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Abstract—The electronics industry is increasingly focused on the

Time-to-Market

consumer marketplace, which requires low-cost high-volume prod- Pressures Designer ,
ucts to be developed very rapidly. This, combined with advances -

in deep submicrometer technology have resulted in the ability and Design Increasing Range
the need to put entire systems on a single chip. As more of the Methodologies

system is included on a single chip, it is increasingly likely that the
chip will contain both analog and digital sections. Developing these
mixed-signal (MS) systems-on-chip presents enormous challenges
both to the designers of the chips and to the developers of the com-
puter-adidec_:l design (CAD) systems that are _used during the design Fig. 1.
process. This paper presents many of the issues that act to com-
plicate the development of large single-chip MS systems and how . . . . .
CAD systems are expected to develop to overcome these issues. € Widening gaps in today’s design methodologies. However,
) ) ) to meet TTM needs, it is imperative that these be kept under
Index '.I'erms—DeS|gn.automat|on., d§5|gn me_thodology, harq- control.
ware design languages, integrated circuit layout, integrated circuit . . .
modeling, mixed analog-digital integrated circuits, simulation,  TNhe stresses caused by this wide abstraction range and the
testing. increasing complexity of design at each level of abstraction un-
cover significant methodology gaps. These occur both between
abstraction layers as well as within them. Design methodolo-
gies, tools, and flows, evolve to try to hold the design "system"
NCREASING time-to-market (TTM) pressures due to theogether. However, what we see today is just the beginning of
continued consumerization of the electronics market plaedat is to come, with the new, even smaller, process technolo-
and the availability of shrinking process technologies are tigges.
two fundamental forces driving designers, design methodolo-Stressed by cost and performance objectives resulting from
gies, and electronic design automation (EDA) tools and flovise consumerization of electronics, designers are driven to take
today. This is illustrated in Fig. 1. advantage of the smaller process technologies, putting entire
On one hand, TTM pressures, along with the added integgstems on chips. Two basic types of systems-on-a-chip (SOC)
tion afforded by newer process technologies, have forced a mawést—one that has grown from the application-specific inte-
to higher levels of abstraction to cope with the added complexigyated circuit (ASIC) world, and the other from the custom in-
in design. This can already be seen in the digital design domé#égrated circuit (IC) world. An example of the former is shown
space, where cell based design is rapidly moving to intellectual Fig. 2. This is a design that is mostly digital. It is a pro-
property (IP), re-use based or block-based design methodaljpammable system that integrates most of the functions of the
gies [4]. On the other hand, shrinking process technologies harel product. It contains processors. It has embedded software,
also caused a move in the opposite direction: because of thegeripherals both analog and digital, and has a bus-based archi-
creasing significance of physical effects, there has been a néeeture. Analog and mixed-signal (MS) design blocks are only
to observe lower levels of detail. Signal integrity, electromigrantegrated if they can be in a reasonable time and at a reason-
tion, and power analysis are now adding severe complicaticsisle cost. For example, high-frequency radio frequency (RF) re-
to design methodologies already stressed by the increasing mhains as a separate chip for this type of design. For this type of
vice count. This is true for both analog and digital design. Ttaesign, the integrator is a digital designer and increasingly, the
total range of design abstractions encountered in a single desigst is in the development of the embedded software rather than
flow is continually growing, and pulling in opposite directionsn the hardware design of the IC.
(abstraction versus detail). Managing this increasing range, and he other type of design, which we will, henceforth, refer to
insuring that the system definitions (constraints) are presena&slAMS-SOCis shown in Fig. 3. This is a design that began in
and verified (or verifiable) through all levels of abstractions antie realm of custom MS designs. These are designs that are both
between different levels is where one becomes acutely awaréigfh in performance and have complex signal paths through
both analog and digital components. Examples of these designs
: . . . include PRML disk drive controllers, xDSL front-ends)/100
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Fig. 4. The design flow.

Fig. 2. An ASIC-SOC example.
Il. THE DESIGN FLOW

In this section, we analyze the main areas that must be ad-

RAM dressed to provide a workable solution to the problem of devel-
Processor DSP oping successful AMS-SOC designs.
NV The solution must consist of a set of design methodologies,

tool flows, as well as an appropriate and cohesive set of tools.

All of these are necessary to create a complete solution. While
l Digital 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 an
overview of some of what is needed in each area.

The design flow of a complex AMS-SOC starts with an idea
Fig. 3. An AMS-SOC example. and ends with a layout. In between is a series of refinement

and verification steps. First, the idea is refined to a series of
“option.” It is the critical and probably the differentiating partspecifications, which are verified by talking to potential cus-
of the ICs with the digital part optional as to whether or not tomers. Then the specifications are refined to a functional de-
is integrated. In this case, at today’s process technology, esaription or an algorithm, which is verified with system simu-
bedded software is not yet a significant issue. The most sigriidtors. The functional description is refined to an architecture,
icant issues lie around the design and integration of digital andhich is verified by simulators that interpret MS hardware de-
analog/MS blocks. scription languages (MS-HDLSs), see Section IlI-E). The blocks

These are the designs that are the main focus of this pagee then refined to the transistor level and are verified with
The highest level of abstraction is the system level. Thus, in thiming simulators or with 8ICE. This represents the electrical
case, the range of abstraction levels spans from the device lelesign process.

(including parasitic devices) through to the system level. A similar process occurs for the physical design. The archi-

Due to the complex feedback loops that involve signal patkecture is converted to a floorplan, which is then refined until
crossing the interface between digital and analog blocks mtite blocks are laid-out and routed. Verification of the layout
tiple times, as well as less obvious physical effects between theolves checking the layout to assure it matches the schematic
analog and digital blocks, we believe that we are reachingaad that it satisfies all manufacturability rules. Final verifica-
point where ad-hoc “patching” of the design process will ndion involves extracting the circuit from the layout, including
hold it together anymore and allow meeting TTM objectives fdayout parasitics, and simulating it with transistor-level simula-
this type of design. tors.

The design methodology needed for the design of AMS- In high-performance analog and MS designs, the physical
SOCsdictates a design flow that can be broken down into a seiraplementation often has such an impact on the circuit per-
design stages as shown in Fig. 4. Section Il explores this desfgmmance that circuit and layout issues must be considered to-
methodology and each of the design stages. But not all aspeggther [44]. As a consequence the physical design is intertwined
of design can be neatly separated into these stages. Therewatle circuit design and optimization, and the physical imple-
certain design capabilities and tool requirements that span thentation is subject to frequent extraction, analyzes and engi-
design process. In many ways, these are the more difficult foeering change orders, or incremental modifications. These fre-
EDA tool vendors to address as they are not contained whotjyent disruptions of the design flow are characteristic of AMS
within the expertise of a specific design stage, and of necesdgitgcuit development, and often account for a good portion of the
require interaction across the designers and design tools at eadrall time to market.
of these stages. Section Il explores these complex intraflow is-Once layout is complete, the whole design is represented in
sues and how they might be addressed. fine detail and the simulations are quite expensive. This pre-

Complex mirxadwsignal
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vents all but basic functionality from being verified at this point. use of high-level behavioral models and the ability to per-
Thus, the design process itself must assure, with a high degree form parametric design make MS-HDL simulation appro-
of confidence, that the design functions properly in all situations  priate for design exploration. The use of transistor-level
and meets its performance requirements. This requires the fol- simulation becomes more focused on verifying that the
lowing. blocks match the intent of the high-level design.

« A formal verification plan be developed and followed ¢ Parametric design at the system level. MS-HDLs provide
throughout the design process [18]. The plan must assure users great flexibility in modeling. However, since a fun-
that the design be verified continually along the design ~ damental objective of the block-level analysis is to de-
process. velop specifications for the block implementation, good

« The ability to co-simulate blocks at different levels of ab-  top-down practice is to write the MS-HDL models so that
straction so that the design can be continuously verified as  their key performance characteristics are specified using
it progresses from an abstract to detailed levels of repre- parameters and so can be easily adjusted.
sentation. * Mixed-level simulation. In general, it is much faster to

« Constraint definition, translation, and verification fromthe ~ Verify the functionality and performance of a specific

architecture level through functional, circuit and physical ~ block against its specifications within an MS-HDL rep-
levels. resentation of the system than it is to verify the entire
Reliable and easy communication of connectivity, con-  design “flat” at the circuit level.

straints, parasitics and models between systems, cirdwifpractice, a final verification of the entire design at the circuit
and layout designers. level, in SPICE, may still be desirable for verification of con-
Extraction of models for each block that faithfully reprenectivity, proper startup, and the performance of critical paths.
sent its behavior and performance as implemented. The$ewever, a major objective of most top-down approaches is to
models are used with system or HDL simulators to verifgliminate the need to do this more than once per project.

the design from the bottom up. These practices require substantial attention early in the de-
sign process. This is the essential tradeoff of top-down method-
A. Top-Down Design ologies: more analysis early in design to avoid problems later

Most analog chips at one time were designed to be gener%’ﬂ-' ] o o
purpose building blocks optimized for performance, cost, or low The main objectives of top-down approaches are to optimize

power dissipation. This involved precision work at the transistgfoPally the performance of the design, and to increase the gen-
level by a specialist. Design exploration and circuit functiofral predictability of the design schedule. They also make it
and performance verification occurred more or less together. §Si€r to coordinate the efforts of multiple designers working
small performance-critical analog and MS ICs, this remains tHeParallel on different parts of the design at once.

dominant design style. For large designs, however, this approacf{ € principal drawbacks are the need for rigor in the de-

has several problems, including at least the following two fu§ign process, and the need for designers to learn an MS-HDL,
damental ones. which presently few have significant familiarity with. Some of

. . . ._the early proprietary languages acquired a perhaps-justified rep-
1) Simulations take so long that comprehensive analysis glE\tion zspdifﬁculttoylear?l an% use CI]—|oweveE modirnJ MS-HDLsp
the design in manageable time frames becomes problem- . ) ! . .

. . : Ike Verilog-AMS are better. Furthermore, our experience is that
atic. Because of this, projects may be delayed becausitg?effort ?equired to make MS-HDL models is n%t only worth-
the need for extra silicon prototypes caused by inadequatg. ) . .

P yp y q w§|le, but also drops dramatically over the first few projects,

verification. ) ) .
2) For large designs, improvements made at the architect G8/€N9ineers learn the methodology and begin to reuse their ex-
level generally provide the greatest impact on the perfo'?—tlng models. . . :
mance, cost and functionality of the chip. By the time Top-down deS|g|_n represents a substa_ntlal Sh'.ft from th_e way
the development reaches the circuit level, meaningful in[Eost people design today and there is considerable inertia
' that acts to slow its adoption. Those that have moved to a

provements are often very expensive. . L .
. top-down design style have seen dramatic improvements in
In order to address these challenges, many design teams arGHk-to-market and the ability to handle complexity. The best

ther looking to, or €lse have already implemented, top-do y to overcome the inertia that prevents top-down design

methodologies [3]. In a basic top-down approach, the archith—m being adopted is to teach the art of top-down design and
ture of the chip is defined as a block diagram and simulat% havioral modeling in the universities

and optimized using either a MS-HDL simulator or a system
simulator. From the high-level simulation, requirements for the .
individual circuit blocks are derived. Circuits are then designdét Systém-Level Design
|nd|V|duaIIy to meet these specifications. FinaIIy, the entire Chlp System_|eve| design is genera”y performed by system archi-
is laid out and verified against the original requirements.  tects. Their goal is to find an algorithm and architecture that
A few of the key characteristics of these design styles are jagplement the required functionality while providing adequate
follows. performance at minimum cost. They use system-level simula-
» Design exploration and verification are somewhat septors, such as Matlab [26] or SPW [48], that allow them to explore
rate. The combination of greater simulation speed from thvarious algorithms and evaluate tradeoffs quickly. These tools



1564 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 19, NO. 12, DECEMBER 2000

are preferred because they represent the design as a block ARAM [8], [9], a commercial product developed at CSEM,
gram and have large libraries of predefined blocks for commamd ACACIA [5], [36], developed at CMU, which recently
application areas. expanded to include, among other things, RF design [1].

Once the algorithm is chosen, it must be mapped to a partféeveral good survey papers provide insight into the extensive
ular architecture. Thus, it must be refined to the point where thesearch production in this field [13], [43], [44].
blocks used at the system level accurately reflect the way theéSome commercial offerings in this space have appeared re-
circuit is partitioned for implementation. The blocks must repsently. Noticeable among others are NeoCell [37], a system for
resent sections of the circuit that are to be designed and verifsthlog cell design automation, which leverages in part from the
as a unit. Furthermore, the interfaces must be chosen carefigighnology developed for ACACIA; and Picasso Op-Amp [38]
to avoid interaction between the blocks that are hard to predistd Dali RF Tool Suite [39], web-based tools providing on-de-
and model, such as loading or coupling. The primary goal at thitand circuit topology selection and sizing based on geometric
phase is the accurate modeling of the blocks and their interfagesagramming [17]. However, we believe that the large variety
This contrasts with the goal during algorithm design, which &nd complexity of analog cells makes it unlikely that a general
to quickly predict the output behavior of the entire circuit wittsolution for the problem of analog synthesis will be available in
little concern about matching the architectural structure of tiiee near future. Instead, itis likely that a variety of design aids and
chip as implemented. As such, MS-HDLs such as Verilog-AM#ry specific module generators will become available for an in-
[51] or VHDL-AMS [6], [22], [52] become preferred during this creasing variety of analog cells and blocks to ease the transition
phase of the design because they allow accurate modeling offtieen high-level specification to circuit-level implementation.
interfaces and support mixed-level simulation (discussed in Sec-
tion 11-D). D. Mixed-Level Simulation

The transition between algorithm and architecture design cur- ) .
rently represents a discontinuity in the design flow. The tools USing a top-down design methodology is expected to be-
used during algorithm design are different from the ones use@Mme the norm for designing complex MS circuits. As such, the
during architecture design, and they generally operate off of gRystem architecture will be fuI_Iy explored and _ver_lfl_ed using ei-
ferent design representations. Thus, the design must be rel8fr @ MS-HDL or a system simulator before individual blocks
tered, which is a source of inefficiencies and errors. It also pra€ designed. However, once the blocks are designed, they must
vents the test benches and constraints used during the algoriftfyerified in the context of the system to assure that they will
design phase from being used during the rest of the design. OPerate properly within the system. At this point, it must be

On the digital side, tools such as SPW do provide paths to i,pi(_)ss!ble to co-simulate behayloral models_ and tr§n3|stqr-level
plementation via Verilog and VHDL generation. However, as &ircuits t_ogether. The block—_d|agram used_ in the simulation of
today, they have yet to be tightly integrated into the remaingl}e architecture mgst bg refined to the. p0|.nt where each block
of the design flow. Similar capabilities do not yet exist for th&ePresents a relatively independent circuit that would be de-
analog or MS portions of the design. An alternative is to usédned as a single unit. Pin-accurate MS-HDL models are de-
Verilog-AMS or VHDL-AMS for both algorithm and architec- veloped for each block and the system is verified using these
ture design. This has not been done to date because simulafpge!s:

that support these languages are just now becoming available' "€ block designers then take the HDL models and a se-
As such, there is a dearth of application specific libraries. ~ 11€S of specifications as input and produce the transistor-level
schematic and layout, which are passed back to the system engi-

_ neers for integration and verification with the rest of the system.

C. Analog Synthesis Using the ability to co-simulate transistor-level and behavioral-

The ability to automatically convert a high-level specifical€ve! descriptions of the blocks, the system is repeatedly veri-
tion of a block to a circuit-level implementation is referred t§€d by replacing one-by-one the HDL model of one block with
as synthesis. While synthesis is well established in the digitQf transistor-levelimplementation to verify the functionality of
world, for analog or MS circuits it is only available in speciat€ block and its interfaces. This approach greatly reduces the
cases, such as for filters. Research into analog synthesis f@& of each simulation and increases the chance that miscom-
developed over the last two decades in many directions, frd‘ﬂpr_ncatlons concerning block interfaces are caught early in the
early work on knowledge-based module compilation [2], [8] t§€Sign process.
more recent optimization intensive approaches [7], [29], [36].
Optimization is based either on numerical simulation [35] dE. Physical Implementation

on analytic models [28]. To help in the development of ana- Physical implementation corresponds to a variety of tasks that
Iytic models, a significant research effort went into exploration y P P y

of symbolic analysis [12], [45]. Beyond model building, sym—can be grouped into two major areas:

bolic analysis was also applied to more ambitions goals, such as® block authoring;

topology exploration with interesting results [27], whose appli- * block/chip assembly.

cability unfortunately is limited to selected categories of analdthese two areas are deeply intertwined as most design flows

circuits. require a mix of top-down and bottom-up approaches with a
Many attempts at building analog design automation sysembination of soft and hard blocks, and behavioral, logical

tems have been made. The most important ones are probatiy physical representations of different parts [4] (p. 189ff.).
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Therefore, any solution needs to incorporate a seamless flBwPhysical Verification
including access to both authoring and assembly of complexvery powerful technology for physical verification has been

blocks. . . developed in recent years by the EDA industry. Commercial
For block authoring successful commercial tools, methogsgls, such as Cadence’s Assura, Avant!’s Hercules and Mentor
ologies and flows have been developed over the last few yeatsaphics's Calibre, often include hierarchical capability for ver-
However, the coordination of different design approaches inigsation and extraction, and present various levels of integration
consistent flows and adequate solutions for block assembliy the block authoring tool suites. The resulting design cycle
is still under investigation, especially for MS applicationgyprovements have proven notonly the importance of an efficient
in a SOC environment. Assembly and authoring need to grification tool, but also the criticality of a solution flow where

addressed simultaneously, since a design environment for lagg@, a tool is well integrated with all the other applications:
MS applications requires cooperation between an interactive using a common database:

editing environment and reentrant automation. A full custom . i . ds forb .
implementation is also required for most analog portions of the * using acommon set of interactive commands for browsing
and fixing errors;

design. Finally, crltlgal issues sych as IP reuse [4], [24], power | using a common user interface look-and-feel:
management and signal integrity [49] are key to the success of . )
 supporting the same set of constraints.

large SOC designs. . . . .
§[(Pme of the proprietary netlist-based integration methodolo-

A key component required to guarantee a good integrati . - .
between assembly and authoring is the floorplanner. cogies are shared by most commercial tools. Digital description

mercial floorplanning technology today is focused on digidgnguages used for S|mulat|on, such as Verilog and VHDL haye
designs, and it is often poorly equipped to handle AMS issu gen extended for AMS designs [22], [51], and commercial
such as noise and signal integrity. While encapsulation of AMS
blocks is available in most commercial tools, it does not allo* . : . e
a correct representation of the interactions between blocks s Cﬁrpm a strategic p0|nt. of view, the.verlflcat!on phase must
as intermodulation, cross talk and substrate noise, and top-| It'ed_ more closely with t_he _phy5|cal design cycle. N_ew
MS interconnections require special modeling and plannir‘finsnamtfdnven Iayo.ut applications, able to enforcg physical
[16]. The organization of power distribution is significantI)/”1 d electrical constraints, have recently _become avallapl_e. [14.]'
different when analog and digital supply lines are used, wit ese must be matched by corresponding new capabilities in

severe impact on substrate noise [46]. Finally, the design fl thverlflcatlon tphfa,ii;l vah|ch tW'I.l Pavse ? tbetcome CI(.) gnizan t
often follows a combination of top-down and bottom up ste _f_e st_ame Seto v h cqlnsl_ral_? (Sj'f ubstra e_tcoup ng ntzlse
very tightly interleaved. verification, currently heavily limited for capacity reasons to

For example, a design may be partitioned into various digita'rcu't level within small blocks, must be used to optimize the

analog, and MS blocks. Not only may these blocks be designrrzlaiggu;;ggafgfsut::gsrmgs and to drive block placement in
concurrently, they will be physically realized at different times Yield has a parametric dependency on AMS performance

and using different implementation flows. While large digit nctions and measurements, which can be captured through be
blocks can be created using a semi-automated design flow, other ' P 9

custom portions often need to be carefully hand crafted. Manuaa}woral and stochastic models. The support of electrical and de-

design does not scale well with circuit size, and custom blocRY" constraints derived from these models will enable the phys-

become the bottleneck of the entire flow, even though advanc§ | yer|f|cat|on phase to help n the deS|gn_ gent.erlng analysis.
ith respect to manufacturing, the verification tools must

assisted custom design methodologies have become availali)ée

. ; ; .. alsoO support the increasingly common post-layout processing
recently [33]. Finally, during chip assembly the CommunlcatloBechniques such as optical proximity correction (OPC) and new

between blocks will be subject to timing, power or signal in- bwavelenath lithoaraphy processe ch as phase shift mask
tegrity constraints. Coupling between blocks sometimes detﬁfl— wav gth fithography p sses su S phase shi S

mines the inner structure of the blocks themselves. In order oSM) [23].
meet these constraints, top-down modifications are forced upon
the blocks. These operations must be kept consistent with {Re
specific design flow, often bottom up, used for the authoring of Final verification is performed by using a physical verification
each block. The need for reentrant and interoperable envirdgoel to extracta netlist ofthe circuit, including parasitics, fromthe
ments for the authoring of ASIC-style digital blocks, custorfinal layout. Of course, such circuits are very large and only lim-
analog blocks, and the assembly of all these parts is a mdjed verification is possible. With an AMS-SOC, it is often pos-
paradigm shift that characterizes complex AMS-SOCs. sible to do some transistor-level full chip simulation. Typically
For the complex ASIC MS SOC designs, a physically awamnly areas of special concern that cannot be sufficiently verified
automated synthesis to silicon flow such as being delivered @sng mixed-level simulation are considered. Examples include
part of Envisia PKS [15] may also be utilized. This flow, whilegpower-up behavior and timing of the critical paths.
currently targeting complex deep submicrometer designs, needk digital blocks, final verification is often performed using
to be extended in order to be able to read AMS designs. Whilming simulators, such as Synopsys’s TimeMill or Avant!’s
not necessarily implementing the analog portions, this tool suliar-Sim. Relative to circuit simulators such as Spice, timing
needs to become aware of them and to take them into accosimiulators trade accuracy and generality for speed. They gener-
during physically aware synthesis. ally provide at least 1R in speed and capacity overPi8E but

rification tools will soon be required to support these AMS
tensions.

Final Verification
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are suitable only for estimating the timing of MOS digital cir- In a similar fashion, testability considerations must be carried
cuits, and can generally be counted on to produce timing nualeng the design flow and every single application must be able
bers that are accurate to within 5% on these circuits. Analog dio-understand and improve, or at least not reduce, testability of
cuits or circuits constructed with bipolar transistors often coithe entire chip.
fuse timing simulators, causing them to run slowly and give in- Finally, the communication between tools in a complex de-
correctresults. Cadence’s ATS overcomes this problem by cosign flow, data integrity, constraint transformations and the si-
bining a circuit simulator with a timing simulator and so camulta-neous use of multiple models and levels of abstraction
handle large digital MOS circuits that contain some analog ogquires a strong software infrastructure with standards and in-
bipolar circuitry. terfaces to which all applications must adhere.
ASIC-SOCs are usually too large to be verified using any type
of transistor-level simulation. Instead bottom-up verification 8- RF
required. With bottom-up verification, individual blocks are ex- The addition of RF to a MS chip adds considerable risk and so
tracted and characterized, macromodels are created that exligaifone sparingly today. It is common to find the RF transceiver
the behavior and performance of the block as implementgshths combined with a frequency synthesizer, but it is unusual to
and the macromodels are combined and simulated using a &&s# the baseband processing or the micro-controller combined
high-level simulator, such as a SPW or an AMS simulator. With the RF sections. This is expected to change with the devel-
practice, this is done by refining the models for the blocks usegment of relatively low performance RF systems such as Blue-
during the top-down design. To reduce the chance of errotspth and HomeRF. Here, the large volumes and low costs make
it is best done during the mixed-level simulation procedur@.single chip implementation compelling, while the low perfor-
Thus, the verification of a block by mixed-level simulation bemance makes it feasible. Once success is achieved here, higher
comes a three step process. First, the proposed block functipgrformance systems such as PCS and 3G phones are expected
ality is verified by including an idealized model of the block into be implemented on a single chip. The wireless market will
system-level simulations. Then, the functionality of the block as an important technology driver for MS-SOCs, and of course,
implemented is verified by replacing the idealized model witimcluding the RF sections is crucial.
the netlist of the block. This also allows the effect of the block’s There are several aspects of RF that make this a challenge.
imperfections on the system performance to be observed. First and foremost, RF circuits operate at very high frequencies,
nally, the netlist of the block is replaced by an extracted modeypically between 1-5 GHz. Wires that carry RF signals must
By comparing the results achieved from simulations that iive short and carefully placed to avoid interference. Floorplan-
volved the netlist and extracted models, the functionality aming, layout, and packaging must take this into account. Ac-
accuracy of the extracted model can be verified. From then @urate models are needed for the active devices, the intercon-
mixed-level simulations of other blocks are made more repreect, the package, and passive components, both on and off chip.
sentative by using the extracted model of the block just verifigtbr example, spiral inductors are used on chip and ceramic or
rather than the idealized model. The extracted model may aSaw resonators are used off chip. Often exotic process are used,
be used to support reuse of the block. such as SiGe or SOI, which affects both the active and passive
models. Links to field solvers and the ability to read in files of
S-parameters is necessary to assure adequate verification.
Another important challenge is that RF circuits can be sen-
The previous section described how the design process is mtive to interference from signals generated in the digital por-
titioned into tasks that support the refinement of complex sytien of the circuit. Signals at the input of a receiver can be as
tems from a top level architectural concept to a working physicainall as 1:V. Any signals that couple into the front-end of a re-
implementation. In this section, we will analyze some desigreiver through the substrate, supplies, interconnect, or package
issues that cannot be addressed by enhancements to any patéigrades its sensitivity. The ability to accurately model these
ular point tool in a flow. Instead they require a holistic approachortions of the circuit and predict coupling is important.
where every task in the flow must participate in a comprehen-A third challenge is that in the RF section of a transceiver, the
sive solution to the design problem. A new design methodologgformation signal is present as a relatively low frequency mod-
better suited for more complex design objectives or for more agjation on a high-frequency carrier. Simulating these circuits
gressive time to market, can be made possible by the coordinateéxpensive because the high-frequency carrier necessitates a
operation of all design phases. small time step while the low frequency modulation requires a
The first consideration is the frequency range of the conteng simulation interval. RF simulators provide special analyzes
ponents of the SOC. If one or more RF components alfeat are designed to efficiently simulate these circuits, but they
present, simulation, verification and physical implementatiaire incapable of including the non-RF sections [30]. One pos-
must all include very different sets of models, parasitics arsible solution to these problems is to use the RF simulator to
performance measurements. extract macro-models of the RF blocks that can be efficiently
Significant advantage in terms of cost and risk reductiggvaluated in an AMS simulator [40]-[42].
for the entire design can be achieved by adopting a con- ,
straint-driven approach. However, this requires transformatigh Constraint Management
techniques, and every tool must understand, enforce and verif{fespecially in the design of an SOC, several levels of abstrac-
constraints. tion are used in different phases and using different models. The

Il. INTRA FLOW DESIGN ISSUES
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formulation of constraints, their management [34] along every tions where the behavioral description of blocks might be
phase in the design, their validation, verification and enforce- quite abstract from the actual implementation. This in-
ment are extremely critical to the consistency of the design flow.  cludes mapping of digital-to-analog and vice versa, as well
Furthermore, the design of analog and M/S systems is a process as generation of noise constraints from coupling between
of progressive constraint refinement, where data tolerances and interconnections or through the substrate. It also includes
their level of confidence change at every step. use of behavioral and stochastic models to generate elec-

Physical constraintapply to the physical entities used to tric constraints for design centering.
implement the layout. Examples are distances, area and aspect It must be able to provide a consistency check to vali-
ratio, alignment between instances etc. Some commercial tools date constraints and detect infeasible specifications and
used for physical implementation such as IC-Craftsman [14] over-constraints as early as possible in order to reduce the
have achieved good results in enforcing physical constraints number of design iterations.
within the context of their specific application. Academic <« Constraints must be verifiable. That means that analysis
research has also devoted considerable attention to physical and verification tools must be able to access the definition
constraints, especially for analog design applications [5], [32]. of measurements and evaluate the corresponding perfor-
Some physical constraints such as distances, are routinely mance functions using the appropriate models.
used to enforce timing and cross-talk specifications during
placement and routing. C. AMS Test

Electrical constralntgapply to spemﬂc S|gnals In the circuit Generally, the last thing done for a design before it is sent to
Hence, these constraints require a register transfer level or A s

. . - manufacturing is test program development. Verifying the test

schematic level representation of the circuit where nets an

devices are identifiable. Examples are timing, parasiti rogram involves running it on a working model of the chip,

voltage drop, crosstalk noise, substrate coupling noise, aWHiCh -is only available Ia-lte in the design process. This i§ costly
electromigration. Because of their extraordinary importanda WO importantways. First, MS testers are very expensive, and
in the design of digital circuits, timing constraints need to bESt development can tie up these machines for long periods of
handled by all synthesis and physical tools. As mentiondign€- Second, starting test development at the end of the design
above, special transformations into physical constraints suRfpcess greatly prolongs the time-to-market. If instead of run-
as net length or spacing between devices have been commdhiig the test program on an actual chip, it can be run on a sim-
adopted by physica' tools. In the case of more Comp|ex Cdﬁlﬁted version of the Chip, thenitis pOSSible to address both of
straints, analysis and design tools might need to be entiréigse issues [25].
redesigned to properly take them into account. An example islf a top-down design methodology is used, then a system-
the case of power and ground routing with mixed analog af@vel model of the chip exists early in the design process. This
digital supply lines [46], [47]. system-level model can be used during the development of the
Finally, design constraintare used to characterize the betest program. Thus, the test engineers can become involved with
havior of individual components in terms of their 1/O signal¢he project much earlier, and like the block designers, are given
and performance. Examples are throughput, slew rate, baadworking virtual prototype of the chip in the form of a system-
width, gain, phase margin, power dissipation, jitter, etc. Thekssel model [10], [11]. This improves communication between
can be specified on a circuit characterized by a model at aghe test and design engineers, acts to greatly reduce the cost
level of abstraction, from behavioral to physical. With compleyf test development, allows the test programs to be more thor-
AMS chips, design constraints might include specifications @ughly verified, and permits the test programs to be developed
sophisticated measurements such as distortion, noise and &ghcurrently with the chip. All of which helps to insure that the
quency response. test program is available as soon as the chip is ready to be man-
So far design constraints have not been handled adequalglyctured. In addition, involving the test engineers while the de-
by commercial applications. The main reason is that their egjyn js ongoing allows fault simulation and design for test to be
forcement is usually impractical, since they require a transmﬁftempted [21].
mation into a set of electrical or physical constraints in order Commercial tools are available that allow test development

to be handled by automatic applications. Another reason is virtual prototypes of the chip, but they do not as yet support
lack of a standard to represent these measurements and Elflog-AMS or VHDL-AMS [50], [55]

constraints, consistent with the high-level behavioral modeling
language. Such a standard should provide a description of elnfrastructure
dependencies between electrical and design constraints whnen
such transformation is actually performed. The AMS-SOC design stages we have described are frequently
A constraint management system, therefore, must have #dgressed by specific tools, or mini flows, in isolation by existing
following characteristics. EDA vendors. This is not surprising as most vendors have a
« It must be able to handle constraints of different type@ther small subset of the tools required in a complex AMS-SOC
(design, electrical and physical) in a consistent way witsolution flow. This correspondingly restricts how much of the
a language applicable to all relevant description modelsproblem they are able to address. Without access to the internals
« It must provide a way to facilitate transformations [31]pf the tools within the flow, and without co-operation between
which can be fairly complex especially for MS applicavendors, problems cannot be addressed where they are best
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addressed. This leads to a patched together rats nest of toalso likely to develop into a medium of exchange between
which can be, with alot of wasted time, manual user interventionlock authors and block integrators.
and design iterations, used to create chips that eventually work.
Such patching together of tools can never succeed in creatingranMixed-Signal Hardware Description Languages
efficient design environment capable of the fast time to marketBoth Verilog-AMS and VHDL-AMS have been defined and
thatis needed intoday’'s AMS-SOC market. simulators that support these languages are becoming available.
Further, many of the tools in use today were not designed fbhese languages are expected to have a big impact on the de-
the complexities and sizes implicit in AMS-SOCs. This manfign of MS systems because they provide a single language
fests itself both in the analog and the digital design tools frogd @ single simulator that are shared between analog and dig-
front end through physical realization. On the analog side, md&l designers. It will be much easier to provide a single de-
tools still target traditional transistor-based bottom-up desig#n flow that naturally supports analog, digital and MS blocks,
methodologies. The capacity of such capture and analysis t®@king it simpler for these designers to work together. It also
is inherently limited. Further, the physical realization of such g@ecomes substantially more straight-forward to write _behaworal
signs is a largely manual process. On the digital side, the toGi9dels for MS blocks. Finally, the AMS languages bring strong

currently do not take sufficient account of the physical aﬁecgsvent—driven capabilities to analog simulation, allowing analog

. : . . ; . ent-driven models to be written that perform with the speed
during the logical and planning design phases. This results in (gé(d capacity inherited from the digital engines.

T e et o e By£ MOTat 1 recognizeta e A anguages re
yreq y g ) rily used for verification. Unlike the digital languages, the

worse than these specific limitations that are being addressegl S languages will not be used for synthesis in the foreseeable

a localized level is the interaction _Of, the digital and ana}log d Jture because the only synthesis that is available for analog cir-
sign processes. Not only do the digital and analog design t0Q|Ss is very narrowly focused

tend to be targeted only to.theirspecific design methodplogles,l) Verilog-AMS: Verilog-A is an analog HDL patterned
they frequently do not take into account the effects of their COURster Verilog-HDL [19]. Verilog-AMS combines Verilog-HDL
terparts. Even the communication of these tools between they Verilog-A into a MS-HDL that is a super-set of both seed
digital and analog domain tends to be in different forms thagngyages [51]. Verilog-HDL provides event-driven modeling
the other expects, thereby making it difficult, or impossible, tgonstructs, and Verilog-A provides continuous-time modeling
create an efficient deSign flow that ensures data Integrlty constructs. By Combining Ver”og_HDL and Ver”og_A it
To create a truly efficient design environment for AMS-SO®ecomes possible to easily write efficient MS behavioral
design, we need to start from scratch. First, the AMS-SOC dmodels. Verilog-AMS also provides automatic interface ele-
sign methodology needs to be defined. Given that methodologyent insertion so that analog and digital models can be directly
a design flow can be specified. This flow will then clearly dicinterconnected even if their terminal/port types do not match.
tate the necessary tools, design representations and data fortmagddition, it provides support for real-valued event-driven
that are needed to convey all needed data both within a desigis and back annotating interconnect parasitics.
stage, and across design stages. Such a definition is the contrady, commercial version of Verilog-AMS that also supports
or infrastructure, to which all tools must conform. VHDL is available from Cadence Design Systems. .
Given this infrastructure it then becomes possible to design?) VHDL-AMS: VHDL-AMS [6], [22], [52] adds contin-

tools that will not only have the necessary functionality, but wih’?“s Itime modeling C(_)knstruqlts to the VHDL e\r/]ent.-dri}/en mold-
by definition be plug-and-play in an efficient solution. Thus, b)? ing language [20]. Like Verilog-AMS, MS behavioral models

restricting the data locations that all tools must both read a an be directly written in VHDL-AMS. Unlike with Verilog,

write data to, as well as the allowed formats, it becomes pots-ere is no analog-only subset.

. . . ; . VHDL-AMS inherits support for configurations and abstract
sible to insert tools as needed into the flow without requmngg ta types from VHDL, which are very useful for top-down
redesign of other components. It also becomes possible to cre Zgign. However. it aI:so inherits the strongly typed nature
utilities that perform design integrity checks. With a restricte " :

. . VHDL, which is a serious issue for MS designs. Within
set of formats dictated by the needed abstraction levels, as g1y _ams you are not allowed to directly interconnect

posed to the eccentricities and whims of a tool designer, i) and analog ports, and there is no support for automatic
types of checks needed is greatly reduced and confined to Wpgl ace element insertion built-in to the language. In fact, you
is required by the design methodology. _ are not even allowed to directly connect ports from an abstract
Perhaps the most import of these formats will be thgaiog model (a signal flow port) to a port from a low-level
MS-HDLs. They are expected to be used as a common lafjalog model (a conservative port). This makes it difficult to
guage for representing the design and will be understood &ypport mixed-level simulation. These deficiencies have to be
most tools, even those from competing vendors. As such, toglgercome by a simulation environment, making VHDL-AMS
other than simulators are expected to be extended to support gfieh more dependent on its environment. This should slow
or both of the MS-HDLs. The MS-HDLs are also open standati&ployment of effective VHDL-AMS-based flows.
languages, which means there will be greater willingness byA commercial version of VHDL-AMS that also supports Ver-
the design and EDA communities to invest in developing modigbg is available from Mentor Graphics [53]. A VHDL-AMS
libraries and support tools for these languages. MS-HDLs aienulator is also expected soon from Avanti [53].
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F. Design Reuse should include an accurate high-level model that can be used to

The push to reduce costs for the consumer market placejfition the block in the intended system.

increasing integration will result in larger and more complete
systems on chip. Once MS circuits exceed a certain size, a
full-custom design style becomes impractical. With circuits In this paper, we have analyzed the problems that must be
of this size, the AMS-SOCs described above become blockddressed in the immediate future to handle the complexity of
that are combined with very large digital blocks such asystem on a chip designs for MS applications. Our analysis
microcontrollers to form ASIC-SOCs. In this case, the intendesthows that in many areas improvements are required not only
complexity of the interaction between MS blocks is relativelin the tools, but in the entire design methodology. A solution
low and a top-down design style that includes the MS blocksr AMS-SOC requires advanced tools, well defined flows, an
is usually not necessary. The MS blocks can generally bgrastructure supporting design reuse and excellent communi-
designed with little interaction from the system engineer.  cation between the interacting resources participating in the de-
Itis hoped that the MS blocks could be designed in advancesign flow. It also requires designers that are willing and able to
relatively generic components and incorporated into many d&ange the way that they design. To change, they must have a
signs. To support this, the MS blocks must be designed for reuBEoader set of skills, such as a understanding of modeling and a
At a minimum this implies that certain documentation be avaifamiliarity with MS-HDLs. Graduate and continuing education
able that describes the block. Standards that specify what tygh@uld be expanded to provide these skills.
of documentation is required have been set by the Virtual Sockef® Significant market is opening up for large MS consumer
Interface Alliance (VSIA) [54]. In addition, if the block is large @PPlications using SOC devices in the next few years. Some
it may be required to be embedded in special interface collard}gi0r EDA vendors are already positioning themselves to pro-
make it easier to import them into an ASIC-SOC. These colla¥id€ technology and comprehensive services in this arena. This
provide a standard interface and guard-banding to provide sofifiert Will have to include not only large scale tools for spe-
degree of isolation from the rest of the circuit. cific tasks such as a mixed signal floor planning, but also a

With the rapid changes in technology, and with the difficult onsistent representation for the characterization of MS behav-
of migrating MS blocks to a new techno]ogy it is generally nj;?ral data (and measurements) at all levels of abstraction and for
' nstraints. Finally, it will require utilities for design integrity

possible to reuse a single block design more than a few timgg. . ; S ; X
: . L checking, constraint validation, and manufacturing sign-off.
Thus, preparing a design for reuse must take significantly less

effort than redesigning the block for a new application. An im-
portant task when preparing a block for reuse is generating a

high-level model of the block that captures its essential behavior[l] M- Aktuna, R. A. Rutenbar, and L. R. Carley, “Device-level early floor-
planning algorithms for RF circuits)JEEE Trans. Computer-Aided De-

This_ model is used_to evaluate the suitability_of _the blqck for  sign vol. 18, pp. 375-388, Apr. 1999.
use in follow-on projects. It must capture the significant imper- [2] L. R. Carley and R. A. Rutenbar, “How to automate analog IC designs,”

fections of the block, and must be generated as a bi-product of3] LEE(:EhgﬁSCté“’gh'\gf‘bgo"r?'-55&%“%&%22‘%’(;%%”{?(3& E L E

the block design with little extra effort by a person with limited Malavasi, A. Sangiovanni-Vincentelli, and 1. Vassilio8i, Top-Down

modeling skills. Constraint-Driven Design Methodology for Analog Integrated Cir-
Even though the design community has become familiar with . 5"t Norwell, MA: Kluwer Academic, 1997.

. l] H.Chang, L. Cooke, M. Hunt, G. Martin, A. McNelly, and L. Todglr-
these issues and understands well the advantages, reuse today IS yiving the SOC Revolution: A Guide to Platform Based Desigawer

still used infrequently. Organizations such as VSIA have taken  Academic Publishers, 1999.

P - : .«[5] J. M. Cohn, D. J. Garrod, R. A. Rutenbar, and L. R. Carlegalog
on significant roles to define standards and methodologies. Device Level Layout Automation Norwell, MA: Kluwer Academic,

However, more work needs to be done, especially to reduce the 1994,

overhead on designers, and to define widely accepted practicelé] E. Christenand . Bakalar ‘Q/HDL'fMSI_—Athﬂgggﬁdescrgti‘mt'a”'
. . guage Tor analog and mixed-signal applicatio rans. Circuits
for design for reuse and IP interchange. Syst. Il vol. 46, pp. 1263-1272, Oct. 1999.

The main areas for improvement are: [7] G. Debyser and G. Gielen, “Efficient analog circuit synthesis with si-

. . : multaneous yield and robustness optimizationPinc. IEEE/ACM Int.
* design methodologies that improve the chances a block Conf. Computer-Aided Design, Digest of Technical Papers (ICCAD’98)

can be reused such as interface-based design for digital Nov. 1998, pp. 308-311.
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