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Abstract

This paper presents a new concept for accurate modeling and
timing semulation of electronic systems integrated in a typical
VHDL design environment, taking into account the require-
ments of deep submicron technology.

Contrary to conventional concepts, autonomous models for
gates and interconnections are used. A piece-wise-linear sig-
nal representation allows to model waveform dependent ef-
fects. Furthermore, the gate models catch pattern dependen-
cies, the models of interconnections take into account post
layout information with ramified structure, different layers
and even contact holes.

1 Introduction

During the design of electronic systems, each design phase is
accompanied by a verification phase. As an increasing por-
tion of errors on integrated circuits can be traced back to
timing problems, the timing behaviour plays a very impor-
tant role in the IC verification process.

Technological progress leads to smaller feature size resulting
in decreasing propagation delay and higher output signal
slew rate of single logic gates. Higher clock frequencies can
be realized. Besides that, the shape of a signal transition
and the input pattern (often summarized as input situation)
have a major influence on the dynamic behaviour (propa-
gation delay, output rise time, etc.) of logic gates. These
analog aspectsin the field of digital circuits will play a more
important role in the future [1].

On the other hand the chip size increases, so that global
interconnections cause a growing contribution to the propa-
gation delay of the corresponding paths. Since propagation
delay and other effects (reflexions, coupling, etc.) caused by
long interconnections have been playing an important role
between PCBs for a long time, they were treated as sec-
ond order effects on PCBs and even could be neglected for
the small on-chip dimensions. But the mentioned tenden-
cies have a major impact on the dynamic behaviour and on
the efficiency of todays electronic systems, even on chip (see
also: scaling theory [2]). The performance is limited by the
effects of interconnections in many cases. This dispropor-
tion between the delay of gates and global interconnections
is shown in figure 1 [3].

As the mentioned pattern and waveform dependencies can
hardly be covered by static timing analysis, we focus on (dy-
namic) timing simulation in this work.
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Figure 1: Propagation delay of single gates (7(g)) and clock
drivers (7(clk)) in contrast to global interconnec-
tions (7(Al, W),l = 5mm) as a function of the
design rules

There are four fundamental types of models and algorithms
for timing simulation, demonstrating the existing trade-off
between simulation accuracy and simulation expense:

Boolean algorithms for digital gates use two valued
(boolean) signals or multi-valued logic systems. The
function and the timing behaviour are calculated sepa-
rately. The function (output signal value) is evaluated
by boolean equations, whereas the propagation delay of
the output signal is calculated using simple formulas or
lookup-tables and interpolation methods. The needed
parameters for it are calculated by extensive presimu-
lation runs (characterization) [4].

Switch-level algorithms calculate function and timing
by evaluating the node voltages represented by dis-
crete levels using charge or discharge equations. These
algorithms operate directly on the transistor circuit
structure. Each transistor is represented by a bidirec-
tional resistive switch, nodes are represented by capac-
itances [5]. Sometimes interconnections are taken into
account by equivalent lumped RC elements [6], [7]. Al-
though these models can take into consideration feed-
back loops and pass transistors, there are still devia-
tions from the results of circuit simulations that cannot
be tolerated for the design of submicron systems.

Analytical differential equation solvers use macro-
modeling techniques and nonlinear transistor equations
benefitting from the unidirectional signal flow in MOS
circuits [8], [9]. Mostly, the complex nonlinear differen-
tial equations resulting for gate behaviour are reduced
by mapping all gates into equivalent primitive blocks
(e.g. inverters) and/or using linearized equations. Do-
ing this, pattern dependencies are neglected.

Timing simulation using the most simple models for boolean
algorithms can be performed with so-called boolean gate-
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level simulators. This method is state of the art in digital
design, often enhanced with backannotation methods using
the established Standard Delay Format (SDF) [10]. On the
other hand, the extensive modeling capabilities of hardware
description languages like VHDL [11] - [13] and correspond-
ing simulators make it possible to perform timing simulation
not only by using boolean but even by using switch-level
models and simple analytical models. Beneath the imple-
mentation of the discussed algorithms with conventional dig-
ital simulators, some of the proposed more advanced models
need specialized tools for timing simulation [14], [15].

As conventional signal types for boolean algorithms such as
the VHDL types bit or std_logic only represent the new signal
value and do not contain information about the signal shape,
waveform dependent effects cannot be reflected. Some algo-
rithms therefore use information about the signal rise or fall
time, representing the signal transition as a ramp [1], more
advanced models use a two-segment approximation [16]. But
even with this type, overshoots caused by reflexions, strongly
nonlinear waveforms, or non completely switching transi-
tions cannot be modeled. Signal representations by math-
ematical functions or piece-wise-linear approximations have
to be applied [17].

Taking a closer look on the discussed models and algorithms
proves that in nearly every case simplifications (heuristic
formulas, linearization, inverter reduction) are made to be
capable of the nonlinear transistor behaviour with all the
parasitic effects.

None of the models mentioned above offers a solution for an
accurate integration of the interconnection behaviour into
timing simulation which also includes effects of inductive
parasitics. At the moment, only one modeling technique
masters this problem with the necessary accuracy:

Numerical differential equation solvers represent the
logic gates by their equivalent transistor circuits and
interconnections with lumped elements (resistors, in-
ductors, capacitors) or special lossy transmission line
models. This results in Kirchhoff networks that have
to be solved with numerical algorithms [18]. This is
done by circuit simulators like SPICE [19].

Using a circuit simulator for timing simulation leads to the
required accuracy, but also to very time consuming simula-
tion runs. This method can only be used for smaller circuits
or subcircuits, but is unacceptable for complete systems.

Since all discussed models and algorithms have deficiencies
regarding the accurate representation of submicron effects
or simulation performance, new methods, models and tools
must be developed to meet the advanced requirements for an
efficient design flow that supports the design of complex sys-
tems with high performance. The proposed VAMP concept
will close that gap in the trade-off range of accurancy and
simulation expense. Timing simulation using this concept
will increase simulation speed by a factor of one hundred.
Simultaneously, the simulation leads to deviations less than
5% compared with circuit simulation results.

2 Concept and implementation basis
Figure 2 shows the VAMP concept (VAMP = VHDL based

accurate modeling for post layout timing simulation). This
new concept processes gate-level netlists and layout data.

VAMP is an event-driven approach based on a new signal rep-
resentation and separated, autonomous models of the vari-
ous logic gates and interconnections. This separation stands
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Figure 2: The VAMP concept

in contrast to other event-driven modeling concepts, where
interconnect delay is integrated into the gate models either
at the output stage [4] or at the input stage [10].

Signal representation: To catch the dependencies on
the shape of signal transitions, a new signal representa-
tion is used which holds more information of the signal
shape than traditional multi-valued logic systems. This
signal representation is defined as a VHDL type in an
appropriate package (section 3) [20].

Models of interconnections: Interconnections will no
longer be treated as a single, dimensionless node like by
conventional simulators, but as an independent compo-
nent with several input and output ports and different
behaviour at each output port. Resistive, capacitive
and inductive parasitics are taken into account (sec-
tion 4) [20].

Models of logic gates: Appropriate models of the logic
gates, capable of handling the new signal representa-
tion, also take into consideration the waveform and pat-
tern dependencies as well as the parasitic load caused
by driven interconnections and gates (section 5).

Layout extraction (LE): To calculate the necessary pa-
rameters for the models of interconnections, informa-
tion about the structure (length and dimension of each
section and branch) and the used materials (intercon-
nection layer) is needed. This information is extracted
from layout and stored in a netlist format for each in-
terconnection by the extraction module.

Netlist conversion (CONYV): Usually, interconnections
in conventional VHDL netlists (e.g. resulting from logic
synthesis) are treated as a single, dimensionless node
each connected gate is mapped to. Using the accu-
rate models of interconnections with different behaviour
from each input port to each output port means to split
these nodes and integrate individual instances of the
interconnection models into the netlist (figure 3). Fur-
thermore, conventional gate instances have to be re-
placed by new, accurate PWL models. All these steps
are done by the conversion module.

It is possible to investigate the complete system using the
advanced models and signal representation, but one can also
investigate only critical paths or parts of the system. Other



Figure 3: Netlist conversion integrating an interconnection
model instance for node b

parts are modeled in a conventional way using signal types
like std_logic. Information about the system part to be mod-
eled with the new methodology is necessary for netlist con-
version. Proper conversion modules to connect the different
signal types (PWL < std_logic) have to be used in this case.

As an additional feature, the power dissipation can be cal-
culated as a function of time (section 6).

The simulation results can finally be compared with the
specification in order to decide, whether the layout meets
the given timing and power requirements.

This concept is implemented using the standardized hard-
ware description language VHDL. Therefore, we are not re-
stricted to a single simulator and/or vendor. Furthermore,
VHDL offers a wide range of modeling capabilities including
new signal types, attributes, and functions [11] - [13]. As-
pects of accuracy! and simulation performance? caused us
to implement some modules in the programming language
C rather than in VHDL. The C modules are linked to the
VHDL simulator using a corresponding, but tool-specific C
language interface. Once the C functions are integrated into
the interface and linked to the simulator, the models can be
used in structural VHDL models like any other VHDL com-
ponent. At the moment we provide interface routines for vss
(SYNOPSYS) and Leapfrog (CADENCE). As most of the
VHDL simulators offer a C language interface, the concept
is not restricted to these specific simulators.

3 Signal representation

As discussed, the signal shape has a major impact on the
timing behaviour of gates and interconnections. Modeling
these effects means to calculate and propagate the waveform
of each signal, i.e. the shape of each individual event.

As piece-wise-linear (PWL) approaches are used in the field
of circuit simulation [22], we use it for our event driven ap-
proach, too. The VAMP concept describes each signal transi-
tion as a sum of ramps, resulting in a PWL shape. The PWL
representation is realized as a VHDL type (pwl_signal)in
an appropriate package, shown below. The voltage compo-
nent ramp_height of each ramp is an integral multiplier of
1mV, the time component ramp_time is an integral multi-
plier of the base unit ps. This memory saving implementa-
tion provides the necessary accuracy. Boolean signals or even
analog signal waveforms (which are also piece-wise-linear
functions with very small timesteps) can be interpreted as
special cases of the proposed PWL type. Therefore, simple
conversion modules are provided to use the new signal types
together with conventional VHDL types bit or std_logic in a
mixed-mode simulation.

IThe current version ot the IEEE mathematical package does
not provide double precision types.

?Investigations on comparable C' and VHDL implementations
using the mathematical packages math.h respectively MATH REAL
indicated broad performance advantages of the C' realization.

PACKAGE pwl IS
SUBTYPE ramp_range IS integer RANGE O TO 20;

TYPE ramp IS RECORD
ramp_height : integer;
ramp_time : natural;

END RECORD;

TYPE ramp_array is ARRAY (ramp_range) OF ramp;

-- in mVY
-- in ps

TYPE pwl_signal IS RECORD
ramp_number : ramp_range;
ramp_data : ramp_array;
END RECORD;
TYPE pwl_signal_vector is ARRAY
(natural RANGE <>) OF pwl_signal;

END pwl;

The model equations for the output voltage V' are sampled
for discrete values of time ¢, and the resulting sampled func-
tions V,, have to be transformed back into the PWL form by
approximation using least squares method. This process is
controlled by the user defined parameters maximum number
of ramps and maximum voltage error.

4 Models of interconnections

Since the behaviour of interconnections is nearly linear, fre-
quency domain methods can be used to compute it. The
transfer function of every path from the input port to ev-
ery output port of an interconnection net is computed using
fourpole theory.

Fach section of the interconnection net is treated as a ho-
mogenous twin wire (TW) with distributed parasitics. The
exact solution of this problem can be written in the form of
the following cascade matrix:

cosh(y - 1) Z - sinh(7y - 1)

% -sinh(y - 1) cosh(y - 1)

Because of the very good insulation properties of the dielec-
tric at the relevant frequency range, the conductance G can
be neglected. Z and v can then be described as:

R 4+ s/
Z= sC! » 7T

(R'+ sL")(sC") (2)
Parameters R', L' and C’ represent the distributed para-
sitics for resistance, inductance and capacitance [23], [24],
s stands for the complex frequency jw. Furthermore, the
implemented algorithm uses an approximation for the hy-
perbolic functions sinh and cosh.

Cascade matrices of contact holes (A(CH)) and lumped el-
ements (A(R)7 A®) and A(L)) as representatives for resis-
tance, gate input capacitance or bond wires can be built in
the same manner.

Branches (B) of the regarded input-output path terminated
by the capacitance C; g have to be modeled by their input
admittance Yp, which is integrated into the direct path as
a shunt conductance with the corresponding cascade matrix

AYB).
AlYB) (3)

AR + Al (s - Cup)

with: Y =
A +AD (s Cup

~—



In this way, the interconnection path from input : to output
7 1is reduced to a simple series connected line of twin wires,
lumped elements or shunt conductances. For this structure,
the final cascade matrix can be built by matrix multiplica-

tion:
Auy =TA™ (4)

The corresponding transfer function H; ;) (s) can be directly
derived from A(; ;) taking into account the terminating ca-
pacitance Cj ;:

1
B All(,,j) (s) +sC; 'A12(,,j) (s)

H 5 (s) (5)

As the input signal v;(t) is represented as a sum of ramps
v; (), each of these ramps contributes the portion v; x(¢) to
the output signal v;(¢). These portions v; () are calculated
using the rules of Laplace transformation:

v;.k(t) vik(t)
I ST
Vik(s) = Hugp(s) - Vi(s)

The continuous output signal v;(¢) equals the sum of all
portions vy x(¢). It is finally approximated by a piece-wise-
linear form again.

5 Models of logic gates

As discussed, waveform dependent effects play an important
role in the timing behaviour of submicron devices. There-
fore, we use a continuous signal representation in piece-wise-
linear form. In the MOS gate primitive by Y.-H. Shih and
S. M. Kang [15], [17] we found an adequate model to repre-
sent the desired behaviour. The circuit primitive is shown in
figure 4. The point of interest is the output node V' with its
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Figure 4: Circuit primitive by Shih/Kang

capacitance C7, which is charged by the various substitute
components in this model. Transistors 1...m represent par-
allel connected NMOS or PMOS transistors whereas series
connected transistors are modeled as one equivalent transis-
tor. Each transistor generates a contribution to the charging
current of Cj, which depends on the piece-wise-linear gate
and drain voltages G1...Gy and Dy... Dy, The transis-
tor currents are computed using the level 0 equations [19].
Additional parasitics m + 1...m + n and even an exter-
nal feedback current I also contribute to the (de)charging
current of Cj. The resulting differential equation for node
V' has the form of a so-called quadratic Riccati differential
equation:

% =K-V 4+ P(t)- V+Q(t) with: Vit))=V (7)

Assuming linear gate and drain voltages and a special form
of Iy, the time variant parameters have a linear (P(t) =
p1-t+po) or quadratic form (Q(t) = g2 P 4q -t4qo). In this
case, equation (7) can be solved analytically for suitable time
intervals. These intervals (linear form of all input signals
D, G; and constant transistor state) have to be ascertained
depending on the input waveforms and the transistor states.

Although this model is one of the most accurate used for
timing simulation, we found some aspects of inaccuracy that
have to be avoided in an implementation for submicron tim-
ing simulation.

Pattern dependency: The circuit primitive, as proposed
in [17], can only reflect pattern dependencies caused
by parallel connected resistors (e.g. PMOS-transistors
in CMOS NAND-cells). In spite of the minor effects
caused by series connected transistors, we enhanced the
model to be capable of them using a pattern and slope
dependent calculation of the load capacitance.

Transistor equations: The Shih/Kang circuit primitive
is only capable of the simplified level 0 transistor equa-
tions. Therefore, the output conductance A (level 1
transistor equations) has been integrated by an operat-
ing point dependent linearization to maintain the nec-
essary form of the coefficients in equation (7).

Influence of non capacitive loads: The node capaci-
tance C in figure 4 includes the output capacitance as
well as the capacitance of driven gates and interconnec-
tions. Resistive properties of interconnections are ne-
glected. By calculating a proper feedback current [y,
we are now able to consider the non pure capacitive
impedance of the load.

The analytical solution of equation (7) is evaluated for dis-
crete timepoints ¢,,. The resulting sampled signal V,, is then
approximated by a piece-wise-linear form and propagated to
the subsequent interconnection models.

6 Calculation of power dissipation

Neglecting the leakage current, CMOS circuits do not drive
any transverse current in the case of constant input volt-
ages of valid logic levels. Power dissipation is only produced
by transverse current and charging current during switch-
ing processes. Our gate models are activated for each input
event and calculate the output waveform just for the time
intervals the relevant supply current contributions are non
zero. As all currents of transistors or parasitic elements are
computed during the evaluation of an event anyway, we can
use this information to calculate the current taken from the
power supply. We just have to sum up all the relevant con-
tributions, all currents of PMOS transistors. As we want to
keep the computational effort small, we just integrate the
supplying current and form a mean value for the time, the
output node switches. Finally it has to be multiplied with
the supply voltage:

teventtitrise

V.
dd ZIPMOS,r(t) dt (8)

rise

Pe'uent =
tevent

This value is propagated to a summing module. The re-
sulting power dissipation of blocks or the whole circuit as a
function of time can be displayed like any other signal volt-
age. The results can be taken to find hot spots inside the
design or to dimension the power supply. An example is
presented in the next section.



7 Results

Results of the model of interconnections, even of complex
interconnection structures with inductive parasitics, can be
found in [20]. In this work we focus on two simple application
circuits that prove the interoperability of both model types
(interconnections and gates). They also demonstrate the
usability of the VAMP concept for timing simulation.

The first example is a simple ring oscillator. We connected
six inverters plus one NAND?2 primitive to control the os-
cillation. With different modeling techniques we obtained
the oscillation frequency f and the CPU time for a 20ns
simulation performed on a SPARC 10/30 workstation. For
gate-level simulation we used SYNOPSYS’ vhdlsim and a
conventional std_logic gate library, the circuit simulation was

done using METASOFT’s HSPICE.

To investigate the layout dependencies, we simulated the
oscillator with different lengths of interconnection, from no
interconnection up to 3mm metal interconnection lines with
an interconnection length of 21mm in total. The results of
both extremes are presented in table 1.

‘ Simulation level ‘ gate ‘ VAMP ‘ circuit

f/IMH~z] (no int.) 254.1 | 360.4 377.2
f/IMHz] (3mm int.) 78.4 113.7 119.1
CPU time/[sec] (no int.) <02 | <08 17.5
CPU time/[sec] (3mm int.) | < 0.2 2.4 75.1

Table 1: Simulation results of the inverter ring

Notice that the frequency obtained by gate-level simulation
is much lower than by circuit simulation or our models. This
results from the very pessimistic (worst case) timing pa-
rameters used in a gate-level simulation. Even though the
VAMP simulation needs a significant smaller CPU time than
an equivalent circuit simulation, the deviation is small (less

than 5%).

As a more complicated, but still comprehensible example,
we chose a one bit full adder, built by circuit primitives.
The structure is shown in figure 5. This circuit is stimu-

Figure 5: Structure of a one bit full adder

lated by certain signal waveforms at the inputs a, b and c.in
(carry in), shown in the upper part of figure 6. Again, two
simulation runs were performed. The lower part of figure 6
shows the results of the simulation without interconnections
at node s (sum bit) and c_out (carry bit), where the VAMP
results (dashed lines) are plotted together with the results
of an equivalent circuit simulation (solid lines). A difference
can hardly be seen. Please consider the sum bit in the in-
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Figure 6: Stimuli for the full adder (a, b and c_in) and sim-
ulation results without interconnections (sum bit
(s) and carry bit (c_out))

terval between 40 and 65ns. The different paths from input
signals a and c_n to the output s lead to a small positive
spike at t & 47ns and a small negative spike at ¢ = 57ns.

If we integrate interconnection models into simulation, we
get the results shown in figure 7. The sum bit shows a totally

Figure 7: Results of the full adder with 3mm interconnec-
tions (sum bit (s) and carry bit (c_out))

different behaviour in this simulation. Additional delays in
the logic paths broaden the spikes mentioned above, so that
we cannot speak of spikes any longer. This example proves
that even in small systems additional interconnection delay
does not only affect the timing behavior, but even the logic
behavior when integrated in critical paths.

Figure 8 finally demonstrates the calculation of the power
dissipation. For the time interval 44ns...65ns the power
dissipation of the VAMP models is plotted by a dashed line,
the solid line is the result of an equivalent circuit simulation.

Figure 8: Power dissipation of the full adder (zoom)

The number of ramps per signal affects the simulation ex-
pense in a nearly linear manner. We found an optimum of



accuracy and simulation expense in the case of well damped
interconnections (on chip parameters) at a ramp number of
3...5. Off chip interconnections with overshoots require a
higher number of ramps per transition. The simulation ex-
pense of the VAMP models grows linear with the number
of gates, while circuit simulation expense typically grows
by n'? up to n?® [19]. Further advantages result from the
latency in less active circuits. Circuit simulators compute
voltages anyway whereas our event driven approach only ac-
tivates the models during input transitions.

8 Conclusion

We demonstrated that an accurate modeling of interconnec-
tions as well as pattern and waveform dependencies is essen-
tial for simulating the timing behaviour of submicron digi-
tal circuits. The proposed VAMP concept has demonstrated
its usability for this purpose with remarkable improvements
regarding accuracy compared to conventional methods and
simulation expense compared to circuit simulation (= 1%).
In our concept, the modeled behaviour of gates depends on
the input signal shapes, the input pattern and the layout
dependent load. In addition, the power dissipation is calcu-
lated, too. Models of interconnections also take into account
the distributed parasitics and the interconnection structure,
even with branches. By using conventional VHDIL simula-
tion tools and some additional layout extraction and conver-
sion modules, the concept has been integrated into a typical

VHDL based design flow.

The concept provides a variety of operation modes:

e Standalone use of the models for the logic gates (e.g.
inside smaller functional blocks with very short inter-
connections) as well as standalone use of the models for
interconnections (e.g. to calculate the clock skew).

e Use of the models without layout data, based on esti-
mated interconnection lengths as result of the floorplan
as well as post layout usage with exact data.

e Modeling complete systems as well as only critical sys-
tem parts (mized-mode simulation with conventionally
modeled system parts or even analog components).

Although the simulation results are promising, VAMP is no
accelerated circuit simulation that can be used for verifica-
tion on transistor level. VAMP rather represents the missing
type of timing models and simulation in the trade-off range
between simulation accuracy and expense that suffices the
needs of cell based submicron circuit design.

9 Future Work

We implemented models of interconnections and basic gates
(Inverter, NAND, NOR, latches and flip flops). Future work
will therefore concentrate on the realization of parametriz-
able models for complete ASIC libraries.

The final goal of the VAMP concept is a push button so-
lution for a mized-mode simulation of critical paths/parts
together with conventionally modeled components. Auto-
matically generated information about critical paths/parts
have to be taken as a basis for layout extraction and netlist
conversion.

If integrated in floorplanning and layout tools, the simula-
tion concept could be very helpful to reduce the radius of
the timing verification loop. Therefore, we will investigate
on the possibilities of such an integration into existing tools.
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