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Abstract
Contract Number PDF/27/2541
Project “ Standard Interface System for Integrated Circuit Simulators of Mixed
Analogue Digital and High-level Subcircuits(Simulation Backplane) ”
By
Dr. Chugiat Garagate Department of Electrical Engineering Faculty of Engineering
Kasetsart University Bangkok 10900 e-mail fengcgg@ku.ac.th
Dr. Markk Zwolinski Department of Electronics and Computer Science
University of Southampton England
June 1998 - July 2000

The objective of this research project is to study and develop a technique for the
simulation of Integrated Circuits(IC) with mixed analogue and digital parts. The
technique proposed is to change the simulation methodology that employs a single
simulator to that uses multiple simulators. The standard interface machanism is used to
combine operations of both analogue and digital circuit simulators.

Simulation Backplane is an integrated simulation environment that combines
multiple simulators of different abstraction levels to perform mixed-signal circuit
simulation. In the backplane environment, circuit simulators run as separate processes,
using their own algorithm and exchanging simulation data through the backplane. A
consistent mixed-signal simulation is obtained by using backplane controls. The
Applied Lock-step algorithm was adopted to synchronise the simulation processes.
Digital and Analogue simulators exchange simulation data by employing a standardised
signal conversion scheme, which is based on threshold functions and Boolean-
controlled switches. Latency detection technique is used to define analogue events.

Several circuit simulators were integrated into the environment, including a logic
simulator, a behavioural simulator and a de-facto analog circuit level simulator.
Simulations of practical mixed-signal applications including circuits that contained
feedback loops were carried out successfully. The results convincingly showed the
capability and flexibility of the approach.

Limitation of this scheme is the computation speed which needs to be improved.
However, the advatages of the technique are its ease of development, the reliable

simulation results, open systems and also applicable to varities of circuit problems.

Keywords simulation, analogue, digital, mixed-signal, integrated circuits
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2A59uNLNINLBIAILAY (Numerical Integration Methods) [4]
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Abstract

This paper describes an integrated simulation
environment that combines multiple simulators of
different abstraction levels to perform mixed-signal
circuit simulation. The approach to solve mixed-signal
simulation problems introduced in the paper is based
on a draft standard of the Simulation Backplane,
published by CAD Framework Initiative.[1]

In the backplane environment, circuit
simulators run as separate processes, using their own
algorithm. A consistent mixed-signal simulation is
obtained through the backplane controls. The Lock-
step[2] algorithm was adopted to synchronise the
simulation processes. Digital and analogue simulators
exchange simulation data by employing a standardised
signal conversion scheme, which is based on threshold
functions and Boolean-controlled switches[3]. A
signal latency detection technique is employed to
define analogue events.

Several circuit simulators were integrated into
the environment, including a logic simulator, a
behavioural simulatior and a de-facto standard circuit
level simulator; SPICE3e2[4]. Simulations of practical
mixed-signal applications including circuits that
contained feedback loops were carried out
successfully. The results convincingly showed the
capability and flexibility of the backplane approach.

1. Introduction

Generally, circuit simulators are divided into
different levels of abstraction, according to device
models and simulation algorithms. Simulators of
different abstraction levels are intended for specific
types of application.  For instance, gate level
simulators are intended for logic design simulation,
and circuit level simulators are for the simulation of
analogue circuits. A single simulator will run a
particular algorithm and use a specific set of device
models.

There are increasing numbers of electronic
design  applications that require mixed-signal
capabilities. The simulation of a large scale integrated
system which consists of analogue and digital devices
is an example. A single gate level simulator cannot
handle analogue parts, since general logic simulators
are not capable to simulate certain device properties,
such as charge sharing[5] in analogue MOS circuits.
On the other hand, using a single analogue simulator to
simulate the whole design, would be too
computationally expensive. The individual simulators
are constrained by their intrinsic device models and
algorithms.

Consequently, it is obvious that an effective
model of a mixed-signal simulation system is required.
This system should provide a common method to

combine simulators of different abstraction levels to
work together, and allow simulators to operate using
their own algorithm and device models. This system
must also provide a flexible solution for various kinds
of mixed-signal applications.

2. Conventional Circuit Level Simulation
Algorithms[6.7]

Low level device models and various
mathematical-numerical ~ analysis  routines  are
combined to create an algorithm for circuit level
simulations[6,7].  Circuit level device models are
based on the devices' physical and mathematical
models of a high accuracy. At the circuit level,
electronic systems are described as a network of
components which mainly consist of resistors,
capacitors, inductors, transistors and sources. To
perform the simulation, networks of electronic devices
are converted into a system of equation, which will be
solved by using mathematical analysis functions.

2.1 Circuit-Level Device Models

At the circuit level, electronic devices are
captured by mathematical models that describe the
devices' behaviour according to their electrical
properties. The basic electronic elements found in
circuit level designs are; linear, lumped, time-invariant
resistors, capacitors and inductors and the input
sources which include independent and dependent
sources.  These device models and constitutive
equations[6] are employed to formulate the system
equations. Moreover, these models are also used to
model other classes of electronic devices such as,
Diodes, Bipolar and MOS Transistors.

2.2 Network Equation Formulation

Network Equation Formulation takes the
device models and their constitutive equations[6] to
convert networks of electronic devices into system
equations.

Nodal Admittance Formulation[6] is based on
KCL which states that the algebraic sum of currents
entering each circuit node is zero. Considering a
circuit design with N nodes, plus one reference or
ground node, applying KCL equation to the design will
result in a system of N equations:
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On the other hand, the modified Nodal
Formulation[6] combines three electrical characteristic
including KCL, KVL and devices' Constitutive
Equations(CE), to formulate system equations. The
designs may contain various sorts of devices, including
ones with or without admittance expressions. The
modified nodal technique produces system equations in
a compact form. It eliminates the unknown branch
currents on those branches that have admittance
expressions and are not required as solutions, and
rearranges the equations into the form where the
required solutions can be solved. The final form of a
modified nodal equation is:

AV A A4V, [-4J o
v,4, Z, |1, w, |

Yi and Zi are admittance and impedance
matrices of circuit elements respectively. Vi are node
voltages referenced to the ground node, vector Ii
contains branch currents, and J is the vector of the
independent current sources. Vector Wi includes the
independent current and voltage sources, as well as the
influence of initial conditions of capacitors and
inductors.

2.3 Numerical Integration Methods

Numerical  Integration = Methods  are
mathematical techniques which resolve a system of
differential equations into a system of algebraic
different equations that can be solved by computer.

The Forward Euler Formula approximates the

derivative of a linear function x(#) at =t from the
values of the function at # =¢, and #=¢,,,. Consider
a linear function x(7), let x, be the solution obtained
at time ¢ =1, and its derivative bex', . Then, X, ,

which is the solution at time ¢ =1¢,,, can be described
by the Forward Euler Formula as:
X, =x,+hx' ...(3)
where h=t, —t,.
The Backward Euler Formula, on the other

hand, uses the derivative x' _ to determine the value

n+l1
of x,, at t=t¢ The Backward Euler Formula is
described by:

X

n+l -

=x,+hx',,, ...(4)

n+l
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The Trapezoidal Rule Formula takes the
average of the derivatives between the two time points
to form the relation:

xVH-l = xn +g(‘x'n +x'n+1) t (5)

2.4 The Newton-Raphson Algorithm

The Newton-Raphson Algorithm is an
iterative algorithm used for solving a system of
nonlinear equations. The system equations which
represent the circuit network may contain both time
derivatives and nonlinear terms. The time derivative
terms can be resolved by applying the numerical
integration methods. On the other hand, the system of
nonlinear equations can be analysed by employing the
Newton-Raphson algorithm.

Consider a system of n nonlinear equations;

fl. , which contain variables x;,i=1,..., n as shown:
fi(x,%y,...,x,)=0

3 XyseensX, ) =0
fZ(‘xl ‘x2”. xn) (6)

1, (x5%,,...,x,)=0
Assume that the solution of the system is

x* , each function can be expanded in a Taylor

series about x and if x* is close to ka, the higher
order terms may be neglected and the system can be
written in a linearised form. The final Newton-
Raphson equations for solving a system of nonlinear
equation are:

xk+l =xk+Axk
MAx* =—f(x*) ...(D
k

Axk — xk+l —x
The Jacobian matrix M can be obtained by
using element stamp[6]. The NR algorithm is an
effective method which can solve the system of
nonlinear equations. The algorithm is feasible for
computer programming.

3. Gate-Level Simulation Techniques[8]

A Gate-Level Simulator is another class of
circuit simulator which operates at a higher level of
abstraction.  Gate-level simulation techniques are
concerned with calculating the logic states and
defining timing of the output signals. The logic
designs are described as networks of Logic Gates,
which include “AND”, “OR”, “NAND”, “NOR” and
etc. At the gate-level, the device models operate on the
input and output signals that are represented as discrete
logic states consist of logic Low, High, Unknown and
High Impedance.




3.1 Gate-level Device Models and Delay

Gate-level devices can be thought of as
discrete mathematical operators. Logic gates represent
fundamental binary operations such as, AND, OR,
XOR and NOT, and may also include the digital
components, such as a Register or Flipflop. The
electrical waveform in the gate-level designs is
modelled in term of a logic signal. The logic states
that are generally used in gate-level simulators are
High, Low and Unknown.

Logic gates not only represent binary
operations, but also include Delay Models. The delay
models are employed to describe timing characteristics
of the real devices. The delay times are generally
described in multiples of an integer that represents the
smallest delay unit of the design. There are several
delay modelling schemes, each of which depicts
specific properties of the devices' behaviour.

e The transport delay is the simplest form of the
gate-level delay model. It describes the
propagation time that the logic gate takes to
respond to an input change.

e Rise and Fall Transport Delay; Two different
parameters are used to describe the propagation
times when the logic gate changes the output logic
state to rise from Low to High and, fall from High
to Low.

e Ambiguous Transport Delay; The ambiguous
delay describes the transition period where the
output value is unknown. The ambiguous delay
consists of two parameters, the minimum delay
time; d,, and the maximum delay time; dy. d, is
the minimum time that the logic gate takes to start
the output transition, and dy indicates the
maximum time that it takes to complete the
transition. Therefore, the time period in between
d,, and dy; is the ambiguous interval.

e Inertial Delay; The inertial delay determines the
minimum period of time required to produce
adequate energy to cause the output to change.
For all circuitry, a certain amount of energy is
required to switch the output state. The amount of
energy delivered is a function of the time period
and the signal strength. An input pulse which has
an interval less than the inertial delay, is
considered as a Spike.

3.2 Event Driven Algorithm

It has been stated that, at the gate-level, the
electrical waveforms are considered as a sequence of
logic values changing in time. Logic gates evaluate
their response to the input signal changes, and generate
an output whose timing is defined by the delay models.
The logic signal change that occurs at each circuit node
is called an Event. Logic gates are therefore,said to be
driven by these events to perform their function.

The Event Driven Algorithm is based on the
principle that at any single time point, only the logic
gates with changing input signals, will require
evaluation. This concept is practical for gate level
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designs because, logic gates will only respond to the
signal changes that appear at their inputs. Applying
the event driven algorithm results in only the active
parts of the logic designs being evaluated at each
single time-step.

The algorithm relies on the event queue to
provide a list of events occurring at each time point. It
also requires a scheduler to allocate new events into
the list. Examples of these algorithms are, Linked List
and Time Wheel[8].

4. Mixed-Mode Simulation Techniques[9,10,11]

A Mixed-Mode Simulator is a circuit
simulator which is capable of simulating -circuit
designs that contain models at different levels of
abstraction. Mixed-mode simulators offer a trade-off
between speed and accuracy for the simulation of
mixed-signal designs, and designs that contain critical
parts. These simulators are an essential tool for the
large scale IC design which contains analogue blocks
combined with digital functions.

Mixed-mode simulators can be divided into
three different groups according to the schemes that are
used to develop the simulators. The two essential
components of mixed-mode simulators are the
“Interface Model” which converts and passes
information between the simulators, and the
“Synchronisation Method” which maintains the
consistent of the whole simulation process.

4.1 Core Mixed-Mode Simulator

A Core Mixed-Mode Simulator is developed
by enhancing the capability of a stand-alone simulator
to handle models of different abstraction levels. Core
mixed-mode simulators are designed for applications
that are predominantly digital or analogue. To
simulate a design which consists of mostly analogue
parts with a few digital blocks, a circuit level simulator
is used as the core and circuit level models of logic
gates are developed and included into the simulator.
These extra models are optimised to represent digital
functional blocks, and only take a little extra CPU time
to simulate. On the other hand, a functional model of
analogue building blocks may be included in a gate
level simulator core, to create a mixed-mode simulator
for designs that contain mostly digital parts.

4.2 Unified Mixed-Mode Simulator

A new mixed-mode simulator may be entirely
developed from the ground up using a new simulation
technique and new model library. A Unified Mixed-
Mode Simulator is developed specifically for mixed-
signal environments. The simulation algorithm is
tailored to simulate mixed analogue and digital parts.
The new model library will include primitive models
for both analogue, digital and interface devices.
Mixed-signal circuit designs can be described in a
uniform description, and simulated by using a single
algorithm.



One approach to achieving a unified mixed-
mode simulator is to develop hardware description
languages(HDLs) for behavioural level simulations.
The new HDL must support circuit descriptions of both
analogue and digital design building blocks. The
advantages of the unified mixed-mode technique are
the flexibility to simulate various mixed-mode
configurations and the efficiency of the unique
algorithm. However, the drawbacks are the long
development time and a high maintenance cost.

4.3 Glued or Combined Mixed-Mode Simulator

A Glued or Combined Simulator incorporates
the existing stand-alone simulators to simulate mixed-
signal designs. A simulation controller is developed to
combine simulators of different abstraction levels and
synchronise their operation. The interface models are
also built to couple circuit partitions that are described
at the circuit, gate and system levels. Each integrated
simulator will run with its own algorithm and time-
step.

Since the glued mixed-mode simulators are
based on existing simulators, the input language and
the model libraries are retained. The maintenance of
each simulator and the development of the new device
models are moderate. However, in order to get
different simulators to work together, the issue of
synchronisation techniques and interface models must
be addressed. In general, glued simulators are
employed to simulate circuits with loose coupling
between the analogue and digital parts. To simulate
tightly coupled circuits, the synchronisation algorithm
and the interface models need to be adjusted
accordingly.

5. The Simulation Backplane

An economical and effective approach to
simulating mixed-mode circuit designs is to combine
existing, reliable and widely adopted simulators to
work together. One such approach proposed by the
CAD Framework Initiative(CFI)[1] is the Simulation
Backplane. The simulation backplane is an integrated
simulation environment which combines different
types of circuit simulators to simulate circuit designs
consisting of multiple partitions described at different
abstraction levels. The simulation backplane approach
aims to develop a standardised Application
Programming Interface(API), that allows a large class
of circuit simulators and waveform display tools to be
integrated by simply writing an interface.

5.1 Structure of The Alfa Backplane

As it has been stated that the backplane communicates
with the integrated simulators by using function calls.
The API calls can be achieved by using the standard
function calls as proposed in the CFI proposal.
However, this approach will require that the backplane
and the simulators must be compiled and linked to
create an executable object running as a single process.
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User Interface | Alfa Backplane |« » Waveform Tools

Logic Simulator

Figure 1 The Structure of Alfa Simulation
Backplane

Socket
Interface

The method proposed and adopted in the Alfa
backplane is to separate the backplane and each
instance of the simulators into individual processes as
shown in Figure 1. This approach will allow the Alfa
backplane and the integrated simulators to be
developed and maintained separately. A new simulator
can be added into the system without the need to
recompile the other components. Moreover, since each
simulator runs in separate processes, multiple instances
of the same simulator can be used at one time.

The Alfa backplane achieves the API calls by
employing the interprocess communication utility or
Socket[12] which is provided in UNIX systems. The
socket and the multiprocessing scheme are transparent
to the Alfa backplane and the integrated simulators.
The API function calls are translated into a set of
parameters sent over the socket by the interface
routines. The integrated simulators read these
parameters from the socket interfaces, and then
interpret them as appropriate function calls.

5.2 Circuit Partitioning
The Alfa backplane requires circuit
partitioning. Designers must prepare the designs by
partitioning them and assigning the simulators that will
be used for each part. Then, the circuit description
files must be prepared using the input languages of
each simulator. After that, the backplane configuration
file written in the Alfa backplane input language must
be prepared. The configuration file will contain the list
of circuit partitions with their associated simulators
and the global port connections. For instance, the Alfa
backplane configuration for a Phase Locked Loop
(PLL) circuit which is divided in to three partitions is
described below[13]:
*#3#% PLL backplane configuration *****
als PhaseDectector
global portinOut is Output
global portoutUp is Up
global portoutDown is Down
spi Filter
global portinxinl is Up



global portinxin22 is Down

global portoutxoutl is Control
vco Vco

global portinVcontrol is Control

global portoutOut is Output
time 200000

Partition A

Partition B Partition A Partition B

Global net

4

Partition C

Partition C

(A) (B)

Figure 2 Circuit partitioning in Alfa backplane

A partitioned circuit may have a number of
global nets, connecting two or more partitions. In the
general case, a partitioning scheme may produce
networks with multiply driven nets, as depicted in
Figure 2.A. In this example, the global net is driven by
outputs of partitions A and B, and its resolved value is
driving partition C. The global net is a multiply driven
net which will require a solver to resolve the net value.
This implies that some forms of resolution function
must be included in the backplane. = However,
including the resolution function would complicate
backplane's functionality, since the backplane will not
only perform as an integrated environment but itself
will become another solver in the system.

To ease the complication of the backplane's
functionality, multiply driven nets are not allowed in
the design. The method proposed here is to move
multiply driven nets into one of the simulators. The
multiply driven nets, then can be solved within the
simulator. The design configuration in Figure 2.A,
then can be resolved by using the configuration
depicted in Figure2.B. In Figure 2.B, there are two
global nets and neither of which is a multiply driven
net. The solution of the multiply driven net is solved
in partition A, which now owns the net.

5.3 Global Events

The simulation data are transferred between
simulators in the form of Global Events. The global
events will contain the event time, the new value and
the node identification. The Alfa backplane supports
different types of global events, including logic,
analogue and integer values. The individual global net
must be associated with a unique signal type. The
events transferred through this global net, then must be
of that particular type. The global net which connects
between analogue and digital partitions, for instance,
must be assigned to an analogue or a digital type.
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Then, all the events transferred through this net, must
be converted to the corresponding type.

Generally, signal conversion can be done
either on the analogue or the digital sides. The two
simulators must agree upon the conversion technique
that will be used. However, it is reasonable and
appropriate in most cases that the conversion should be
performed in the partition which contains the more
detailed information. In practice, the conversion
would be done in the analogue partition, because
circuit level simulators offer device models of a higher
accuracy, and more accurate signal resolutions.

5.4 The Alfa Backplane Simulation Algorithm

The Alfa simulation backplane employs a hybrid
synchronisation technique based on the lock-step
algorithm[2].  The lock-step technique has been
adopted because, the method is effective to simulate
tightly coupled circuits and it does not require
backtracking capability. The technique not only allows
the backplane to simulate various kinds of mixed-
signal applications but also permits a large class of
simulators to be used.
The Alfa Backplane Simulation Algorithm

while ( time <= end of simulation time)
begin
for ( every simulator ) query for next activity time ;
if ( there is only one smallest next activity time )

target simulator = the simulator which owns

the smallest activity time ;

else
target simulator = the simulator which has
the largest idle count ;
start time = the smallest next activity time ;
target time = the second smallest next activity time ;
invoke the

API call to

the target Input

simulator to - » s >
run; update Phase Detector

the idle PO

Loop filter

counts ;

if ( there are
global events
) transfer
global events

Output

Voltage
Controlled
Oscillator

end ;

The Alfa backplane does not have a list of
global event to keep all the activities of every partition.
On the other hand, it uses the API function to query the
next activity time of every partition in each simulation
cycle.

The partition's next activity time indicates the
next time point that the circuit partitions need to be
processed. If the simulator is an event-driven, its next
activity time is simply the time of the first event in the
event queue. If the event queue is empty, the next
activity time is infinity. On the other hand, for circuit



level simulators, their next activity times could not be
predicted in advance. Circuit level simulators must
evaluate their solutions to convergence and the last
solution time point is then used as the circuit's next
activity time.

The values of the next activity times are
employed to decide which of the simulators will be
processed in the current cycle. It is also used to
specify the Target Time where the simulator must stop.
The selected simulator is allowed to run until it reaches
the target time, or it creates global events. If there are
global events, the partitions will be synchronised
before the next run begins.

6. Simulation Examples

The circuits employed in the simulations are
typical real-world mixed-signal applications, which
contain mixed analogue and digital parts connected
with different degrees of coupling. The problems that
will be investigated are: the convergence of simulation
of designs with feedback loops; the effects of strong
and sensitive coupling ports.

6.1 Phase-Locked Loop Circuit

A Phase-Locked Loop(PLL) is one of the
benchmark circuits used for evaluating the
performance of mixed-mode circuit simulators. The
design contains moderately coupled digital/analogue
parts with feedback loop. Simulating a PLL design
requires a rather long simulation runtime because in
order to get a meaningful result, the design has to be
simulated until the PLL is in lock.

The PLL circuit block diagram is shown in
Figure[3]. The main components of a PLL design are
the Phase Detector, the Loop Filter and the Voltage
Controlled Oscillator(VCO). A PLL employs a
feedback control technique to synchronise the output
clock with the reference input. The phase detector will
monitor phase differences between the reference input
and the output, and generate UP and DOWN control
signals accordingly. The control signals are fed to the
loop filter circuit which is chosen to stabilise the
feedback loop. The filter's output is used to control the
VCO to regulate the phase of the output clock to meet

Figure 3 Phase-locked loop circuit diagram

the input's phase. When, the PLL is in lock, the VCO
will generate an output clock with the same phase as
the reference input.

The VCO and loop filter must deal with
continuous signals, they therefore, will be simulated in
the analogue domain. On the other hand, the phase
detector which operates with logic values will be
simulated at gate level. Three simulators were
employed in the simulation. The loop filter was
simulated at circuit level, using SPICE3e2, the VCO
was simulated at system level using a dedicated
simulator written in C, and the phase detector was
simulated using a logic simulator. The VCO's centre
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frequency was set at 15 kHz. It regulates the output
clock at 2 kHz/V. The loop filter is a simple RC
circuit, it contains two current sources which are
controlled by the UP and DOWN signals. The phase
detector, on the other hand, is a combinational logic
circuit.

In the simulation, the input frequency was set
at 15.5kHz, and changed to 20 kHz after 2ms. The
2ms period was chosen to allow the PLL to lock to the
first frequency. After the input frequency changed, the
simulation was continued until the second frequency
was locked. The simulation results are depicted in
Figure[4]. The complete simulation took 2 hours and
32 minutes on a Pentium 120 MHz running Linux
Operating System.  The result showed a succesful
simulation of phase-locked operation for both 15.5
and 20 kHz.

Figure 4 Simulation result of phase-locked loop
circuit

7. Conclusion

The simulation backplane approach not only
allows designers to perform mixed-signal simulation,
but it also provides the basis for CAD tool integration.
The simulation backplane has illustrated how different
functionalities of different simulators can be combined
to do a useful task. IC technology is evolving, new
devices are being developed and simulation tools are
constantly improving. These different tools will have
distinct characteristics, and will be designed for
specific purposes. No single tool could handle all
kinds of IC design applications. Therefore, a scheme
which allows these tools to work together sharing their
specific capabilities, will definitely benefit IC designs
and developments as a whole. The simulation
backplane can be thought of as a step toward the global
integration of CAD tools.
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