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ABSTRACT and carefully tuned at the switch level. This practice is commonly referred

to as custom design.

When the reference RTL view and the switch level view of the same digi-
tal circuit is created independently, there is a clear verification problem: it
has to be ascertained that the two views have the same functionality. Tra-
ditional verification techniques such as simulation or emulation do not
provide a complete guarantee of correctness and can be very expensive in

presents Motorola’s Switch Level Verification (SLV) tool, which employs terms of necessary resources. Forma! methods such as combinational
detailed switch level analysis to model the behavior of MOS transistors €duivalence checking [12] can be applied to complement traditional ap-

and obtain an equivalent RTL model. This tool has been used for equiva-pro_"’lc_hes and p_rovi(_je a proof of equivalence between two fu_nctional de-
lence checking at the switch level for several years within Motorola for SCTiPtions of a circuit. RTL and gate level models are both suitable func-
the PowerPC, M*Core and DSP custom blocks. We focus on the noveltlonal representatlon_s and thus equivalence che_ckmg tools can operate di-
techniques employed in SLV, particularly in the areas of pre-charged and"®Ctly On them. A switch level model, however, is a purely structural rep-
sequential logic analysis, and provide details on the automated and intefesentation. Therefore, to er_]able_ the use (_Jf equwalence chec‘kmg at the
grated equivalence checking flow in which the tool is used. sw_ltch Ieve_I, the actual fu_nct|0ng||ty of the circuit has to be obtained first.
This is achieved by applying switch level analysis techniques [2][3].
Categori&s and Subj ect Descri ptors A no_vel switch level analysis platform called the SLV (Switch Level Veri-
1.6 [Computer-Aided Engineering]: Computer-Aided Design. fication) tool has been developed at Motorola over the last four years and
used within an automated formal equivalence checking flow. Given a
General Terms switch level model, SLV can produce an equivalent RTL model in a
hardware description language such as Verilog [9] suitable as an input to
an equivalence-checking tool. SLV has been successfully applied to other
Keywor ds flows, e.g. in the automated generation of test models from switch level
designs [16].
The design of the algorithms behind SLV has been driven by a number of
design goals and constraints. Firstly, the algorithms of choice had to cover
1. INTRODUCTION the unique blend of design styles in use at Motorola. Secondly, a switch

To keep up with the challenges poised by the constantly increasing digitalle_veI model had ktjo be _af_”a'YZ‘fd Wit_h the baLe_ érlﬂnirﬁum Ofl agdiﬂogal dS'
circuit complexity, several levels of abstraction in circuit representation S'9" annotation by verification engineers. Thirdly, the analysis had to be

are typically utilized. Register-Transfer Level (RTL) describes a circuit at as rigorous as possiblg—deriving a wrong RT_L model is, in practice,
a high level of Boolean functions and data flow within the circuit. Gate WO'S€ than not completing the analysis at all. Finally, the generated RTL

level representation provides a structural (schematic) description of a cir-had to be a ‘cc‘)mpact, human-fnendly f_uncnqna! representano_n that pre-
cuit as an interconnection of basic blocks having a known and relatively S€"VeS the original structure of the circuit. Satisfying these requirements in

simple Boolean functionality. Switch level representation contains an in- a practical tool requires a number of novel techniques. Two key contribu-

terconnection of switches (transistors) and gates that implement the delions to switch level analysis—handling pre-charged logic and structural

sired functionality of a circuit. loops—are the main subjects of this paper.

RTL is often the preferred abstraction level for most functional design ac-
tivities because it provides the highest level of productivity. RTL models 2 PR,EL IMI NA,RI ES . )
The choice of semantics for the components in a switch level model af-

serve as a reference for design implementation. However, any RTL desi L -
9 P y gr&cts the range of circuit behaviors that can be accurately modeled. SLV

has to be translated into an equivalent switch level design as a necessa | h - f th loa hard d iotion |

step prior to the fabrication of a physical chip. This translation can be per- ¢MP oysh't r? semahntlcs 0 the V?” °9 | ar Waref eshcrlptloln snguage

formed using synthesis flows and tools such as Synopsys Design Compile HDL) which was ¢ 10sen as the primary language tor the tool. T ere are,
owever, several significant characteristics that can be modeled in the

[17]. When a chip has to meet stringent operating requirements (e.g.. . ;
speed or power) certain parts of the chip may be manually implementedver'lc‘g HDL that are |gnored by_SLV. In the‘ absence of cqmpl_ete for-
mally specified semantics for Verilog, semantics have been implied from
a reference HDL simulator.
Permission to make digital or hard copies of all or part of this work for At the switch level, a MOS transistor is represented as a switch. Switches
personal or classroom use is granted without fee provided that copies areusually have two switched terminals and a control terminal that corre-
not made or distributed for profit or commercial advantage and that cop- spond respectively to transistor source, drain and gate terminals. SLV
ies bear this notice and the full citation on the first page. To copy other- models numerous refinements to this switch model, with the most funda-
wise, or republish, to post on servers or to redistribute to lists, requires mental distinction being between NMOS and PMOS device models.
prior specific permission and/or a fee. PMOS switches close when logical 0 is applied to the control terminal,
DAC 2002, June 10-14, 2002, New Orleans, Louisiana, USA. and NMOS switches close when logical 1 is applied to the control termi-
Copyright 2002 ACM 1-58113-461-4/02/0006...$5.00. nal. Other refinements include variations on the number of controlling

A chip that is required to meet strict operating criteria in terms of speed,
power, or area is commonly custom designed at the switch level. Tradi-
tional techniques for verifying these designs, based on simulation, are ex-
pensive in terms of resources and cannot completely guarantee correct op-
eration. Formal verification methods, on the other hand, provide for a
complete proof of correctness, and require less effort to setup. This paper
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terminals and resistance between the channel terminals. The flow of asig-

nal between the switched terminals is always assumed to be bi-directional

and of zero delay.

Gates are devices that model logic relationships between signals. Gates

have a set of input and output terminals and define a mapping from the

logic value at each input terminal to the logic value at each output termi-
nal. The set of gate types modeled by SLV and the driving strength of the
signal output by gatesis defined in [9]. In SLV, gates have zero delay.

Nets serve as interconnection points in a circuit. They are assumed to

have no resistance, inductance or delay associated with them. Nets are

also assumed to have no associated capacitance, except in the analysis of
pre-charge logic. Three classes of nets serve special purposesin acircuit:

» Supplies: Circuits are connected to a power supply with two terminals.
In the switch level model, these terminals provide a source of constant
logical level 0 and 1.

 Ports: Circuits have an interface that is comprised of input, output and
inout port connections. It is assumed that the inputs are Boolean and
that they are stable through each period of clocks.

» Clocks: Clocks are a special kind of input port periodically alternating
their value. There are two types of clocks: pre-charge clocks are used in
the analysis of pre-charge logic; master clocks are used in the analysis
of sequential behavior.

The channel terminals of switchesin acircuit form closely connected par-
titions called channel-connected components (CCC) [2]. A CCC com-
prises of a set of switches, a set of gates and a corresponding set of nets
that are used to connect these components. The gate terminals of CCC
switches and the input nets of CCC gates form the set of input nets that
belong to a CCC (called controlling netsin [12]). According to basic laws
of electronics, the logic values of al nets in a CCC can be determined
from the logic values of the inputs of that CCC.

The input nets of a CCC are further divided into two distinct sub-sets. In-

ternal CCC input nets are driven by the CCC itself and represent feedback

(self-dependencies) within a CCC. Externa CCC input nets are either

driven by another CCC or are top-level input ports. CCC outputs are a set

of nets belonging to a CCC which serve as external inputs to other CCCs
or as circuit output or inout ports.

Each net in the circuit can assume one of the following logic values:

» 0, when thereis a path of conducting switches from this net to a source
of 0, and no path of conducting switches from this net to a source of 1
that has a greater or equal driving strength than this path. Under these
conditions, it is said that this net is pulled down.

» 1, when thereis a path of conducting switches from this net to a source
of 1 and no path of conducting switches from this net to a source of 0
that has a greater or equal driving strength than this path. Under these
conditions, it is said that this net is pulled up.

» X, when thereis a path of conducting switches from this net to both a
source of 0 and a source of 1 that have equal driving strengths. Under
these conditions, it is said that the net is pulled up and down simulta-
neously. A net in state X is a part of a short-circuit (DC) path.

» Z, when there is no path of conducting switches to either a source of O
or asource of 1. We call such nets floating.

The primary function of the SLV tool is to determine the logic values of

circuit output and inout ports as functions of the logic values applied at

the circuit input and inout ports. The evaluation processes result in the
logic functions of a net being determined and stored in the following
forms:

» The global pull-up and pull-down functions are in terms of the circuit
input and inout ports and any state-storing nets in the circuit. These
Boolean functions describe the conditions under which paths of switch
devices drive the net to a source of logic 1 or O respectively. This form
is used for many electrical design checks.

» Theloca pull-up and pull-down functions are in terms of the external
inputs to the Channel Connected Component (CCC) containing the net.
These Boolean functions describe the conditions under which the net is
driven by a path of switch devices to a source of logic 1 or O respec-
tively within the CCC. This form is generally used in the production of
output.

3. OUR EQUIVALENCE CHECKING FLOW
3.1 Basic Switch Level Analysis

The computation of the pull-up and pull-down functions of a net (referred

to as net evaluation) is based on an explicit path enumeration technique

[12] that operates within a CCC. It is well known that the evaluation of a

net in a CCC using explicit path enumeration can potentially require the

exploration of a number of paths exponential with the number of switches
inthe CCC [2] [12]. SLV avoids this problem by utilizing a series parallel

CCC compression algorithm that reduces the circuit graph of the CCC

switch network by alternatively applying parallel and then serial compres-

sion to the network until no further compression is possible [13]. The ex-
plicit path enumeration is also accompanied by the identification of false

and self-dependent paths as identified by Brzozowski and Yoeli [6].

The semantics of Verilog discrete signal strengths [9] are incorporated

into the evaluation of pull-up and pull-down functions for nets in a two

step process:

1. A driving strength is calculated for each path of switches during ex-
plicit path enumeration. This driving strength is a function of the driv-
ing strength of the net driving the path and the number of resistive
switches in the path. Separate pull-up and pull-down functions are
maintained for each driving strength during this phase of the analysis.

2. The pull-up and pull-down functions for each driving strength are
combined to create single pull-up and pull-down functions for the net.

Supplies are defined to have a driving strength of Supply0/1. Circuit input

and inout ports have a driving strength of Strong0/1. The driving strengths

associated with a gate output are Strong0/1, unless otherwise specified for
aparticular gate instance in the input model.

The strength of asignal arriving at a net via a path of switch devices from

a supply net, an input port, an inout port, or gate output is calculated by

applying the following rules for strength reduction for each of the

switchesin the path:

1. A non-resistive switch device in the path of switches passes a strength
through its channel unchanged, except that a Supply strength is re-
duced to a Strong strength.

2. A resistive switch device reduces the strength of the signal passing
through its channel in accordance with therulesin [9].

For each path that SLV identifies during explicit path enumeration, its

driving strength is calculated according to these rules. Separate pull-up

and pull-down function pairs are maintained for each of the defined signal
strengths. At the completion of explicit path enumeration in the CCC,
these functions are combined to form single pull-up and pull-down func-
tions. For simplicity, consider a system with functions of three driving
strengths, where al, b1, and c1 represent the pull-up functions with de-
creasing strength, and a0, b0, and cO represent the pull-down functions
with decreasing strength. The combined pull-up and pull-down functions
of anet ‘out’ are then given by:

out.pull-up =al | (~a0.~al).bl | (~a0.~al.~b0.~b1).c1

out.pull-down = a0 | (~a0.~a1).b0 | (~a0.~al.~b0.~b1).cO
which simplifies to:

out.pull-up =al|~a0.bl|~a0.~b0.c1

out.pull-down =a0 | ~al.b0 | ~al.~b1.cO

3.2 Analysisof Pre-charged Logic

A pre-charge (or dynamic) net has two distinct phases of operation: the
pre-charge phase and the evaluate phase. The pre-charge phase is assumed
to be the first phase of the dynamic clocking scheme, during which the
pre-charge net is unconditionally charged to either logical 1 or logical 0.
The evaluate phase is assumed to be the last phase of the dynamic clock-
ing scheme, during which the pre-charge net is conditionally discharged,
so that it maintains its pre-charge logic level if the required conditions for
discharge are not satisfied. Any dynamic clock phases between the pre-
charge and evaluate phases are assumed to be transient, and do not con-
tribute to the required output model.

Figure 1 illustrates a typical example of pre-charge logic in which the net
labeled ‘out’ is a pre-charge net. During the pre-charge phase, the dynamic

clock input ‘clk’ is logical 0. The capacitor ‘C’ is pre-charged to logical 1
since there are no conducting paths to a supply of logical O and there is a



conducting path to a supply of logical 1. In the evaluate phase, the dy- sents the capacitor variables of the net that is currently being evaluated.
namic clock input is logical 1. If ‘a’ and ‘b’ are both logical 1, then there Note that bad charge sharing is defined to occur when a net with capaci-
is a path to a supply of logical 0 and ‘C’ is discharged. Otherwise ‘C’ tance is locally dependent on the capacitance of any other net in the same

maintains a logical 1. This implements a NAND logic gate. CCC, and the two nets are pre-charged to opposing values.
The presence of logic that is dependent on dynamic clocks in the dis-
charging network, and which prevents discharge paths from conducting in Table 1 Net Classification in Dynamic CCCs

the pre-charge phase of the clocking scheme is referred to as ‘footed’ prer Local func- Local functions | Net can floatin | Net Classification
charge logic. The example shown in Figure 1 illustrates footed pre-chargg tions depend | dependon Vei | the evaluate
logic due to the NMOS transistor that prevents the discharge path in the-20 Vea other than Vea | phase _ :
pre-charge phase when ‘clk’ is logical 0. The absence of footing logic is | Y& ves ves This is a pre-charge net. There s the

\ , . potential for bad charge sharing if ca-
referred to as ‘non-footed’ pre-charge logic. pacitors in the local functions are pre-

charged to opposite values.

Yes No Yes This is a pre-charge net.

All other combinations The net is a dynamic clock if its global
functions are dependent on a dynamic
clock BDD variable.

In order to avoid interfering with subsequent processing steps, once this
net classification is complete, logical 0 is substituted for eaghinvthe
local pull-up and pull-down functions. Following this, the local pull-up
Figure 1 Example of édynamic nand gate and pull-down functions become what they would be for a non-dynamic
CCC. If the net has not been marked as a pre-charge net then no further
The major tasks in the analysis of pre-charge logic are to identify nets thatProcessing is required, otherwise the local and global functions of the pre-
are pre-charged and analyzed under a dynamic clocking scheme (terme§harge net are modified to model the static behavior.

‘pre-charge nets’), and, for each pre-charge net, to derive the pre-charg P :
functionality and obtain the static behavior. 822 MOdI.fy.l ng the F_unp’uorys of a Pre-charge Net ,

One of two distinct modifications is made to a pre-charge net'’s local and
3.2.1 Identifying Pre-charge Nets global functions, depending on whether the net is pre-charged to logical 1
There are two elements of the switch level model that are specific to ther logical 0. Therefore, as a first step in modifying the functions of a pre-
analysis of pre-charge logic, being net capacitance and dynamic Cbckche_arge net, its global fun_ctlpns are used to dete_rml_ne if it is pre-charged to
waveforms. All nets that are connected to a transistor gate or the input to d°gical 1 or logical 0. This is achieved by substituting the actual value of
logic gate are assumed to have a capacitance and are capable of holding@ dynamic clock inputs in the pre-charge phase into the net's global
logical value. An alternative to capacitors are weak state-holding struc- functions. This result indicates either pull-up or pull-down pre-charge as

tural loops that maintain the logical level of a net while it is not driven by Shown in Table 2. ) . )
a stronger signal. The heuristic presented in Table 2 determines the pre-charge behavior for

A dynamic clock waveform defines the clocking scheme for the circuit @ Wide variety of dynamic design styles including gated clocks, footed or
and is specified by the user. SLV only requires the user to define the dy-non-footed pre-charge logic, pre-charge paths containing resistive tran-
namic clock inputs of the top-level block in the design hierarchy as it is SIStors or logic gates with weak driving strengths, and pre-charge level re-
capable of handling gated clock designs and propagates the clockingStoring logic.

scheme throughout the logic in the clock tree during the circuit analysis.

In the initial stages of CCC evaluation, a CCC is marked as being dy- _Table 2 Heuristic for Determining Pre-charge Behavior
namic if it has one or more dynamic clock external inputs. The depend- Resulting Resulting global Additional Conditions Interpretation
ence of this CCC on a dynamic clock input is used to suggest the presen egIObaI pullup 1 pull-down

. o . Constant 1 Not constant 1 N/A Pull-up pre-charge
of pre-charge logic. The nets within a dynamic CCC are subsequently X7 Not constant 0 | Constant 0 NA Pull-up pre-charge
amined and can be classified as either a pre-charge net, or a dynamiCcgnsanto Not constant 0 N/A Pull-down pre-
clock (indicating presence of gated clock logic in this CCC). charge
A net is labeled as a dynamic clock if either the net is specified as such Not Constant | Constant 1 N/A Pull-down pre-
and associated with a waveform by the user, or if a dynamic CCC drives]| 1 charge
the net and it is not a pre-charge net and its global functions are depend-Modified Unchanged Resulting global pull-upand | Resistive
ent on a dynamic clock BDD variable (see Table 1). _ pull-down are complementary | pull-up pre-charge
A net in a dynamic CCC is labeled as a pre-charge net if the net may float Unchanged | Modified Resulting global pull-upand | Resistive pull-down
R . . : pull-down are complementary | pre-charge
(ie. _'t 1S nolf driven to a logical 1 or 0) in the evaluate phase of the dy- Modified Modified Resulting global pull-up and Resistive pull-down
namic clocking scheme and: pull-down are complementary | pre-charge
1. The net has level restoring logic indicated by a sequential loop; or and the strongest driving path
2. The local functions of the net are dependent on the capacitance of the is a pull-up path

net (see Table 1). Modified Modified Resulting global pull-up and Resistive pull-up

The SLV tool has a user selectable ability to ignore net capacitance and pull-down are complementary | pre-charge
only classify pre-charge nets based on condition 1 above, which is usefu i"’;ng ;Zflimr?giﬁnvmg path
in the analysis of a particula_r desig_n style. X . All other combinations The netis nota
In order to model net capacitance in a dynamic CCC, each capagitor C pre-charge net.

the CCC is associated with two new independent local variahigsai

V¢’ respectively, representing the pull-up and pull-down drive of the ca- Based on the pre-charge behavior, the local and global functions of a pre-
pacitor. The subsequent analysis of each dynamic CCC output derives lotharge net are modified to model the static footed behavior of the net. The
cal pull-up and local pull-down functions that may be dependent on both first step in this process is the determination of the global pre-charging
CCC inputs and any ¢ of the CCC. Immediately after explicit path  function, which is the Boolean function representing the global variable

enumeration the type of a net can be inferred from the dependence of theondition that results in the pre-charge behavior of the net. The technique
local functions on ¥, and the dependence of the global functions on dy- for determining the global pre-charging function uses the pre-charge be-
namic clock input variables, as shown in Table 1. In this table@e- havior from Table 2 and is shown in Table 3. In Table 3 ‘gpu’ and ‘gpd’



respectively represent the global pull-up and pull-down functions of the The primary objective of structural loop analysis is to determine whether a
pre-charge net, ‘Universal’ represents the universal quantification opera-loop is combinational, sequential, or oscillatory. A secondary requirement
tion, and ‘Constrain’ represents the BDD constraining function. The local is the ability to produce an RTL description for the loop in case it is not
pre-charging function is determined by translation from the global pre- found to be oscillatory. Our approach to this extends [12][15].

charging function. Firstly, we consider structural loops involving two or more CCCs (called
external CCC loops). Graph-based algorithms are used to traverse the
Table 3 Deter mining the Global Pre-charging Function connectivity of the CCCs in the switch level circuit from the outputs to
Pre-charge | Resistively | Global Pre-charging Function the inputs. Any closed loops are broken by inserting two new independent
Value Pre-charged boolean variablesgvand v representing, correspondingly, the pull-down
1 Yes gpu.Constrain(~gpd). Universal(<All BDD variables not rep- and pull-up functions of the net N closing the loop (referred to as a

resenting dynamic clocks>)

shadow net) [12][15]. Note that selecting, as a shadow net, any of the nets

! No g&i‘lir:;/ersalmn BDD variables not representing dynamic on the boundaries between CCCs that form it will break a loop. To aid in

0 Yes gpd.Constrain(~gpu) Universal(<All BDD variables not rep- the subsequent equivalence-checking step, SLV employs a set of heuris-
resenting dynamic clocks>) tics guiding the choice of a shadow net.

0 No gpd.Universal(<All BDD variables not representing dynamic During the analysis of the logic cone driving a shadow net, the variables
clocks>) Vo and \ are used to resolve the circular dependencies in the logic and the

global pull-down function gand pull-up function Fare computed. Ex-
The functionality of footing logic is added to the local and global func- amining the dependencies of &nd F on w and \ performs the loop
tions of the pre-charge net by the following operations: analysis. We introduce a function depend(F, v) that evaluates to O when
Pre-charged to logic 1:  pull-dn=pull-dn&~(pre-charging-function) Fj=1=F}=0 and to 1 otherwise. Then, a so-called loop signature LS is com-
Pre-charged to logic 0:  pull-up=pull-up&~(pre-charging-function) puted as follows:
The footing logic is first added to the global functions of the pre-charge LS = depend(Fs, v1)*8 + depend(F1, vo)*4 +
net, and non-footed dynamic logic is implemented if this translation modi- depend(Fo, v1)*2 + depend(Fo, vo)
fies the global functions of the pre-charge net. A similar translation is only By definition, LS has an integer value between 0 and 15 characterizing
applied to the local pull-down function of the pre-charge net if non-footed the self-dependencies in the corresponding structural loop. For example,
logic is being modeled. LS=0 implies that the loop is purely combinational (this has been previ-
The final step in modeling the footed static behavior of the pre-charge netously noted in [12]). Similarly, LS=9 implies that the loop is likely to be
is to apply a translation that represents the level-restoring behavior of thesequential, although a further check is required to ensure that there is no
net when no discharge paths conduct. If the pre-charge net is pre-chargefisk of uncontrolled oscillation of that loop (see below).
to logical 1, then its local and global functions are modified according to

the following scheme: Table4 Loop Signature I nterpretation
pull-up = pull-up | ~(pull-down function) LS Inferred type of loop / Action
pull-down = ~(pull-up function) 0 Combinational loop; the pair of boolean functions does not depend on either
Similarly, if this net is pre-charged to 0, then its local and global functions of the temporary boolean variables.
are modified as follows: 1 Sequential loop implementing a half-latch that can keep a value of 0 but not a
value of 1.

pull-down = pull-down | ~(pull-up function)

_ . 8 Sequential loop implementing a half-latch that can keep a value of 1 but not a
pull-up = ~(pull-down function) value of 0
SLV provides two modes of modes of output representation for pre-charge Sequential loop implementing a latch.

nets, the first includes explicit references to the dynamic clocks in the be- omer Fo and F: are simplified under the assumption that the shadow net can only
havior of pre-charge nets, and the second makes no reference to dynamiq take boolean values; LS is re-computed.
clocks. This allows users to select the mode that suits their design style.

. The complete set of LS values and their interpretations are provided in
3.3 Analysisof Structural Loops Table 4. In some cases, the value of LS does not uniquely identify the na-
Current generation equivalence checking tools rely on a close structuralture of the structural loop. To avoid that, the value of LS is re-computed
correspondence between the circuits being compared. In practice, a oneafter iy and k are simplified under the assumption that the shadow net
to-one mapping between the state points (latches) of the two circuits is recan only take Boolean values. This is achieved by substituting any occur-
quired to identify the cones of logic that need to be compared. To applyrence of yin F. by ~w, and any occurrence of in Ry by ~\.
these tools to a switch level block, one has to determine its sequential beThis step is, of course, based on an assumption that is later discharged by
havior by reliably identifying the state points as intended by the logic de- verifying that the net cannot have X or Z value. Note that the re-computed
signer and not introducing any additional ones. loop signature is guaranteed to have a value of 0, 1, 8, or 9.
Traditional switch level symbolic analysis derives a gate level model that When the structural loop under analysis is found to be combinational, the
contains fine-grained sequential behavior introduced by a special simula-only remaining task is to substitute with iy and \ with F; in the global
tion clock that is not part of the original design, and associated unit-delayfunctions of all nets that depend on the temporary Boolean variables.
gates [2][4]. Therefore, this gate level model is not suitable for compari- However, if the loop is inferred to be of sequential nature, the extra steps
son with an RTL model as is; further processing is required to abstract theof functional decomposition and a check for oscillatory behavior are re-
detailed timing information and obtain an FSM representation suitable for quired. The functions g7and k are decomposed into sub-functions as
formal verification [10][11]. However, the algorithms performing this ab- follows:
straction rely on symbolic reachability analysis, which is likely to limit Fo=Xo| Yo.vo | Zo.~Vo
their capacity. Thus, some commercial tool vendors are relying on pattern- F1=Xt|Ywvi]|Z1~w1
matching techniques to identify the latches in a design [7][14], while oth- where functions ¥ Yo, Zo do not depend om\and do not share common
ers require users to pinpoint the state points in the input design [12]. cubes, and, similarly, functions; XY1, Z; do not depend om\and do not
From a practical point of view, sequential behavior in circuits is imple- share common cubes. These functions have the following interpretations:
mented either by structural loops (latches, keepers and half-keepers), or by X, (X;) covers the case when ) is independent ofov(vy). Since
storing electrical charge (dynamic logic, dynamic memory arrays). Since the loop is sequential, this is the condition under which the loop’s envi-
the verification of dynamic memory arrays is not an application SLV is ronment “writes” a value into the loop’s latch;
currently targeted at, this section focuses on the analysis of structurale Y, (Y;) covers the case when fF) take their previous value\(vy).
loops in the switch level circuit. In terms of structural loop behavior this is the condition under which

the loop’s latch maintains its stored value;



* Zo (Z1) covers the case when Fy (F1) take the negation of their previous
values ~Vo (~v1). Thus, if Zg20 or Z3#0 the structural loop exhibits os-
cillatory (unstable) behavior. This clearly points to a design error and
prevents the algorithm from obtaining a functionally equivalent RTL
description of theinput switch level circuit.

The above decomposition of Fy and F1 not only alows us to identify un-

wanted oscillatory loops, but aso provides input to the final step of RTL

output generation for the loop. One way of describing the loop behavior in
the Verilog language (assuming Xo and X1 do not share common cubes)

is.

reg N;
always @(<list of nets that Xo and X1 depend on>)
If (Xo | X1)
N =Xy,
In practice, further analysis is applied to identify asynchronous and syn-
chronous set/reset signals, clocks and data inputs and produce a much
more detailed and human-friendly style of RTL description. Loops that
implement latches are distinguished from loops that implement keepers
based on a functional dependence of Xo and X1 on one or more of the
master clock inputs defined by the user, and different styles of output are
generated. Other types of loop behavior analysis on the decomposed Fo
and F; are possible and actually employed in SLV. For example, X¢=0 and

X1=0 implies the presence of a latch that cannot be written to and, there-

fore, can be regarded as a source of unknown value (logical X). Such con-

ditions are reported to the user.

A separate technique has been developed for the analysis of structural

loops that occur within a single CCC (internal CCC loops). Although

some specific but common cases such as Brzozowski-Y odli loops [6] can

be dealt with using rather simple techniques, the design goals of SLV and

the requirements of its user community required a more general solution

to this problem. In our presentation of the internal CCC loop resolution

technique, we consider a CCC with m external inputs with functions

€1,6,...,8n, and n>0 internal inputs. Again, we notionally break the loops
at the internal inputs by introducing a pair of temporary variablederu

the local pull-up function andcdor the local pull-down function at the k-

th input—one for each internal input.

Next, a system of boolean equations B is formed. The actual local pull-up

(Ux) and pull-down ([ functions for all internal inputs are obtained in

terms of ¢ u, and d Then, for any given internal input k, the following

equations must hold when the signals at the inputs of the CCC are stable:
Uk = Uk
dk = Dk

The 2n equations obtained in this way form the system of equations B. In

essence, B captures the conditions under which all nets in the CCC hold a

stable value. Solving B with respect toand @ using a method such as
Gaussian elimination can lead to one of the following results:

. The set of pairs of temporary boolean variablesand ¢ that have
unique solutions are identified, and their nets are marked as non-state
storing ones. Substituting the identified pairs of boolean variables with
their unique solutions modifies the system of equations B. This step re-
duces the number of the remaining free temporary variables in B.

. If there are no more free variables in B, all internal inputs have been
categorized, and there is no more work to do.

. One of the remaining unresolved nets is picked up and selected as a
state storing one. The system of equations B is modified to make the
corresponding temporary boolean variables be parameters rather than
unknown entities in B. This step makes B more constrained with re-
spect to the remaining free temporary variables. The three steps above
are repeated starting with point 1. above.

3.4 Tool Integration and Flow Automation

The compareS2RTL tool encapsulates an automated flow for performing
formal equivalence checks between two designs, each design being at the
switch, gate, or RTL abstraction level. The compareS2RTL tool controls
the flow of data between each tool that it employs, providing a single ge-
neric interface to the user that allows different back-end tools or modules
to be plugged-in with minimal impact to the development environment.
Typically the compareS2RTL tool is applied to a switch level design and
an RTL design; the compareS2RTL flow for this is illustrated in Figure 2.
The compareS2RTL tool employs SLV to create an RTL model from the
switch level design. The equivalence check is subsequently performed
between the extracted RTL model and the RTL design using a functional
equivalence checker such as Tuxedo-LEC [18]. A sequential model
checker is applied if the equivalence checker did not determine that the
two designs are equivalent, which can often be a result of differences by
the tool in mapping sequential elements between the designs.
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Figure 2 Equivalence Checking using compar eS2RTL

If B has no solutions, then the CCC cannot reach a stable state, and it is

therefore established that at least one of the internal CCC loops resultsThe compareS2RTL tool is very versatile, allowing the user full control of

in oscillation. This is a design error and no RTL output is produced;

If B has exactly one solution, thepand g are uniquely determined in
terms of e Therefore, all structural loops in the CCC are of combina-
tional nature and the local functions of all nets inside the CCC can be
obtained by substituting the temporary boolean variaklesid ¢ with

their solutions in B;

If B has more than one solution, then at least one of the internal CCC
loops is sequential. Further analysis is required to handle this case.

which tools and options are used. It provides a single interface for the user
to become familiar with and automatically controls the passage of infor-
mation between tools. Another benefit is that the compareS2RTL tool
automatically passes BDD variable ordering information between tools,
resulting in fewer reordering operations and improved performance.

4. CONTRIBUTIONSAND RELATED WORK

The main contribution of this paper is the description of two novel switch

Two observations are important in order to understand our approach tolevel analysis algorithms. The first algorithm provides automated identifi-
handling the latter of the three cases above. Firstly, even if B does notcation and analysis of pre-charge logic in the presence of complex logic
have a unique solution, it is quite possible theand ¢ do have a unique structures such as gated clocks, non-footed logic, and charge sharing. The
solution for a given k. Thus, we can rule out the possibility of a certain other algorithm is concerned with structural loop analysis and classifies
internal input being a state storing net without having to solve B. Sec- loops as combinational, sequential, or oscillatory (unstable).
ondly, i« and d not having a unique solution for a given k implies that Many of the fundamental technologies for symbolic analysis of switch
either (1) the k-th internal input is a state storing net, or (2) the k-th inter- level circuits grew out of efforts to increase the speed and capacity of
nal input is combinationally dependent on at least one state storing pointswitch level simulation. Bryant pioneered several important techniques in
inside the CCC. this field, including novel methods for switch level modeling [2], CCC
The analysis of the case when B has more than one solution proceeds ianalysis [3][4] and the representation of boolean logic with reduced or-
an iterative fashion: dered binary decision diagrams [5]. While this research clearly demon-
strated the utility of switch level analysis, the development of software to



generate an output model suitable for formal equivalence checking was sis and structural loop and sequential logic analysis. These improvements

not its primary objective. made possible the satisfaction of all high-level requirements set for SLV
A tool called Anamos reads a switch level model in a Spice-like language from the very beginning of the project—coverage of a wide set of design
and generates an equivalent gate level model [2][4]. The gate level mod- styles, minimal change and added overhead for established custom design
eling style employs fine-grained sequential behavior introduced by a spe- practices, robustness, and user-friendly RTL output comparable to manu-
cia simulation clock that is not part of the original design and unit-delay ally written models.

gates to represent sequential behavior. This gate level model is suitable for One area for improvement in SLV is increasing the size of the blocks that
simulation but not appropriate for comparison with an RTL modd as is. can be handled in a single run. One approach that looks particularly
In contrast to this, the techniques for dynamic logic and structural loop promising is utilizing a non-canonical representation for boolean func-
analysisin SLV ensure the preservation of the original state storing points tions such as Boolean Expression Diagrams [1], coupled with a joint use
in the input design and produce a netlist that is suitable as input to of BDD- and SAT-based [8] decision techniques.

equivalence checking tools.
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