ABSTRACT

A system for design verification of LSI
components using programs which convert artwork to
circuit and logic schematics (topology extraction)
is discussed. Algorithms are described,
limitations are discussed, and results are
presented.

I) INTRODUCTION

A major problem associated with VLSI is the
length of the design cycle. It may take as much as
three  years for a design to progress from

conception to production. Computer Aided Design
tools play a major role in the attempt teo reduce
this " design cycle. A verification tool, for
example, attempts to reduce the amount of debugging
time required by verifying that a design is correct
before it is built. Such a tool is particularly
ugeful after those design stages which require
manual intervention, for then the verifier will
provide reassurance that the manual steps were
performed correctly. For example, a logic
simulator may be used to verify that the logic
design is correct.

Efficient  auto-layout tools are mnot yet
available. The alternative, manual mask layout, is
a major design step which can introduce numerous
errors. The programs presented in this paper aid
in verifying the electrical connectivity, circuit
level functionality and logic level functionality
of the mask layout.

II) OBJECTIVES

The objective of the design verification
programs is to verify that the function as
implemented in the artwork is the same as the
desired function described by the designer.
Verification is attempted on two different levels
of detail: the component level and the logic gate
level. On either level, the verification may be
attempted two different ways: simulation or direct
comparison.

Simulation - The circuit description extracted from
the artwork is simulated at the tramsistor or logic
gate level wusing a known set of vectors. This
result is compared with the results of the earlier
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design phase simulations.
verification is only as good as the effectiveness
of the test wvectors at exercising the designed
function. Because the artwork and test vectors are
normally kept in machine readable format this test
requires no additional effort from the designer.

In this case the

Direct Comparison - The descriptiom extracted from
the artwork is directly compared with the dintended
schematic. This requires that the dintended
schematic be in a machine readable format. The
advantage of this method is that it wlll remain
viable as chips increase 1in complexity, provided
that the artwork is hierarchically structured. In
such a case, the comparison can be applied cell by
cell on all 1levels of the hierarchy. The main
disadvantage of this method is that it depends on
the correctness of the original schematic., An
incorrect design which is implemented correctly
will still pass this test. If some method 1is
available for assuring the correctness of the
original schematic, however, then this flaw can be
corrected.

1II) AN OVERVIEW OF EXTRACTION

Topology extraction is the process of directly
translating the artwork into a table of nodes and
interconnecting transistors, and then into a logic
gate description. The process also extracts
certain parameters affecting circuit performance.
The description, generated by the process, must be
suitable for satisfying the objectives defined in
the previous section.

The - topology
two phases. In

extraction system is composed of
the first phase, the tranmsistor
level description is extracted from the artwork.
Using information about expected device topologies,
the system can identify devices in the artwork, and
compute their parameters. The system then computes
parasitic capacitance for each node. Similiar
systems have been reported in the literature.[l-4]

In the second phase, the logic  gate
description is extracted, along with the associated

propagation delays. This phase identifies the
topology of logic gates: and-or-invert,
or—and~invert, PLA, and others. Gate propagation

delays are estimated from transistor parameters and
node capacitances.
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IV) COMPONENT AND PARAMETER EXTRACTION

This portion of the topology extraction system
converts mask artwork to a schematic suitable for a
circuit simulator. The artwork 1is read in a
rectangle format normally used as input to a mask
generating machine. The output is in the format
suitable for the MOTIS-C[5] simulator, so that
electrical simulations may be performed using the
extracted electrical parameters. Parameters
currently extracted are nodal capacitance estimates
and MOS transistor dimensions.

The extraction algorithms require a set of
geometric rules which can identify components and
conductive paths. For each component type, there
must exist a set of rules that uniquely identify
all the components of this type and no others. For
example, a PMOS tranmsistor might be identified as
the logical AND of silicon area, gate oxide, and
implant masks. Similiar operations may be
necessary to identify conductive paths; a
self-aligned NMOS process vrTequires the diffusion
areas 1in order to compute connectivity, where
diffusion area is defined as the active area not
covered by gate area. The logical operations that
are available to perform these modifications are
AND, OR, AND~NOT, and EXPAND(CONTRACT). The
programs that perform these logical operations are
described in  greater detail by Tucker and
Haydamack[6].

Following the logical operations each node is
isolated and ddentified. The program requires a
list of which layers are involved, and their
connectivity to other mask layers. Given this
information, the program finds all the nodes in the
following manner: it finds a polygon that has not
yet been labeled, and assigns it a node number
YN". It then pushes all the polygons that are
electrically connected to "N" onto a stack, and
repeats the process with the polygon on the top of
the stack. When the process terminates, all the
polygons constituting the node have been labeled.
The program then searches for the next unlabeled
polygon. When it camnot find omne, the job is
complete.

The next step in the process is to identify
the components” connections and values. This
generally dinvolves an algorithm designed for each
type of component. The MOS tramnsistor algorithm,
for example, searches for all nodes on the
specified diffusion mask that touch the
transistor. It determines the W and L of the
device, and the node numbers of the gate, source
and drain. (The source and drain are
indistinguishable by the geometric methods used, so
the simulator must be capable of coping with
source-drain reversal). The output data from this
step is stored in a file of device
characteristics.

The next step is to compute each of the node
capacitances. Several different sources contribute
to the total capacitance; the program includes
contributions from the area of the interconnect,
the gate area, source-gate overlap, and the Miller

effect. These contributions are combined to form g
lumped capacitance to ground. The program does not
calculate capacitances between nodes.

As the last step the program produces an
output file that contains all the devices it has
found, and all the node capacitances. This file ig-
in the form used by the MOTIS-C timing simulator.
The user can then add inputs and run the simulator
to predict circuit performance, or convert the
transistor level schematic to a logic schematic as
described in the next sectiom.

There  are several problems with this
technique. While capacitances are easy to
estimate, resistances are not (since the total
resistance of a polygon is not a simple function of .
the resistance of the pieces that compose it).:
This makes this procedure less useful for bipolar
circuits. One solution to this problem is to
handle cells as a fundamental unit, and look up the
schematic when a cell is encountered. However,
this once again introduces the possibility of human
error. Another problem is different circuits that
have the same geometrical construction. An example
is a multiple collecter IIL transistor, which is
indistinguishable from a multiple emitter ECL .
transistor. Another example is the use of a
base-emitter junction as a zener diode. In either
case, an extracted schematic cannot be fed directly
to a simulator i1f the original artwork had both
types of devices.

All of the programs described in this section
run on a HP-3000 computer. A geographically"
segmented data base is used to keep the amount of"
data that needs to be handled at one time down to’
managable amounts. Run times range from minutes
for cells to overnight for entire chips.

V) LOGIC GATE EXTRACTION

This portion of the topology extraction system:-
is used for generating the gate level description
of the circuit, wusing the previously described
transistor level description. The ASCII file
generated by this program is suitable for input to
the TESTAID simulator([7-8], for logic simulation
with timing analysis. The 1logic description can
also be wused for test vector generation, and for
grading the test set against the modeled defects.

V.1) The input to the gate-extraction program
consists of the following items :

1) Transistor-level description.
This description 1is pgenerated by the
component and parameter extraction
program. W/L of each transistor and
capacitance at each node is expected.
These values are used for computing the
propagational rise and fall times for
each gate.

2) Ground and voltage source nodes.
The actual voltage level of these nodes
is immaterial to this program.

3) Input, output and bidirectional nodes.

4) Circuitry external to the IC.



5) A

v.2)

6) Desired winimum,

4) Circuitry external to the IC.

For example, some
expected to be

output pins
connected to a

are
load

device. 1In this case, the load device
nust be modeled as part of the
description.

propagational delay equation.

This equation can only use node
capacitance and transistor W/L. For
example, the default equation used is

T=C*L/W.
average and maximum gate
delays.

Delay computation for each transistor is
done wusing the user-specified equation.
Upon identification of a logic gate, the
gate delay is computed using delay values
of its component transistors. These
final gate delay values will be mapped

onto the range enclosed by minimum,
average and maximum simulation units.
For example, suppose that the

min,average,max values are specified as
0,2,4 simulation units respectively. The
gate delay computations resulted in
min,average,max values of 10, 20,50
nanoseconds. Then the computed delays in
the ranges 10-20NS and 20-50NS will be
mapped into the ranges 0-2 and 2-4
simulation units respectively.

The output of the gate extraction program

nsists of the following items :

1) Logic gate description.

This description can be directly fed into
the TESTAID logic simulator. Each gate
will be assigned separate rise and fall
times.

2) List of deleted transistors.

For example, an enhancement mode NMOS
transistor with its gate node connected
to ground is always in the OFF state.
This transistor will be deleted. Such
transistors, and many other
non~functional devices, occur in dinput
protection networks, test devices,
alignment keys and other non-logic

. circuitry. )

..3) Bidirectional devices.

. The transistors being used as
bidirectional devices will be collected.
They will be 1listed as such, with a
warning message.

4) Sourceless nades.

Each internal node must have a source,

either an input pin or a logic gate. The
sourceless mnodes will be listed with a
warning message.

5) Sinkless nodes.

have a sink (successor
device). The only exception is the
output signals. The nodes without a sink
will be listed with a warning message.

Each node must

V.3) Gate extraction program description.

The transistor level input description is read
and converted dinto internal tables. Since the
input description has been previously generated by
the transistor extraction program, a crosschecking
facility is not normally needed. Some consistancy
checking is done anyway. For example, each
transistor is checked to make sure it has a nonzero
W/L value. Input, output and bidirectional signals
are also checked to insure connection to at least
one transistor.

After reading the description, the transistors
which cannot affect the logic level simulation are
deleted. An example is a transistor with either
source or drain node connected to a signal which is
not connected to any other transistor. If the
signal is not an input/output signal, then the
transistor will not effect the 1logic simulation,
and is therefore deleted. After deletion of
non-functional transistors, the remaining
transistors are used to create two lists. The
first list contains end-nodal groups of
transistors; each group contains the transistors
with source or drain node connected to a common
signal. The number of groups is equal to the total
number of signals. The second 1list contains
gate-nodal groups of transistors; each group
contains the transistors with the gate-nodes
connected to a common signal. The purpose of these
lists is to allow efficient access to the
interconnectivity information.

The transistor’s propagation delays are then
computed. Since no drains or sources for any
transistor have yet been identified, a delay value

is computed for each end. The  user-supplied
equation using node capacitance and W/L is used for
these delay computations. When a logic gate is
extracted the delay value associated with the
proper end of each component transistor is used for
computing the gate delay.

Next, a check 1is made for presence of
p-channel transistors. If they are present (CMOS,
S0S) then p-channel and n-channel transistors are
partitioned. For NMOS, the gate extraction starts
at each implanted device. Using the
interconnection 1lists, identification of the
generalized AND-QOR~INVERT (AOT) is started
(fig. la). The INVERTER, NOR and NAND gates are
substructures of the AOI. If the structure can not
be identified as AOI, then didentification of

generalized OR-AND-INVERT (0AI) is started
(fig. 1b). For (MOS, the major task involves
identification of potential output nodes of the

logic gates to bhe extracted. CMOS logic gate
output nodes have connections to a  pair of
p~channel and n-channel transistors whose gate
nodes are controlled by a common signal. The CMOS

AOTI and OAI gates
fig. 2a,2b.

to be extracted are shown in
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N-MOS AND-OR-INVERT N-MOS OR-AND-INVERT
(a) (b)
Figure 1.

C~-MOS AND-~OR-INVERT
(a) (d)
Figure 2.

C~MOS OR-AND-INVERT

Next, identification of specific structures is
started. The logic structures identified in this
program  are ‘hard-wired” into the program,
therefore a subroutine must be written for each new
structure jdentification. The PLA structure shown
in fig. 3 has been implemented.
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Figure 3.

After the extraction of logic gates, only the
transistors being wused as transfer-gates or
transmission—-gates are left. The gate structure to
be identified is shown in fig. 4.
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Figure 4.

The identification of these gates involves scanning
the 1list of remaining transistors in multiple
passes. During each pass, outputs of the gates
extracted so far are usable as inputs for the
multiple transfer gate extraction. The scanning is
continued until all transistors are resolved as
transfer gates or transmission gates. After all
the logic gates are extracted, the description file
is generated. Also, using this description, the
signals without a source and sink are identified.

This program is implemented on the HP3000 and
the AMDAHL 470 computers. The HP3000 version
handles wup to 2100 transistors: the AMDAHL 470
version up to 60,000. Typical run time for a
2100-transistor example is about 3 minutes on the
HP3000. For a 12,000~transistor example the
typical run time is 6 minutes on the AMDAHL 470.

Vi) RESULTS

The topology extraction system has been used
for design verification of a wide range of NMOS
circuits. Some typical examples are a digital
filter chip, a microprocessor chip, and a device
controller chip. The size of these examples varied
from 700 to 12,000 transistors. Successful logic
simulations were carried out using manually
generated test vectors. For the smaller examples,
simulations were run using the MOTIS-C timing
simulator. Several problems were found. The
digital filter chip, for example, had a missing
contact, and the test vector sequence for the
device controller did not properly initialize some
of the registers. Appropriate changes were made in
the circuit design and artwork to resolve those
problems.

VII) FUTURE PLANS

The current topology verification system will
handle almost any MOS process. Three different
NMOS processes can be handled now; additional MOS
processes can be added by simply coding a new set
of topology rules to feed the program. Bulk CMOS
and CMOS-S0S rules are in development.
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Bipolar processes present more complicated [9] B. Infante, D. Bracken, B. McCalla,

\ axtraction problems. To handle these, the S. Yamakoshi, E. Cohen, "An Interactive
. component extraction program needs the ability to Graphics System for the Design of
recognize cells as a fundamental unit. A component Integrated Circuits", 15th Design

or collection of components too complicated to be Automation Conference, 1978 pp 182-187

"easily recognized could then be defined as a cell.
'p known schematic would be associated with this
cell. Extraction of component values would then
proceed normally except when a cell of this type
was encountered; then the known schematic would be
_directly substituted. A component extraction
system of this type will use the hierarchically
gtructured data base of the computer aided artwork
system[9] instead of the fully expanded mask data
that is used in the current version.

The extraction of wuser-specified logic gate
structures presents a complicated problem. A
description language is being developed for
specifying logic gate structures.
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