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397Design Methodology
34 Cell-Based
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Figure8-16 The Semicustom (or ASIC) design flow.

5.Placement. The precise positioning of the cells is decided.
6.Routing. The interconnections between the cells and blocks are wired.
7.Extraction.A model of the chip is generated from the actual physical layout, including
theprecisedevice sizes, devices parasitics, and the capacitance and resistance of the wires.

8.Postlayout Simulation and Verification. The functionality and performance of the chip is
verifiedin thepresence of the layout parasitics. If the design is found to be lacking, itera-
tionson the floorplanning, placement, and routing might be necessary. Very often, this
mightnot solve the problem, and another round of the structural design phase might be
necessary.

9.Tape Out. Once the design is found to be meeting all design goals and functions, a binary
nleisgenerated containing all the information needed for mask generation. This file is
nensentout to the ASIC vendor or foundry. This important moment in the life of a chip is
called tape out.

thedesign flow just described has served us well for many years, it was found to be
y lackingonce technology reached the 0.25-4um CMOS boundary. With design technol-
Ng Intothedeepsubmicronregion,layoutparasitics--especiallyfromtheintercon-

While the design

nect-
tructuryng an increasingly important role. The prediction models used by the logic and

esis toolshavea hard time providing accurateestimates for theseparasitics. The
hegenerated design meets the timing constraints at the first try are thus very small

e designer (or design team) is then forced to go through a number of costly
layout generation until an acceptable artwork that meets the

IS Obtained (Figure 8-17b and c). Each of these iterations may take several
oUng a complex chip can take a week on the most advanced computers! The

Chancesthat the ge

(Figure&-17a). The desig
iteratic

limingconstraints is obtained
ynthesis followed by layout ge

yjust routin
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398
Chapter 8 • Implerlementation StrategiestorDigtaCs

(a) Initial design (b) Intermediate design

Figure 8-17 The timing closure process. The white lines indicate nets withtirming
violations. In each iteration of the design process, timing errors are removedby
optimizing the logic, by insertion of buffers, by constraining the placement, orby
streamlining the routing until an error-free design is obtained [Avanti01]1.

number of needed iterations continues to grow with the scaling of technology.Thisproblem
called timing closure, made it obvious that new solutions and a change in designmethodology
were required.

The common answer is to create a tighter integration between the logical andphysical
design processes. If the logic synthesis tool, for example, also performs somepart oftheplace-
ment-or directs the placementmore precise estimates of the layout parameterscanbe
obtained. Figure 8-18 shows an example of a design environment that merges RTLsynthess
with first-order placement and routing. The resulting netlist is then fed into anoptimizationtol
that performs the detailed placement and routing, while guaranteeing the timingconstrantS
met. While this approach has shown to be quite successful in reducing the number ofdesignier

are

RTL (Timing) constraints

Physical synthesis

Macromodules
fixed netlists

Netlist with
place-and-route info

Place-and-route
Optimization

Artwork
Figure 8-18 Integrated synthesis place-and-route reduces the
of iterations to reach timing closure in deep submicron.

luces thenumber

(c) Finaldesign
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399Array-BasedImplemenentation Approaches
8.5

vS auite a challenge at the design-tool developers. With the number of parasitic
of technology scaling, the design optimization process thatectsincreasing with every round

proachesmight be
tions that can help to allevj

ations,it throws quite

the coming chapters, we will highlight "design solu-
eviate some of these problems. An example is the use of regular and

musttake all this into account becomes exponentially complex as well. As a result, other
required as well. In

nhle structures, both at the logical and the physical level.
predicta

a5 Array-Based Implementation Approaches
Jile designautomation can help reduce the design time, it does not address the time spent in
Aemanufacturingprocess. All of the design methodologies discussed thus far require a com-
Jatepunthrough the fabrication process.This can take from three weeks to several months, and
itcansubstantially delay the introduction of a product. Additionally, with ever-increasing mask
costs,adedicated process run is expensive, and product economics must determine if this is a

Viable route.
Consequently,a number of alternative implementation approaches have been devised that

donotrequire a complete run through the manufacturing process, or they avoid dedicated pro-
cesingcompletely. These approaches have the advantage of having a lower NRE (nonrecurring
expense)andare, therefore, more attractive for small series. This comes at the expense of lower
performance,lower integration density, or higher power dissipation.

Prediffused (or Mask-Programmable) Arrays8.5.1

Inthisapproach,batches of wafers containing arrays of primitive cells or transistors are manu-
facturedby the vendors and stored. All the fabrication steps needed to make transistors are stan-
dardizedandexecuted without regard to the final application.

lo transform these uncommitted wafers into an actual design, only the desired intercon-
nectionshave to be added, determining the overall function of the chip with only a few metalli-

seps. These layers can be designed and applied to the premanufactured wafers muchzation

e rapidly,reducingthe turnaround time to a week or less.

Sty of the prediffused wafer. To illustrate the concept, consider the gate-array primitive cell
Thisapproach is often called the gate-array or the sea-of gates approach, depending on

gure 8-19. It comprises four NMOS and four PMOS transistors, polysilicon gate
are s, and a power and ground rail. There are two possible contact points per diffusion

andtw potential connection po

tier andcontactholes.This is illustrated in Figure8-19b,wherethecell is turned into
afour-input NOR gate.

ray approach places the cells in rows separated by wiring channels, as
gure8-20a. The overall Jook is similar to the traditional standard-cell technique. With

showninFiguroriginal gate-array

lheadventof extra
netallization layers, the routing channels can be eliminated, and routing can

doesnot imple

hisapproachisoften
called the channeled gate array.

points for the polysilicon strips. We can turn this cell, which
the mor.Pement any logic function so far, into a real circuit by adding some extra wires on
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400 Chapter 8• ImplementationStrateoies

DigtalICSInl In2 In3Polysilicon

PMOS
VDD

IMetal

Possible
contact GND

VpD

GND

NMOS

(a) Primitive gate-array cell

Figure 8-19

Cell

(b) Programmed cell,implementing
a four-input NOR

An example of the gate-array approach.

Cell
Rows of
uncommitted
cells

Routing
channel

(a) Channelled

Figure 8-20 Gate-array architectures.
(b) Channelless (or sea ofgates)

be performed on top of the primitive cells-occasionally leaving a cell unused.Thischanlaes
architecture, also called seaof gates (Figure 8-20b), yields an increaseddensity,andmakesi
sible to achieve integration levels of millions of gates on a single die. Anotheradvantag

pos

of

sea-of-gatesapproach is that it customizes the contact layer betweenmetal-1and aiuojon and

or polysilicon, in contrast to the standard gate-array approach where the contactsareP
(see Figure 8-19a). This extra flexibility leads to a further reduction in cell size.

predeine

The primary challenge when designing a gate-array (or sea-of-gates)tempe
mine the composition of the primitive cell and the size of the individual transistors.
number of wiring tracks must be provided to minimize the number of ceis we
nect. The cell should be chosen so that the prefabricated transistors can be uina
extent over a wide range of designs. For example, the configuration of Figure
for the realization of four-input gates, but wastesdevices when implemenis

sufticient

tercot-
axinza

re 8-19 is wellsuited
gates.

deter-
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554 Insert G •
DesignVerificatio

Aion
Verification, on the other hand, attempts to extract the system parameters directl..

circuit description. For instance, the critical path of an adder can be recognized fro
tion of the circuit diagram or a model of it. This approach has the advantage that the

that theresultisindependent of the choice of excitation vectors and is supposedly foolproof. On theorh
it relies on a number of implicit assumptions regarding design techniques and methodl
For the example of the adder, determination of the propagation delay requires anunderet
of the logic operation of the composing circuitry--for example, dynamic or staticloeie
definition of the ternm propagation delay. As a second example, it is necessary to identifythe
ister elenments first before the maximum ciock speed of a synchronc:IS Circuit can bedetermi
The resulting tocis are therefore restricted in scope and handle oniy a limited class of
styles, such as single-pihase synchronous design. In this insert, we analyze a number of the
ular verification techniques.

hand,

reg
ed

circuit

pop-

Electrical Verification

Given the transistor schematics of a digital design, it is possible to verify whether anumberof
basic rules are satisfied. Some examples of typical rules help illustrate this concept, andmany
others can be derived from previous chapters:

• The number of inversions between two C'MOS gates should beeven.
•In a pseudo-NMOS gate, a well-defined ratio between the PMOS pull-up andNMOSpull-
down devices is necessary to guarantee a sufficient noise-margin low NM,.
To ensure that rise and fall times of the signal waveforms stay within limits,minimum

• The maximum amount of charge sharing in a dynamic design should be such thatthe
bounds can be set on the sizes of the driver transistors as a function of the fan-out.

noise-margin high is not violated.

Pure common sense can help define a large set of rules to which a design shouldalways
adhere. Applying them requires an in-depth understanding of the circuit structure. Anelectrical
verifier, therefore, starts with the identification of well-known substructures in theoverallcircut
schematic. Typical templates are simple logic gates, pass transistors, and registers. Theveriner
traverses the resulting network on a rule-per-rule basis. Since electrical rules tend to bespecite
to a particular design style, they should be able to be easily modified. For example,rule-based
expert systems allow for an easy updating of the rule base [DeMan85]. The individual rules
be complex and even invoke a circuit simulator for a small subsection of the network toveniy
whether a given condition is met. In summary, electrical verification is a helpful tool, nd itcan

scan

dramatically reduce the risk of malfunction.

Timing Verification

through the network are critical with respect to timing, One solution is to run extensYoSPICE
As circuits become more complex, it is increasingly difficult to define exactly wnc

the iden-simulations that may take a long time to finish. Even then, this does not guarantee thatu
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555
.G•DesignVerification

In 4-bit adder
Out

bypass

Example of false path in timing verification.Figure G-1

case, since the delay path is a function of the applied signal pat-alpathis thewors
aikd ng verifer traverses the electrical network and rank-orders the various paths, based
HAIS.A timing veri Lermined in a number of ways. One approach is to build an RC-delay can be
adelay.Thismhe nefworkand compute bounds on the delay of the resulting passive network. To
elof

hainmore accurate resuesults,many timing verifiers first extract the details of the longest path(s),

sedon
mtheRC-Model, and perform circuit simulation on the reduced circuit in order to obtain

terestimation.Examples of early timing verifiers are the Crystal [Ousterhout83] and TV

Joupi84] systems.
Oneproblemthat hampered many earlier systems is that they identified false paths-that

icriicalpathsthat can never be exercised during normal circuit operation. For example, a false
uhexistsinthe carry-bypass adder discussed in Chapter 11 (also shown in simplified form in
EgureG-1).From a simple analysis of only the circuit topology, one would surmise that the
citicalpathof the circuit passes through the adder and multiplexer modules as illustrated by the
ON.Acloserlook at the circuit operation reveals that such a path is not feasible. All individual
alerbitsmustbe in the propagate mode for In to propagate through the complete adder. How-
aC,thebypasssignal is asserted under these conditions, and the bottom path through the multi-
jiaeriselectedinstead. The actual critical path is thus shorter than what would be predicted
imthefirst-order analysis. Detecting false timing paths is not easy, since it requires an under-

thelogic functionality of the network. Newer timing verifiers are remarkably suc-Iznding

Sl naccomplishingthis and have become one of the more important design aids for the
tperfomancecircuit designer [Devadas91].

ofTimingVerificationmpleG.1 Exampl

uput of a static timing verifier, the PathMill tool from Synopsys [PathMill], is

and block-level model
resistivepar

Figure G-2. The input to the verification process is a transistor netlist, but gate-
can be included as well. The analysis considers capacitive and

asitics that are obtained from the transistor schematic or layout extraction.
Theoutput of th

exampleofFigu
ingedge) over

the timing analysis is an ordered list of critical timing paths. For the
Figure G-2, the longest path extends from node B (falling edge) to node Y (fall-
0vernodes S1, S2, and X3. The predicted delay is 1.14 ns. Other paths close to
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