorplan, which is then refined until

The design methodology needed for the design of AM§]e blocks are laid-out and routed. Verification of the layout

SOCs dictates a design flow that can be broken down inténé{owes checking the layout to assure it matches the sche-
set of design stages as shown in Fig. 4. Section Il explor@?tic and that it satisfies all manufacturability rules. Final

this design methodology and each of the design stages. ME ification involves extracting the circuit from the layout,

not all aspects of design can be neatly separated into th uding layout parasitics, and simulating it with transistor-
evel simulators.
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In high performance analog and MS designs the physidalorder to address these challenges, many design teams are
implementation often has such an impact on the circuit peither looking to, or else have already implemented, top-down
formance that circuit and layout issues must be consideméthodologies [3]. In a basic top-down approach, the archi-
together [44]. As a consequence the physical design is intexeture of the chip is defined as a block diagram and simu-
twined with circuit design and optimization, and the physicéted and optimized using either a MS-HDL simulator or a
implementation is subject to frequent extraction, analyses ay$tem simulator. From the high-level simulation, require-
engineering change orders (ECO's), or incremental modificaents for the individual circuit blocks are derived. Circuits
tions. These frequent disruptions of the design flow are chare then designed individually to meet these specifications.
acteristic of AMS circuit development, and often account fatinally, the entire chip is laid out and verified against the orig-

a good portion of the overall time to market. inal requirements.

Once layout is complete, the whole design is representedAiriew of the key characteristics of these design styles are:
fine detail and the simulations are quite expensive. This psebesign exploration and verification are somewhat sepa-
vents all but basic functionality from being verified at this rate. The combination of greater simulation speed from the
point. Thus, the design process itself must assure, with a highse of high-level behavioral models and the ability to per-
degree of confidence, that the design functions properly in afiorm parametric design make MS-HDL simulation appro-
situations and meets its performance requirements. Thipriate for design exploration. The use of transistor-level
requires that: simulation becomes more focused on verifying that the
» A formal verification plan be developed and followed blocks match the intent of the high-level design.
throughout the design process [18]. The plan must asserBarametric design at the system level. MS-HDLs provide
that the design be verified continually along the design prousers great flexibility in modeling. However, since a funda-
cess. mental objective of the block-level analysis is to develop
The ability to co-simulate blocks at different levels of specifications for the block implementation, good top-down
abstraction so that the design can be continuously verifiegractice is to write the MS-HDL models so that their key
as it progresses from an abstract to detailed levels of reprgerformance characteristics are specified using parameters
sentation. and so can be easily adjusted.

Constraint definition, translation, and verification from the Mixed-level simulation. In general, it is much faster to ver-
architecture level through functional, circuit and physicalify the functionality and performance of a specific block
levels. against its specifications within an MS-HDL representation
Reliable and easy communication of connectivity, con-of the system than it is to verify the entire design “flat” at
straints, parasitics and models between systems, circuit artte circuit level.

layout designers. _ In practice, a final verification of the entire design at the cir-
Extraction of models for each block that falthfully represelatuit |eve|’ in SPICE, may still be desirable for verification of

its behavior and performance as implemented. These Mgy nectivity, proper startup, and the performance of critical

els are used with system or HDL simulators to verify thﬁaths. However, a major objective of most top-down
design from the bottom up. approaches is to eliminate the need to do this more than once

per project.

A. Top-Down Design

. : : These practices require substantial attention early in the

Most analog chips at one time were designed to be general-. S .
o - esign process. This is the essential trade-off of top-down

purpose building blocks optimized for performance, cost, or

low power dissipation. This involved precision work at thmethodologles: more analysis early in design to avoid prob-

transistor level by a specialist. Design exploration and circml;:‘(]:‘tmS later on.

function and performance verification occurred more or led§i€ main objectives of top-down approaches are to optimize
together. For small performance-critical analog and mixeglobally the performance of the design, and to increase the
signal ICs, this remains the dominant design style. For larg@neral predictability of the design schedule. They also make

designs, however, this approach has several problems, inclti@asier to coordinate the efforts of multiple designers work-
ing at least two fundamental ones: |ng in parallel on different parts of the design at once.

1. Simulations take so long that comprehensive analysisTdie principal drawbacks are the need for rigor in the design
the design in manageable time frames becomes probldifPcess, and the need for designers to learn an MS-HDL,
atic. Because of this, projects may be delayed becausavbich presently few have significant familiarity with. Some

the need for extra silicon prototypes caused by inadequ@féhe early proprietary languages acquired a perhaps-justified
verification. reputation as difficult to learn and use. However, modern

2. For large designs, improvements made at the architectdYst-HDL'S like Verilog-AMS are better. Furthermore, our
level generally provide the greatest impact on the perfdiXPerience is that the effort required to make MS-HDL mod-
mance, cost and functionality of the chip. By the time tHg}S iS not only worthwhile, but also drops dramatically over
development reaches the circuit level, meaninngI‘e first few projects, as engineers learn the methodology and

improvements are often very expensive. begin to reuse their existing models.
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Top-down design represents a substantial shift from the w@y Analog Synthesis

most people design today and there is considerable inerg, apility to automatically convert a high-level specification
that acts to slow its adoption. Those that have moved 10 & 4+ pjock to a circuit-level implementation is referred to as

down design style haer seen dramatic Improvements In g hesis. While synthesis is well established in the digital
to-market and the ability to handle complexity. The best Wy, 14 for analog or mixed-signal circuits it is only available
to overcome the inertia that prevents top-down design frqRlgpecial cases, such as for filters. Research into analog syn-
being adopted is to teach the art of top-down design afjghgis has developed over the last two decades in many direc-
behavioral modeling in the universities. tions, from early work on knowledge-based module
compilation [2,8] to more recent optimization intensive
approaches [7,29,36]. Optimization is based either on numer-
System-level design is generally performed by system arcfaial simulation [35] or on analytic models [28]. To help in the
tects. Their goal is to find an algorithm and architecture thgévelopment of analytic models, a significant research effort
implement the required functionality while providing adewent into exploration of symbolic analysis [12,45]. Beyond
quate performance at minimum cost. They use system-les@ddel building, symbolic analysis was also applied to more
simulators, such as Matlab [26] or SPW [48], that allow the@mbitions goals, such as topology exploration with interesting

to explore various algorithms and evaluate trade-offs quickpgsults [27], whose applicability unfortunately is limited to
These tools are preferred because they represent the desigieReted categories of analog circuits.

a block diagram and have large libraries of predefined bloc
for common application areas.

B. System-Level Design

Ib?any attempts at building analog design automation systems
have been made. The most important ones are probably
Once the algorithm is chosen, it must be mapped to a partigdAM [8,9], a commercial product developed at CSEM, and
lar architecture. Thus, it must be refined to the point whepeC ACIA [5,36], developed at CMU, which recently
the blocks used at the system level accurately reflect the wayhanded to include, among other things, RF design [1]. Sev-

the circuit is partitioned for implementation. The blocks mugtral good survey papers provide insight into the extensive
represent sections of the circuit that are to be designed aggearch production in this field [13,43,44].
verified as a unit. Furthermore, the interfaces must be cho%enme commercial offerinas in this space have appeared
carefully to avoid interaction between the blocks that are hard | : I 9 h b T PP
to predict and model, such as loading or coupling. The prlqcent y- Noticeable among others are Neo : 137], a sys- .

. T . : ¥Em for analog cell design automation, which leverages in
mary goal at this phase is the accurate modeling of the bloc St from the technology developed for ACACIA: and Pic-
and their interfaces. This contrasts with the goal during alg%- M . M '

: . > . : ~asso Op-AmpM [38] and Dali RF Tool Suit&™ [39], web-
rithm design, which is to quickly predict the output behawqg
of the entire circuit with little concern about matching thend sizing based on geometric programming [17]. However
architectural structure of the chip as implemented. As suc g g prog 9 ' '

i sigalFarduare descrption anguages (4S-DLE,PS1S/8 et e 0% arey 00 compinty o aaos
such as Verilog-AMS [51] or VHDL-AMS [6,22,52] become 7y gener . P
X . . f analog synthesis will be available in the near future.
preferred during this phase of the design because they allow, 2.7 ) ) )
! : . Instead, it is likely that a variety of design aids and very spe-
accurate modeling of the interfaces and support mixed-leve, : . )
. ; X : . cific module generators will become available for an increas-
simulation (discussed in Section D). ) s i
ing variety of analog cells and blocks to ease the transition

The transition between algorithm and architecture design Ciom high-level specification to circuit-level implementation.
rently represents a discontinuity in the design flow. The tools

used during algorithm design are different from the ones uded Mixed-Level Simulation

during architecture design, and they generally operate off ;g 4 top-down design methodology is expected to become
different design representations. Thus, the design must bees norm for designing complex mixed-signal circuits. As
entered, which is a source of inefficiencies and errors. It alsgch the system architecture will be fully explored and veri-
prevents the test benches and constraints used duringglg ,sing either a MS-HDL or a system simulator before
algorithm design phase from being used during the rest of {48idual blocks are designed. However, once the blocks are

design. designed, they must be verified in the context of the system to
On the digital side, tools such as SPW do provide pathsassure that they will operate properly within the system. At

implementation via Verilog and VHDL generation. Howevethis point, it must be possible to co-simulate behavioral mod-

as of today, they have yet to be tightly integrated into thads and transistor-level circuits together. The block-diagram
remainder of the design flow. Similar capabilities do not yeised in the simulation of the architecture must be refined to
exist for the analog or mixed-signal portions of the design. Ahe point where each block represents a relatively indepen-
alternative is to use Verilog-AMS or VHDL-AMS for bothdent circuit that would be designed as a single unit. Pin-accu-
algorithm and architecture design. This has not been doneadte MS-HDL models are developed for each block and the
date because simulators that support these languages aresjissem is verified using these models.

now becoming available. As such, there is a dearth of appliggse piock designers then take the HDL models and a series of
tion specific libraries. specifications as input and produce the transistor-level sche-

ased tools providing on-demand circuit topology selection
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matic and layout, which are passed back to the system engirefully hand crafted. Manual design does not scale well
neers for integration and verification with the rest of theith circuit size, and custom blocks become the bottleneck of
system. Using the ability to co-simulate transistor-level aride entire flow, even though advanced assisted custom design
behavioral-level descriptions of the blocks, the systemnsethodologies have become available recently [33]. Finally,
repeatedly verified by replacing one-by-one the HDL modduring chip assembly the communication between blocks will
of one block with the transistor-level implementation to verifpe subject to timing, power or signal integrity constraints.
the functionality of the block and its interfaces. This approa@oupling between blocks sometimes determines the inner
greatly reduces the cost of each simulation and increasesdtracture of the blocks themselves. In order to meet these con-
chance that miscommunications concerning block interfacggaints, top-down modifications are forced upon the blocks.

are caught early in the design process. These operations must be kept consistent with the specific
_ _ design flow, often bottom up, used for the authoring of each

E. Physical Implementation block. The need for reentrant and interoperable environments

Physical implementation corresponds to a variety of tasks tf@t the authoring of ASIC-style digital blocks, custom analog

can be grouped into two major areas: blocks, and the assembly of all these parts is a major para-

« Block authoring digm shift that characterizes complex AMS-SOC's.

* Block/chip assembly For the complex ASIC MS SOC designs, a physically aware

These two areas are deep|y intertwined as most design ﬂdwgt,omated synthesis to silicon flow such as being delivered as
require a mix of top-down and bottom-up approaches withP@rt of Envisia® PKS [15] may also be utilized. This flow,
combination of soft and hard blocks, and behavioral, logicahile currently targeting complex deep sub-micron designs,
and physica| representa‘[ions of different parts [4](p189ﬁf)eed5 to be extended in order to be able to read AMS designs.
Therefore any solution will need to incorporate a seamle¥&ile not necessarily implementing the analog portions, this

flow including access to both authoring and assembly of cofRol suite needs to become aware of them and to take them
plex blocks. into account during physically aware synthesis.

For block authoring successful commercial tools, methodole- Physical Verification

gies and flows have been developed over the last few years. ) ) .
However the coordination of different design approaches inf§"Y Powerful technology for physical verification has been

consistent flows and adequate solutions for block assembl{/fy€loped in recent years by the EDA industry. Commercial
still under investigation, especially for mixed-signal applicd2°!S: Such as Cadence’s Assura®, Avant!'s Hercules® and
tions in a SOC environment. Assembly and authoring needigntor Graphics's Calibre®, often include hierarchical capa-
be addressed simultaneously, since a design environmentXgfy for verification and extraction, and present various lev-
large mixed-signal applications requires cooperation betwel Of integration with the block authoring tool suites. The
an interactive editing environment and reentrant automatiéfSuting design cycle improvements have proven not only the
A full custom implementation is also required for most andPortance of an efficient verification tool, but also the criti-
log portions of the design. Finally critical issues such as ity of a solution flow where such a tool is well integrated
reuse [4][24], power management and signal integrity [48{ith all the other applications:

are key to the success of large SOC designs. * using a common database; _
) . * using a common set of interactive commands for browsing
A key component required to guarantee a good integration fixing errors:

between assembly and authoring is the floorplanner. Coml]sing a common user interface look-and-feel:
mercial floorplanning technology today is focused on digitalsupporting the same set of constraints. ’

designs, and it is often poorly equipped to handle AMS issues ) _ ] _
such as noise and signal integrity. While encapsulation%_?me of the proprietary netlist-based integration methodolo-

AMS blocks is available in most commercial tools, it does ni€S are shared by most commercial tools. Digital description

allow a correct representation of the interactions betwelfiguages used for simulation, such as Verilog and VHDL

blocks such as intermodulation, cross talk and substrate nof&&’/€ been extended for AMS designs [22,51], and commer-

and top-level mixed-signal interconnections require specfé"fﬂ verification tools will soon be required to support these
modeling and planning [16]. The organization of power di¢MS extensions.

tribution is significantly different when analog and digitaFrom a strategic point of view, the verification phase must be
supply lines are used, with severe impact on substrate ndisel more closely with the physical design cycle. New con-
[46]. Finally, the design flow often follows a combination oktraint-driven layout applications, able to enforce physical

top-down and bottom up steps very tightly interleaved. and electrical constraints, have recently become available

For example, a design may be partitioned into various digith}4]: These must be matched by corresponding new capabili-
analog, and mixed-signal blocks. Not only may these blocﬂgs in the verification phase, which W|I_I have to become cog-
be designed concurrently, they will be physically realized Bant of the same set of AMS constraints. Substrate coupling
different times and using different implementation flowd10iS€ verification, currently heavily limited for capacity rea-
While large digital blocks can be created using a semi-aut2"S to circuit level within small blocks, must be used to opti-

mated design flow, other custom portions often need to be
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mize the distribution of guard rings and to drive blocklock is replaced by an extracted model. By comparing the
placement in mixed signal systems. results achieved from simulations that involved the netlist and

Yield has a parametric dependency on AMS performang¥tracted models, the functionality and accuracy of the
functions and measurements, which can be captured throfigifacteéd model can be verified. From then on, mixed-level
behavioral and stochastic models. The support of electri€inulations of other blocks are made more representative by
and design constraints derived from these models will enaHfiNg the extracted model of the block just verified rather than

the physical verification phase to help in the design centerifit§ id€alized model. The extracted model may also be used to
analysis. support reuse of the block.

With respect to manufacturing, the verification tools must
also support the increasingly common post-layout processing
techniques such as optical proximity correction (OPC) afdhe previous section described how the design process is par-
new subwavelength lithography processes such as phase $liftned into tasks that support the refinement of complex sys-

Ill. INTRA FLOW DESIGNISSUES

mask (PSM) [23]. tems from a top level architectural concept to a working
physical implementation. In this section we will analyze some
G. Final Verification design issues that cannot be addressed by enhancements to

Final verification is performed by using a physical verifica@Ny Particular point tool in a flow. Instead they require a
tion tool to extract a netlist of the circuit, including parasitic!0listic approach, where every task in the flow must partici-
from the final layout. Of course, such circuits are very largedte in @ comprehensive solution to the design problem. A
and only limited verification is possible. With an AMS-socneéw design methodology, better suited for more complex
it is often possible to do some transistor-level full chip similesign objectives or for more aggressive time to market, can

lation. Typically only areas of special concern that cannot [ made possible by the coordinated operation of all design
sufficiently verified using mixed-level simulation are considPhases.

ered. Examples include power-up behavior and timing of thi#e first consideration is the frequency range of the compo-
critical paths. nents of the SOC. If one or more RF components are present,

In digital blocks, final verification is often performed usingsimulation, verification and physical implementation must all
timing simulators, such as Synopsys’s TimeMill or Avantrgclude very different sets of models, parasitics and perfor-
StarSim. Relative to circuit simulators such as Spice, timifgaNce measurements.

simulators trade accuracy and generality for speed. They g8ignificant advantage in terms of cost and risk reduction for
erally provide at least 20in speed and capacity oveP8E the entire design can be achieved by adopting a constraint-
but are suitable only for estimating the timing of MOS digitadriven approach. However this requires transformation tech-
circuits, and can generally be counted on to produce timingques, and every tool must understand, enforce and verify
numbers that are accurate to within 5% on these circuits. Ar@nstraints.

log circuits or circuits constructed with bipolar transistor

often confuse timing simulators, causing them to run slowE

S : ong the design flow and every single application must be
and give mcorret_:t.result_s. C_ad_ence S ATS overcomes tg\'ﬁle to understand and improve, or at least not reduce, test-
problem by combining a circuit simulator with a timing simu-

> S bility of the entire chip.
lator and so can handle large digital MOS circuits that contaalln y P

some analog or bipolar circuitry. Finally the communication between tools in a complex design

ASIC-SOC v 100 | to b ified usi flow, data integrity, constraint transformations and the simul-
) s are usually too large to be verilied using a%neous use of multiple models and levels of abstraction

a similar fashion, testability considerations must be carried

typ;g of.tran3|s.torc-jle://\7ltﬁ |rt:1utltat|on. Inste'?d t;."“om'g!o .\(/je” equires a strong software infrastructure with standards and
cation Is required. 4Vl ottom-up verification, INANIAUa| e 305 to which all applications must adhere.

blocks are extracted and characterized, macromodels are cre-
ated that exhibit the behavior and performance of the block s g

implemented, and the macromodels are combined and simy-

lated using a fast high-level simulator, such as a SPW or-g e addition of RF to a mixed-signal chip adds considerable

AMS simulator. In practice this is done by refining the mod3S and so is done sparingly today. Itis common to find the

els for the blocks used during the top-down design. To red\\.EEt Ftrgnscelver Iptaths Cc:?bl')ned E/)V'thda frequer_wy sy?rt]heylzer,
the chance of errors, it is best done during the mixed-le It IS unusual to see the baseband processing or the micro-

simulation procedure. Thus, the verification of a block b ontroller combined with the RF sections. This is expected to

mixed-level simulation becomes a three step process. First gnge with the development of relatively low performance

proposed block functionality is verified by including an ideal- systems such as Bluetooth aqd Home_RE. Here, the Ir_alrge
glumes and low costs make a single chip implementation

ized model of the block in system-level simulations. Then, tHYs i hile the | ¢ kes it feasibl
functionality of the block as implemented is verified b§ompe Ing, while the low pertormance makes it 1easiole.
nce success is achieved here, higher performance systems

replacing the idealized model with the netlist of the bIole .
This also allows the effect of the block’s imperfections on th%mh as PCS and 3G phones are expected to be implemented

system performance to be observed. Finally, the netlist of fea single chip. The wireless market will be an important
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technology driver for MS-SOCs, and of course, including thelectrical constraintsaapply to specific signals in the circuit.
RF sections is crucial. Hence, these constraints require an RTL or schematic level

There are several aspects of RF that make this a challerl; presentation of the circuit where nets and devices are identi-
First and foremost, RF circuits operate at very high frequefP!€- Examples are timing, parasitics, IR drop, crosstalk
cies, typically between 1-5GHz. Wires that carry RF signdliS€ substrate coupling noise and electro-migration.
must be short and carefully placed to avoid interferencdgecause of their extraordinary importance in the design of
Floorplanning, layout, and packaging must take this infigital CI.I'CUI'[, tlmlng constraints need t.o be handled by aI.I
account. Accurate models are needed for the active devicdg]thesis and physical tools. As mentioned above, special
the interconnect, the package, and passive components, 5@(ﬂsformaﬂons into physmal constraints such as net length or
on and off chip. For example, spiral inductors are used §Racing between devices have been commonly adopted by
chip and ceramic or SAW resonators are used off chip. OftBfySical tools. In the case of more complex constraints, anal-
exotic process are used, such as SiGe or SOI, which afféftis and design tools might need to be entirely redesigned to
both the active and passive models. Links to field solvers aPPerly take them into account. An example is the case of

the ability to read in files of S-parameters is necessary RgWer and ground routing with mixed analog and digital sup-
assure adequate verification. ply lines [46,47].

Another important challenge is that RF circuits can be senbin@!ly, design constraintare used to characterize the behav-
tive to interference from signals generated in the digital pdP" ©f individual components in terms of their I/O signals and
tion of the circuit. Signals at the input of a receiver can be BE"formance. Examples are throughput, slew rate, bandwidth,
small as L1V. Any signals that couple into the front-end of #&in, Phase margin, power dissipation, jitter, etc. These can be
receiver through the substrate, supplies, interconnect, or paghecified on a circuit characterized by a model at any level of

age degrades its sensitivity. The ability to accurately mod&istraction, from behavioral to physical. With complex AMS

these portions of the circuit and predict coupling is importartliPS, design constraints might include specifications on

sophisticated measurements such as distortion, noise and fre-

A third challenge is that in the RF section of a transceiver, tﬁ%ency response.

information signal is present as a relatively low frequenc

modulation on a high frequency carrier. Simulating these c%—o far design constraints have not been handled adequately by
mmmercial applications. The main reason is that their

cuits is expensive because the high frequency carrier necesS

tates a small time step while the low frequency modulatiGiiforcement is usually impractical, since they require a trans-
requires a long simulation interval. RF simulators provid@mation into a set of electrical or physical constraints in
special analyses that are designed to efficiently simulate th@§der to be handled by automatic applications. Another rea-
circuits, but they are incapable of including the non-RF setQ" IS the lack of a standard to represent these measurements

tions [30]. One possible solution to these problems is to ,aad their constraints, consistent with the high-level behavioral
the RF simulator to extract macro-models of the RF block&2deling language. Such a standard should provide a descrip-

that can be efficiently evaluated in an AMS simulator [40,4110n Of the dependencies between electrical and design con-
42]. straints when such transformation is actually performed.

_ A constraint management system therefore must have the fol-
B. Constraint Management lowing characteristics:

Especially in the design of an SOC, several levels of abstradt must be able to handle constraints of different types
tion are used in different phases and using different modelddesign, electrical and physical) in a consistent way with a
The formulation of constraints, their management [34] alondanguage applicable to all relevant description models.
every phase in the design, their validation, verification artdt must provide a way to facilitate transformations [31],
enforcement are extremely critical to the consistency of thavhich can be fairly complex especially for mixed-signal
design flow. Furthermore, the design of analog and M/S sysapplications where the behavioral description of blocks
tems is a process of progressive constraint refinement, whef8ight be quite abstract from the actual implementation.

data tolerances and their level of confidence change at everfhis includes mapping of digital-to-analog and vice versa,
step. as well as generation of noise constraints from coupling

Physical constraintspply to the physical entities used to petween interconnections or through the substrate. It also

: . includes use of behavioral and stochastic models to generate
implement the layout. Examples are distances, area anq

: . . €lectric constraints for design centering.
aspect ratio, alignment between instances etc. Some commei-

cial tools used for physical implementation such as IC-Crafts- must be able to provide a consistency check to validate

) . : . —ronstraints and detect infeasible specifications and over-
man [14] have achieved good results in enforcing physica : o
) S ; - . 2> ““constraints as early as possible in order to reduce the num-
constraints within the context of their specific application.

. . : er of design iterations.
Academic research has also devoted considerable attention : - .
; . : . s Constraints must be verifiable. That means that analysis and
physical constraints, especially for analog design applications .. . N
. 4 : Verification tools must be able to access the definition of
[5,32]. Some physical constraints such as distances, are rou- .
; I . .. _measurements and evaluate the corresponding performance
tinely used to enforce timing and cross-talk specification . : :
unctions using the appropriate models.

during placement and routing.
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C. AMS Test digital side, the tools currently do not take sufficient account

Generally, the last thing done for a design before it is sent3bthe Physical affects during the logical and planning design
manufacturing is test program development. Verifying the td4#2Ses. This results in designs that cannot meet the con-
program involves running it on a working model of the Chipstra.mts when phy.smalliy reaﬁzed, and thereby require costly
which is only available late in the design process. This €sign rework (silicon iterations). But worse than these spe-
costly in two important ways. First, mixed-signal testers af:éflclllmltatlc.)ns that are pelng addressed at a localized level is
very expensive, and test development can tie up thdbe interaction pf the digital and ar_lalog design processes. Not
machines for long periods of time. Second, starting test dev@flly do the digital and analog design tools tend to be targeted
opment at the end of the design process greatly prolongs Ay to their specific design methodologies, they frequently

time-to-market. If instead of running the test program on &o not take into account the effects of their counterparts. Even
actual chip, it can be run on a simulated version of the chif€ communication of these tools between the digital and ana-

then it is possible to address both of these issues [25]. 109 domain tends to be in different forms than the other
) ) expects, thereby making it difficult, or impossible, to create

If & top-down design methodology is used, then a systegy efficient design flow that ensures data integrity.

level model of the chip exists early in the design process. This

system-level model can be used during the developmentl@create a truly efficient design environment for AMS-SOC
the test program. Thus, the test engineers can becof§i9n. we need to start from scratch. First, the AMS-SOC
involved with the project much earlier, and like the blocK€Sign methodology needs to be defined. Given that method-

designers, are given a working virtual prototype of the chip f{°9Y: & design flow can be specified. This flow will then
the form of a system-level model [10,11]. This improveglea”y dictate the necessary tools, design representations and
communication between the test and design engineers, acfid® formats that are needed to convey all needed data both
greatly reduce the cost of test development, allows the t¥4fhin @ design stage, and across design stages. Such a defini-
programs to be more thoroughly verified, and permits the tdign is the contract, or infrastructure, to which all tools must

programs to be developed concurrently with the chip. All &onform.

which helps to insure that the test program is available &ven this infrastructure it then becomes possible to design
soon as the chip is ready to be manufactured. In additidapls that will not only have the necessary functionality, but
involving the test engineers while the design is ongoingill by definition be plug-and-play in an efficient solution. By
allows fault simulation and design for test to be attemptekus restricting the data locations that all tools must both read
[21]. and write data to, as well as the allowed formats, it becomes

Commercial tools are available that allow test developme?ﬁSSible to insert tools as needed into the flow without requir-
on virtual prototypes of the chip, but they do not as yet sulhg a redesign of other components. It also becomes possible

port Verilog-AMS or VHDL-AMS [50,55]. o create utilities that perform design integrity checks. With a
’ restricted set of formats dictated by the needed abstraction
D. Infrastructure levels, as opposed to the eccentricities and whims of a tool

The AMS-SOC design stages we have described are f(r:iee_signer, the typ_es of c.hecks needed.is greatly reduced and
o . o . confined to what is required by the design methodology.
guently addressed by specific tools, or mini flows, in isolation
by existing EDA vendors. This is not surprising as most vefferhaps the most import of these formats will be the MS-
dors have a rather small subset of the tools required in a cdiPLs. They are expected to be used as a common language
plex AMS-SOC solution flow. This correspondingly restrictéor representing the design and will be understood by most
how much of the problem they are able to address. Withd@@!s, even those from competing vendors. As such, tools
access to the internals of the tools within the flow, and witether than simulators are expected to be extended to support
out co-operation between vendors, problems cannot @€ or both of the MS-HDLs. The MS-HDLs are also open
addressed where they are best addressed. This leads $tradard languages, which means there will be greater will-
patched together rats nest of tools, which can be, with a lotiBgness by the design and EDA communities to invest in
wasted time, manual user intervention, and design iteratiofl§veloping model libraries and support tools for these lan-
used to create chips that eventually work. Such patchifgages. MS-HDLs are also likely to develop into a medium of
together of tools can never succeed in creating an efficiéfchange between block authors and block integrators.

design environment capable of the fast time to market thatis ) o
needed in today’s AMS-SOC market. E. Mixed-Signal Hardware Description Languages

Further, many of the tools in use today were not designed fpth Verilog-AMS and VHDL-AMS have been defined and
the complexities and sizes implicit in AMS-SOCs. This manfimulators that support these languages are becoming avail-
fests itself both in the analog and the digital design tools frofp!€- These languages are expected to have a big impact on
front end through physical realization. On the analog sid&€ design of mixed-signal systems because they provide a
most tools still target traditional transistor-based bottom-@9!€ language and a single simulator that are shared
design methodologies. The capacity of such capture and afgiween analog and digital designers. It will be much easier
ysis tools is inherently limited. Further, the physical realizd2 Provide a single design flow that naturally supports analog,

tion of such designs is a largely manual process. On tfligital and mixed-signal blocks, making it simpler for these



KUNDERT, ET AL: DESIGN OFMIXED-SIGNAL SYSTEMS ONCHIP 1569

designers to work together. It also becomes substantiadige, a full-custom design style becomes impractical. With
more straight-forward to write behavioral models for mixedtircuits of this size, the AMS-SOCs described above become
signal blocks. Finally, the AMS languages bring strong everilocks that are combined with very large digital blocks such
driven capabilities to analog simulation, allowing analogs micro-controllers to form ASIC-SOCs. In this case, the
event-driven models to be written that perform with the spe@dended complexity of the interaction between mixed-signal
and capacity inherited from the digital engines. blocks is relatively low and a top-down design style that

It is important to recognize that the AMS languages are ppp_(_:ludes.the mixed-signal blocks is usually ngt necessary. The
marily used for verification. Unlike the digital languages, th@ix€d-signal blocks can generally be designed with little
AMS languages will not be used for synthesis in the foresdBteraction from the system engineer.
able future because the only synthesis that is available fois hoped that the mixed-signal blocks could be designed in
analog circuits is very narrowly focused. advance as relatively generic components and incorporated
into many designs. To support this, the mixed-signal blocks
1) Verilog-AMS:Verilog-A is an analog hardware descriptiomust be designed for reuse. At a minimum this implies that
language patterned after Verilog-HDL [19]. Verilog-AMScertain documentation be available that describes the block.
combines Verilog-HDL and Verilog-A into a MS-HDL that isstandards that specify what type of documentation is required
a super-set of both seed languages [51]. Verilog-HDL prRave been set by the Virtual Socket Interface Alliance (VSIA)
vides event-driven modeling constructs, and Verilog-A pres4]. In addition, if the block is large it may be required to be
vides continuous-time modeling constructs. By combiningmbedded in special interface collars to make it easier to
Verilog-HDL and Verilog-A it becomes possible to easilymport them into an ASIC-SOC. These collars provide a stan-

write efficient mixed-signal behavioral models. Verilog-AMSjard interface and guard-banding to provide some degree of
also provides automatic interface element insertion so th&dlation from the rest of the circuit.

analog and digital models can be directly interconnected ever . : . -
if their terminal / port types do not match. It also provid(;@&h the rapid changes in technology, and with the difficulty

. of migrating mixed-signal blocks to a new technology, it is
support for real-valued event-driven nets and back annotatlngn . . .
) . generally not possible to reuse a single block design more
interconnect parasitics. : . :

. . . than a few times. Thus, preparing a design for reuse must take
A commercial version of Verilog-AMS that also supportgignificantly less effort than redesigning the block for a new
VHDL is expected soon from Cadence Design Systems. application. An important task when preparing a block for

_ i . reuse is generating a high-level model of the block that cap-
2) VHDL-AMS:VHDL-AMS [6,22,52] adds continuous timey, e jts essential behavior. This model is used to evaluate the

modeling constructs to the VHDL event-driven modeling lanyjtapility of the block for use in follow-on projects. It must

guage [20]. Like Verilog-AMS, mixed-signal behavioralgyre the significant imperfections of the block, and must
models can be directly written in VHDL-AMS. Unlike with pe generated as a bi-product of the block design with little
Verilog, there is no analog-only subset. extra effort by a person with limited modeling skills.

VHDL-AMS inherits support for configurations and abstragt,en though the design community has become familiar with
data types from VHDL, which are very useful for top-dowpy,ese jssues and understands well the advantages, reuse today
design. However, it also inherits the strongly typed nature @f il ysed infrequently. Organizations such as VSIA have
VHDL, which is a serious issue for mixed-signal designgayen on significant roles to define standards and methodolo-
Within VHDL-AMS you are not allowed to directly intercon-ios  However more work needs to be done especially to
nect digital and analog ports, and there is no support for a”?@auce the overhead on designers, and to define widely

matic interface element insertion built-in to the language. Hbcepted practices for design for reuse and IP interchange.

fact, you are not even allowed to directly connect ports from

an abstract analog model (a signal flow port) to a port from'41€ Main areas for improvement are:

low-level analog model (a conservative port). This makes"i2€Sign methodologies that improve the chances a block can
difficult to support mixed-level simulation. These deficienciesP® reused such as interface-based design for digital blocks.
have to be overcome by a simulation environment makiﬁdpterface verification and IP qualification and certification.

VHDL-AMS much more dependent on its environment. This ools that help create matching behavioral blocks for actual

should slow deployment of effective VHDL-AMS-based &nalog implementations. _ _
flows. « Formal and robust techniques to associate constraint sets to

. . the behavioral description of mixed-signal blocks
A commercial version of VHDL-AMS that also supports Ver- . , o
ilog is available from Mentor Graphics [53]. A VHDL-AMS Once blocks are designed and made available for reuse, it is
simulator is also expected soon from Analogy [53]. also necessary for them to be easily accessible to other
designers. As such, the ability to automatically generate data-

F. Design Reuse sheets for the blocks and publish them on the web so that they

re easily searched and browsed by other designers. These

The push to reduce costs for the consumer market place Rlasheets should include an accurate high-level model that

Increasing mte_gratmn W|II_resuIt_|n Iarg_er apd more complecean be used to audition the block in the intended system.
systems on chip. Once mixed-signal circuits exceed a certain



1570 IEEE RANSACTIONS ONCAD, voL. 19,No0. 12, DECEMBER 2000

IV. SUMMARY IEEE Journal of Solid-State Circuitsol. 24, no. 3, pp. 659-
671, June 1989.

C. Force, T. Austin. Testing the design: the evolution of test

In this paper we have analyzed the problems that must %?O]
simulation.International Test Conferenc@/ashington 1998.

addressed in the immediate future to handle the complexity

SySte”? on a chip de_S|gns for m|xec_i-S|gnaI applications. O:ﬂé] C. Force. Integrating design and test using new tools and tech-
analysis shows that in many areas improvements are requireé niquesIntegrated System DesigRebruary 1999.

not o_nIy in the tools, but in t_he entire design methodology. 2] G. G. E. Gielen, H. C. C. Walscharts and W. M. C. Sansen.
solution for AMS-SOC requires advanced tools, well defined ~ jsaac: A symbolic simulator for analog integrated circuits.
flows, an infrastructure supporting design reuse and excellent 1EEE Journal of Solid-State Circuitsol. 24, no. 6, pp. 1587-
communication between the interacting resources participat- 1597, December 1989.

ing in the design flow. It also requires designers that are wil[13] G. Gielen, P. Wambaqg and W. Sansen. Symbolic analysis
ing and able to change the way that they design. To change, methods and applications for analog circuits: a tutorial over-
they must have a broader set of skills, such as a understanding ‘r’L'g" Izrgogc;edmgs ofthe IEEROI. 82, no. 2, pp.287-304, Feb-
of modeling and a familiarity with MS-HDLs. Graduate and Y '

continuing education should be expanded to provide thegled'] Eh;gggﬂgg%?ggg:;{:?n[)%%t?g %‘;g extractigiectronic
skills. ' '

[15] R. Goering. Cadence claims synthesis cdtlectronic Engi-
A significant market is opening up for large mixed-signal  neering TimesJuly 12, 1999.
consumer applications using SOC devices in the next feys] R. S. Gyurcsik and J. C. Jean. A generalized approach to rout-
years. Some major EDA vendors are already positioning ing mixed analog and digital signal nets in a chantieEE
themselves to provide technology and comprehensive ser- Journal of Solid-State Circuifs/ol. 24, no. 2, pp. 436-442,

. . . . . . April 1989.
vices in this arena. This effort will have to include not only

. : : 1 M. D. M. Hershenson, A. Hajimiri, S. S. Mohan, S. P. Boyd and
large scale tools for specific tasks such as a mixed signal fiddr T.H. Lee. Design and optimization of LC oscillatoiEEE/

planning, but also a consistent representation for the charac- acpm international Conference on Computer-Aided Design,

terization of mixed-signal behavioral data (and measure- Digest of Technical Papers (ICCAD ‘99)p. 65-69, November

ments) at all levels of abstraction and for constraints. Finally = 1999.

it will require utilities for design integrity checking, con- [18] J. Holmes, F. James, and |. Getreu. Mixed-signal modeling for

straint validation, and manufacturing sign-off. ICs. Integrated System Design Magazine, June 1997.

[19] Standard Description Language Based on the VeFiN)leard-
ware Description Languag¢iEE Standard 1364-1995.

) [20] VHDL Language Reference ManudEEE Standard 1076-
[1] M. Aktuna, R. A. Rutenbar and L. R. Carley. Device-level early 1993.

floorplanning algorithms for RF circuittEEE Transactions on L
Computer-Aided Design of Integrated Circuits and Systemgl] llEllzzlg Lls_tglggrd for a Mixed-Signal Test BUEEE Standard

vol. 18, no. 4, pp. 375-388, April 1999. [22] Definit ¢ Anal d Mixed-Sianal E ) \EEE
[ efinitions of Analog and Mixed-Signal Extensions to
[2] L. R. Carley, R. A. Rutenbar. How to automate analog IC de Standard VHDLIEEE Standard 1076.1-1999

signs.IEEE Spectrumvol. 25 no. 8, pp. 26-30, Aug. 1988. ) ] )
[3] H. Chang, E. Charbon, U. Choudhury, A. Demir, E. Felt E[23] A.B. Kahng and Y. C. Pati. Subwavelength lithography and its
) L P o o T potential impact on design and EDRroceedings of the
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