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ABSTRACT

In this paper we describe a hardware design method for
memory and register arrays that allows the application of
formal equivalence checking for comparing a high-level
register transfer level (RTL) specification with a low-level
transistor implementation. Equivalence checking is in-
creasingly applied in practical design flows to verify reg-
ular logic components. However, because of their specific
organization and circuit techniques, high-performance im-
plementations of large storage arrays require particular
modifications to the general flow that make them suit-
able for formal equivalence checking. Two techniques are
outlined in this paper. First, a special hierarchical verifi-
cation scheme is described that allows the application of
a partitioned comparison approach of the bit-wise orga-
nized transistor-level model with the word-wise organized
RTL model. Second, a modified switch-level extraction
technique is presented that extends the applicability of
equivalence checking from regular dynamic CMOS cir-
cuits to self-resetting CMOS (SRCMOS) circuits.

I. INTRODUCTION
Regular storage array components are increasingly used

in the design of high-performance microprocessors and
ASIC chips. To ensure correctness, the growing com-
plexity and functionality requires a rigorous verification
methodology on all levels of abstraction. Functional ver-
ification is typically performed by simulating billions of
design cycles on the RTL specification. Formal equiva-
lence checking is then applied to compare the RTL model
with any lower-level implementation [1, 2]. Since an ex-
haustive equivalence check effectively validates the RTL
simulation results for the lower-level model, a repeated
and significantly slower simulation on this, more detailed,
level can be avoided. Further, the redundant description
of the design specification and implementation often un-
covers bugs not found during simulation.

To ensure high simulation speed, large fractions of the
RTL model are simulated on word-level. Word-level op-
erations can directly be mapped onto native word-level
instructions of the host processor guaranteeing efficient
instruction execution and memory access. This word-level
approach is particularly important for modeling large stor-
age arrays; a bit-level model would completely fracture
the execution and, as a result, decrease the simulation
speed by several orders of magnitude. Contrarily, an effi-
cient hardware implementation of storage arrays requires
a bit-level organization. Since the individual bit posi-

tions of all words of an array block share the same sense-
amplifier, a hierarchical description is based on grouping
those bits across word boundaries. Such an organization
is orthogonal to the simulation model and requires a spe-
cific scheme for hierarchical equivalence checking.

A second challenge for applying equivalence checking to
large storage arrays is the broad use of specific dynamic
circuit techniques such as SRCMOS circuits. SRCMOS
gates generate their own dynamic clock signal using a fine-
tuned feedback path from the outputs to trigger the readi-
ness for the next inputs. The resulting circular structure
effectively implements an asynchronous circuit for which
the traditional synchronous equivalence checking model
is not applicable.

In this paper we describe a hardware design method
which allows the application of hierarchical equivalence
checking of orthogonally organized models of storage ar-
rays. We further describe how the regular functional ex-
traction of dynamic CMOS circuits can be extended for
SRCMOS circuits. Our design flow is based on the equiv-
alence checking tool Verity [1] which is broadly used in
IBM to verify transistor-level and gate-level designs. The
paper is organized as follows. Section II describes the
general extraction method used by Verity. The follow-
ing section describes the details of applying this extrac-
tion scheme to SRCMOS circuits. Section IV presents the
overall verification technique used for array components
[3, 4], followed by the conclusions.

II. VERITY BASED EXTRACTION
METHODOLOGY

The application of equivalence checking of memory units
is done by partitioning the design into logic and array
components. This partitioning is needed to reduce the
verification complexity and also to allow the use of dis-
tinct techniques for each portion. During the course of
the memory design the RTL model can go through sev-
eral changes which invalidates the transistor level imple-
mentation. In particular, this is regularly the case for the
logic portion which gets updated with respect to changes
of the memory environment. Using the proposed parti-
tioning such changed can be dealt with in an incremental
fashion. Further, the actual memory cells instantiate se-
quential storage elements and need special handling in the
extraction process.

The methodology used here is based on the Verity tool
developed for functional verification of CMOS designs.
Among other representations, it uses Binary Decision Di-
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agrams (BDD) to represent the Boolean function of the
networks being compared [5, 6]. A functional extraction
step computed the Boolean function for the transistor net-
work based on a switch-level model. A similar extraction
is performed for the RTL model. For memory and logic
elements the extraction process is tightly coupled with
the actual verification step. This makes it possible to ef-
ficiently handle special structures such as pass-transistor
logic, false CMOS paths or circuits which contain com-
binatorial loops. Consistency checks are applied to vali-
dated and justify the extraction model. Further, the cus-
tomizable set of extraction and checking rules can be tar-
geted to specific tests for particular circuit structures. For
example, the applied methodology checks if dynamic cir-
cuit nets would potentially violate the combinatorial ver-
ification model or get into a high impedance or colliding
state.

1. Hierarchical Design Verification
The basic idea of hierarchical verification is to reduce

the circuit complexity by excluding instances of subcells
from the verification of the calling component. The cir-
cuits of the excluded cells are removed from the hierarchi-
cal design description and replaced by black boxes. The hi-
erarchical verification is controlled by a verification skele-
ton, which defines all macros for which Verity is actually
applied. Clearly, the complete comparison of two design
representations requires the same verification skeleton on
both sides. This essentially checks the integrity of macro
interconnection, including the correct wiring and the con-
sistency of the assertions between the individual macros.

2. Sub-Cell Verification
The set of leaf cells consists of all of the subtrees of the

design hierarchy which can be verified as one unit. Ex-
cept for sequential circuit pieces, such as latches or reg-
isters, these leaf cells are completely flattened. Thus, no
restrictions are imposed on their hierarchical description.
After flattening, Verity extracts the Boolean function of
the outputs for the two design representations and com-
pares them with respect to the input constraints. The
details of the circuit extraction algorithm are described
in the reference [1].

III. EXTRACTION FOR SRCMOS CIRCUITS

A. Partitioning Logic and Memory Hierarchy

An example of a typical logic and memory circuit [4]
used in microprocessors with the main components, I/O
and array is shown in Figure 1. The description includes
a register file with m word lines and n bit lines. For the
read operation the array is partitioned into quadrants.
Write and read addresses (in this case word lines = 32)
select wordlines. Read wordlines and write wordlines are
used for reading and writing data from and into the array,
respectively. For maximum performance, the layout of
the actual memory array (component A3) is organized in
a vertically bit-sliced manner (Figure 2). A single write
bitline contains the data to be written into the addressed

latch by triggering the passgate with the selected write
wordline.

Fig. 1: Main partition of a multi-port register file with 32
wordlines and 64 bitlines.

Fig. 2: Original structure of the vertically sliced array.

The latch data is read by triggering the read wordline
and gets transmitted across the read bitline to the sens
amplifier. With respect to the read operation, the array is
partitioned into four quadrants to create a pitch matched
circuitry. The cell outputs of 8 registers are multiplexed
for each read port within a quadrant. The outputs of
these four multiplexers is then dotted ORed to give the
selected single bit output.

The register file utilizes SRCMOS circuitry. There are
two distinct mechanisms to generate the dynamic clock-
ing. First, a dedicated delay of the input signals is used
to trigger the new precharge phase after the inputs have
been evaluated. Second, a delayed feedback loop is ap-
plied to generated the precharge signal after it has been
determined that the evaluation is finished. Figure 3 gives
an example of a circuit that includes both forms of reset
generation. There are several possible organizations of
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Fig. 3: Circuit example for reset generation using input delay and feedback loops.

the reseting signals. For example, each read port has its
own reset chain whereas the write port share a common
self-resetting structure. For proper function, both mecha-
nisms rely on specific delays of circuit components. Since
Verity uses a static extraction scheme, it cannot directly
be applied to verify SRCMOS circuits. In essence, we ap-
plied a methodology consisting of separately verifying the
logic forward path, the logic reset paths, and the delay of
the reset chain.

For hierarchical verification, the register file is parti-
tioned into three components to separate logic and mem-
ory elements. The control for read and write form the
logic portion while the array includes the memory. The
only actual logic remaining in array components are mul-
tiplexers. The following procedure describes verification
of each functional element (logic and memory).

B. Logic Circuit Verification
In the following we outline the switch-level extraction

mechanism used in Verity to the extend it is needed for
the understanding of this paper. Further details can be
found in [1].

1. Static Mixed-mode Extraction
Verity uses a path-based mixed-mode extraction scheme.

Mixed-mode refers to the fact that the circuit model may
include transistors, Boolean gates, and terminals. This
general approach allows a uniform application of the ex-
tractor to design views derived from RTL, transistor sche-
matics or any combination of them.

MOS transistors are represented by switches which have
two switched terminals and a control terminal correspond-
ing to the MOS drain, source, and gate connection, re-
spectively. Let N(G, S, W ) denote a circuit with a set
of logical gates G = {G1, · · · , Gg}, a set of switches S =
{S1, · · · , Ss}, and a set of nets W = {W1, · · · , Ww } in-
terconnecting the logical gates and switches. Further, let
IG i ⊆ W be the set of input nets and OG i ∈ W be the sin-
gle output net of logical gate Gi . Similarly, CSi ∈ W and
DSi ⊆ W denote the control net and the two switched
nets of switch Si , respectively. For consistency, we as-
sume that each net connected to a primary circuit input
or constant voltage source is driven by a specific logical
gate with no inputs. Similarly, let each primary circuit
output drive a logical gate without an output.

On the basis of this circuit definition, two specific groups
of nets can be identified. First, the controlling nets in-

clude the inputs of logical gates and the controlling nets
of all switches. Second, the outputs of logical gates form
the set of driven nets. More formally, the set of con-
trolling nets is defined as CW = {Wi | (∃Gj : Wi ∈
IG j ) ∨ (∃Sj : Wi = CSj )}. Similarly, the set of driven
nets is defined as DW = {Wi | ∃Gj : Wi = OG j }. The
set of switches is partitioned into two groups: The set
P OS ⊆ S contains all switches which close when a 1
is applied at their control input. Similarly, the set of
switches that close when a 0 is applied at the control in-
put is included in NEG ⊆ S. Physically, these two sets
correspond to NMOS and PMOS transistors, respectively.

Figure 4a shows a dual rail generator circuit. For this
example, CW = {a, b, c} includes all nets connected to
inputs of logical gates. The outputs of logical gates form
the set of driven nets DW = {VDD , GND, a, b, c, d, e}.

Fig. 4: Circuit examples: (a) static gates- dual rail gen-
erator, (b) SRCMOS ”AND” circuit.

For the sake of functional extraction, two Boolean func-
tions f0

W i
and f1

W i
are assigned to each controlling net

Wi ∈ CW . These functions describe the conditions for
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which the net is driven by 0 and 1, respectively. The four
possible value combinations (f0, f1) = {(0, 0), (0, 1), (1, 0),
(1, 1)} correspond to net status: high impedance (float-
ing), logical-1, logical-0, and collision. Similarly, two driv-
ing functions F 0

W i
and F 1

W i
are assigned to each driven net

Wi ∈ DW . They are computed by the driving gate on
the basis of the functions of the gate inputs. The com-
putation rules for a representative set of basic gate types
is provided in Table 1. For example, function F 0 and
F 1 of the VDD driver G1 are set to 0 and 1, respectively.
An independent variable and its complement are assigned
to F 1 and F 0 of the primary inputs, respectively (e.g.,
F 1

a = a, F 0
a = a). Further, internal logical gates compute

the gate function for F 1 and the dual gate function for F 0.
As an example, the driving functions of net d in Figure 4a
are F 0

d = f0
b ∨ f0

c = b ∨ c and F 1
d = f1

b ∧ f1
c = b ∧ c.

Gate type F 0 F 1

Constant-0 (GND) 1 0
Constant-1 (VDD ) 0 1

Primary input variable variable

AND
_

∀ inputs W i

f0
W i

^

∀ inputs W i

f1
W i

OR
^

∀ inputs W i

f0
W i

_

∀ inputs W i

f1
W i

NOT f1
W i

f0
W i

Table 1: Computation of the driving functions for various
gate types.

2. Dynamic Switch-level Extraction
Verity applies a time slicing approach to handle dy-

namic circuit techniques in a general way. The basic idea
is to split the precharge cycle into multiple slices and to
extract an independent function for each slice. The slice
functions for the nets are then combined to form the fi-
nal net function. This approach is reviewed here for the
readers.

The driving functions

(F 0
W i

[1], F 1
W i

[1]), · · · , (F 0
W i

[n], F 1
W i

[n])

for the primary inputs and the clock inputs are speci-
fied according to a user-defined n-phase clocking scheme
or precharge scheme. For example, the precharge signal
RS of the circuit example shown in Figure 4b is acti-
vated during the precharge phase and deactivated dur-
ing evaluation. The corresponding driving functions for
precharge and evaluation are F 0

RS [1] = 1, F 1
RS [1] = 0 and

F 0
RS [2] = 0, F 1

RS [2] = 1, respectively. In this particular
case it is assumed that the primary data inputs are inac-
tive during precharge and driven by independent variables
during evaluation.

In the general case, a set of n functions ((f0
W i

[1]), (f1
W i

[1])),
(· · ·),((f0

W i
[n], f1

W i
[n])) is computed for each controlling

net Wi by independently applying the extraction algo-
rithm for each slice. The individual slice functions are

combined to form the final combinatorial function by the
following scheme:

f0 = f0[n] ∨ (f1[n] ∧ f0[n − 1]) ∨ · · ·

∨ (
^

2≤i ≤n

f1[i] ∧ f0[1]) ,

f1 = f1[n] ∨ (f0[n] ∧ f1[n − 1]) ∨ · · ·

∨ (
^

2≤i ≤n

f0[i] ∧ f1[1]) .

This scheme effectively represents the electrical func-
tion of dynamic circuits, where for each clock phase the
previous value is either kept or overwritten by an active
path to a driven net.

As an example, consider net c in Figure 4b. The ex-
tracted functions are calculated as follows:

f0
c [1] = 0 ,

f1
c [1] = 1 ,

f0
c [2] = a ∧ b ,

f1
c [2] = 0 .

The final functions are:

f0
c = f0

c [2] ∨ f1
c [2] ∧ f0

c [1] ,
f1

c = f1
c [2] ∨ f0

c [2] ∧ f1
c [1] ,

f0
c = a ∧ b ,

f1
c = a ∨ b .

3. SRCMOS Verification
As mentioned before, the basic design of SRCMOS cir-

cuit relies on dedicated delay elements to function prop-
erly. Since Verity is based on a static extraction method-
ology, those circuits would not be handled properly. In
fact, if applied without special setup, Verity would reject
SRCMOS circuits since they violate the extraction model.

SRCMOS circuits can be partitioned into two compo-
nents, a regular dynamic circuit part (e.g. the circuit in
Figure 4b) and the reset generation. To verify SRCMOS
circuits, we apply a methodology that consists of three
steps:

• functional verification of the forward path using Ver-
ity in regular dynamic extraction mode,

• functional verification of the reset path using Verity
in regular static or dynamic extraction mode, and

• timing verification of the reset delay using circuit
simulation.

In order to support this scheme, the reset signal is man-
ually identified and declared for proper handling. For SR-
CMOS the Verity extractor is programmed in such a way
that it will perform the first and second step. The last
step which includes the timing verification is done sepa-
rately using standard circuit simulation techniques.
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IV. MEMORY VERIFICATION

The implementation of the memory array is naturally
organized in a vertical manner. There are two problems
that make a vertical memory organization not applicable
for RTL simulation:

• A vertically organized RTL memory model runs dras-
tically slower and uses significantly more memory.
For example, the register file of Figure 1 with 32
words and 64 bits, a vertical organization would re-
sult in 32 * 64 = 2048 latch elements being modeled
and simulated individually. In contrast, a horizontal
organization would use 32 words on a 64-bit simula-
tion host architecture with full read and write paral-
lel access to each word.

• A vertical organization causes each bit to have a
unique net name, making it hard for designers to view
and debug. This is particularly the case, if symbolic
representions are used to display and set values.

For the given reason, it is required to organize the
RTL simulation model horizontally. In order to make this
model comparable to the circuit design, the hierarchical
organization of the array core was done in a matching
manner. By separating the actual logic (read and write
control) from the array core at the first level of hierarchy,
this organization localizes the organizational constraint
to an area which is highly regular.

Fig. 5: Repartitioned 4-A2 block organized horizontally.

The verification of the array itself is divided into two
levels of hierarchy, exploiting the natural partitioning of
the design. As drawn in Figure 5, The top level A3 con-
sists of four blocks A2, the multiplexer outputs, and scan

Fig. 6: Structure of block A2.

Fig. 7: Horizontal organization of the array.

chains. Figure 6 shows the structure of the internals of
block A2. Within the A2 block there are eight registers
(A1) and three MUXes (AA1) corresponding to each port.
A horizontal cross section of the register A1 includes 64
cells corresponding to each write bitline and is drawn in
Figure 7. The schematic of each cell is shown in Fig-
ure 8. A true and complement write wordlines (wwla and
wwlan) write into a latch comprised of inverters formed
by devices Q1, Q2 and QS3, QS4. The output of such a
latch is read bitline rbl. There are 64 read bitlines. The
scanning is done by LSSD and is controlled by the clock A
and B. The LSSD chain latch is formed by the transistors
Q5, Q6 and Q7, Q8.

The RTL specification is partitioned to match the hor-
izontal wordline partitioning of the implementation. The
equivalence check of a hierarchical design organized in
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Fig. 8: Multiport register file cell with 64 bits each.

Fig. 9: Differing hierarchies for pull-down output of mul-
tiplexer output bit.

the described manner is done incrementally. Sequential
circuit elements or other design pieces which can not be
modeled by combination logic such as memory cells are
excluded from the verification process by either braking
feedback loops or black boxing them. The overall incre-
mental verification is applied in a bottom up manner.
First, block AA1 is verified which is then black-boxed for
block A2 during its verification. This process is repeated
for the entire structure until the entire memory unit is
verified. The skeleton of the entire register file is shown
in Figure 10.

In addition to the static equivalence check, circuit sim-
ulation is used to verify the specific timing of delay ele-
ments, sequential circuit components as well as any struc-
ture that cannot be verified statically. An example for the
latter are pulse-chopper circuits.

V. CONCLUSIONS

Formal equivalence checking is increasingly used in the

Fig. 10: Overall verification view of the register file.

design process of high performance microprocessors and
ASICs. However, its application to large memory arrays
poses a number of challenges due to their specific orga-
nization and used circuit techniques. In this paper we
presented a design methodology for adopting equivalence
checking to memory arrays. Using a specific example,
we explained how a static verification flow can accom-
modate the verification of SRCMOS circuits. Further,
we demonstrated that a particular hierarchical organiza-
tion of the RTL model and circuit implementation can
bridge the checking gap between those, without loosing
the speed of the simulation model. The method has been
applied to several designs resulting in memory implemen-
tations which are proved to be equivalent to their simu-
lation model.
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