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ABSTRACT

The powerful capability of VHDL-AMS to describe complex con-
tinuous systems in form of differential algebraic equations (DAES)
often leads to problems during numerical simulation. This paper
presents a discrete algorithm to analyze unsolvable DAE systems
and to correct the underlying hierarchical VHDL-AMS descripti-
on automatically in interaction with the designer, avoiding time-
consuming manual error correction.
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1. INTRODUCTION

VHDL-AMS is established as an IEEE standard (1076.1) desi-
gned to describe discrete as well as continuous behavior in a unique
language. VHDL-AMS is very valuable for the simulation of com-
plex mixed Systems-on-Chip (SoC), due to the capability to descri-
be mixed-signal systems in one common language and the possibi-
lity to simulate the SoC with a single simulator. Therefore, the time
consuming coupling of discrete simulators with continuous simu-
lators gets unnecessary.

Apart from the simulation of SoCs, VHDL-AMS is also of great in-
terest in the world of analog design, since it allows the description
of analog systems or subsystems on a very high level of abstracti-
on, which can lead to enormous simulation speed-ups (factor 10 to
100).

In contrast to SPICE-based simulators the intention of VHDL-AMS
and especially of VHDL-AMS simulator packages is not to have
only a variety of basic library elements, which are interconnected
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by topology descriptions like structural VHDL or SPICE-like net-
lists to get the final circuit behavior. The power of VHDL-AMS is
to have the possibility to describe the behavior of a complex sy-
stem by formulating directly the corresponding differential alge-
braic equations (DAES) of the system.

However, this universality implies that standard topological tests
(based on simulator libraries) like the ones utilized to check DC-
solvability are not sufficient anymore. Thus, for VHDL-AMS new
diagnostic tools have to be developed to identify problems caused
by unsolvable systems.

For the purpose of supporting designers using VHDL-AMS to des-
cribe complex systems on a high level of abstraction, we developed
an algorithm that localizes critical equations in a DAE system. Fur-
thermore, if it is not solvable, the algorithm checks whether the
system can be regularized by a special VHDL-AMS language con-
struct - the break statement. In that case the description of the DAE
system is automatically regularized in interaction with the designer,
insuring that the corrected VHDL-AMS source code then leads to
a solvable system.

Section 2 initially gives an overview over different types of equati-
ons appearing in VHDL-AMS. Then Section 3 introduces standard
analysis methods for structural solvability before in Section 4.1 a
short overview of hierarchical modeling in VHDL-AMS is given.
Section 4.2 introduces the break statement which is used in Section
5 where the algorithm for the regularization of structural unsolvable
DAE systems, described in hierarchical VHDL-AMS, is presented.
Finally, the algorithm will be illustrated in Section 6 on an abstract
description of a XA-analog to digital converter and first results of a
prototype implementation will be shown in Section 7.

2. EQUATIONS IN VHDL-AMS

During the pre-simulation phase of a VHDL-AMS model, the
so-called elaboration [1], the DAE system needed for numerical
simulation is created. Therefore, different VHDL-AMS language
constructs like simple simultaneous statements, component instan-
tiations and quantity declarations have to be evaluated and corre-
sponding characteristic expressions have to be generated.

The VHDL-AMS standard differentiates between three different
sets of equations. The first set, the explicit set, contains all the ex-
pressions explicitly formulated in the model. The characteristic ex-
pressions of the second set, the structural set, are generated impli-
citly. These so-called structural expressions represent the conser-
vative laws KCL and KVL in case of terminal ports, while they
represent the equality of internal and external quantities in case of
quantity ports. The third set, the augmentation set, provides cha-
racteristic expressions defining the explicitly used derivatives of the
VHDL-AMS model. For each derivative of the VHDL-AMS model
there is exactly one characteristic expression in the augmentation



set and the derivative is called the tag of the characteristic expres-
sion. During DC-Analysis these expressions set the derivatives to
zero (quiescent state augmentation set).

3. STRUCTURAL SOLVABILITY

A necessary condition for the solvability of a system of equati-
ons is the so-called structural solvability. The structural solvability
focuses on the structure of the matrix (Jacobian), considering only
matrix entries unequal to zero. This structure is normally represen-
ted by a bipartite graph B where the nodes of the first partition of B
represent the rows (expressions) and the nodes of the second par-
tition of B represent the columns (quantities) of the matrix [2, 3,
4, 5]. An edge between a node i of the first partition and a node j
of the second partition exists if the entry (i, j) of the matrix is un-
equal to zero. If there exists a perfect matching in B, which can be
determined by efficient matching algorithms [6], then the matrix is
structural solvable.

In the following we denote by a structural DC-solvable DAE sy-
stem, a DAE system for which the corresponding DC system is
structural solvable.

4. PROPERTIES OF VHDL-AMS
4.1 Hierarchical Modeling

VHDL-AMS allows to model in a hierarchical manner, meaning
that subsystems, the so-called design units, can be developed in-
dependently. A top-level description connects all the subsystems
together to a complete design.

Each declaration in such a design unit has its own scope. A scope is
the area inside the VHDL-AMS source code, where a declaration
is visible and can be used.

The quantities of the characteristic expressions of the explicit set
belong to the same scope, in contrast to the quantities of the struc-
tural set belonging to different scopes. Therefore, the presented al-
gorithm distinguishes between nodes in the bipartite graph repre-
senting structural expressions and others.

4.2 The Break Statement

The break statement is an advanced VHDL-AMS language con-
struct which allows to initialize the DAE system at the beginning
of a transient simulation and to mark discontinuities during such a
transient simulation. In either case a DC-Analysis of the system is
performed.

The application of a break statement substitutes a characteristic ex-
pression of the current augmentation set (see Section 2) selected

by the selector quantity of the break statement? by an expression
Qbreak = |EJ, @

where Qpreak denotes the break quantity and |E| the evaluated ex-
pression of the break statement. The selector quantity and the break
quantity are restricted to belong to the same scope.

In the bipartite graph of the DAE system, the characteristic expres-
sion of the augmentation set is represented by a node of the first
partition. The substitution of this characteristic expression by the
application of the break statement is reflected in the replacement of
the edge in the bipartite graph, which is incident to the node repre-
senting the characteristic expression of the augmentation set with
an edge between that node and the node of the second partition
of the bipartite graph representing the break quantity Qpreax Of the
break statement.

IThere is a one to one correspondence between the selector quanti-
ty and the tag of the characteristic expressions of the augmentation
set [1].

5. REGULARIZATION-ALGORITHM

The presented algorithm analyzes a structural DC-unsolvable
DAE system described in VHDL-AMS and checks if the DAE sy-
stem is regularizable, meaning if it is possible to transform it into
a structural DC-solvable DAE system. To this end, a first bipartite
graph B; = {Vl1 va; E} of the DAE system is set up as described
in Section 3. The nodes of the first partition of B4 are divided into
three different categories belonging to the type of the characteristic
expression they represent:

Vi =VeUVsUV,

The nodes v € Ve represent the characteristic expressions of the ex-
plicit set, nodes v € Vs characteristic expressions of the structural
set and nodes v € V; represent characteristic expressions of the cur-
rent augmentation set (see Section 2).

If the analyzed DAE system is structural DC-unsolvable, then the
maximal matching in By is not a perfect one (see Section 3). The
aim of the presented algorithm is to replace specific edges in B;
in a way that a perfect matching in By can finally be determined.
This edge-replacement can be performed with break statements
(see Section 4.2). To formulate adequate break statements the al-
gorithm analyzes By in order to detect valid break- and selector
quantities in the following manner.

First, the algorithm removes all nodes v € Vs from B; representing
structural expressions, since the break- and selector quantities are
restricted to belong to a common scope and because of structural
expressions may contain unknowns from different scopes (see Sec-
tion 2). Edges incident to these nodes are also removed from Bj.
Then the connected components [7] of the modified bipartite graph
are considered and standard matching algorithms [6] determine a
maximal matching in every connected component in a way that no
alternating path from an unmatched node v € Ve representing a cha-
racteristic expression of the explicit set to a matched node v € V5
representing a characteristic expressions of the augmentation set in
B; exists. An alternating path is a path in a bipartite graph with
edges belonging alternately to a given matching M starting with an
edge e ¢ M [8]. Furthermore the matching algorithm avoids alter-
nating paths from unmatched nodes v, € V12 representing quantities
which are not contained in structural expressionsto matched nodes
Vm € V12 representing quantities which are contained in structural
expressions.

In the next step the algorithm considers matching edges incident
to nodes v € V. If there exists an alternating path from the node
VAS Vlz, incident to such a matching edge, to a node representing
a quantity which is contained in a structural expression then the
matching edge is removed from the connected component. This re-
movement leads to an unmatched node in both partitions of the
connected component. The reason for that is to give the algorithm
a higher degree of freedom in detecting valid selector- and break
quantities as described below.

In the following step the algorithm starts building a second bipartite
graph By = {V; UVZ;E} by analyzing the nodes of the connected
components of B;. Each unmatched node v € V; of the first partition
of the analyzed connected component serves for the determination
of a valid selector quantity. Therefore, for each determined unmat-
ched node v € V; a corresponding node sel € V21 of the first partition
of B, is created. If the algorithm detects an unmatched node v € Ve
in the first partition of the connected component then the algorithm
suspends without having a chance to regularize the system by spe-
cifying break statements. Additionally, the algorithm creates a node
brk € V2 in the second partition of B, for every unmatched node
AS V12 of the second partition of the analyzed connected compo-
nent. The nodes brk & Vi serve for the determination of valid break



quantities needed for the specification of regularizing break state-
ments as described later. Furthermore the nodes v € Vs representing
the structural expressions removed at first from the first bipartite
graph By are represented by nodes sce € V21 of the first partition of
the second bipartite graph Bo.

The edges of the second bipartite graph By between nodes of the
first partition and nodes of the second partition are created in the
following manner. A Node sel €V is connected via an edge to a
node brk € V22 if the unmatched quantity represented by the node
brk belongs to the same scope as the selector quantity? represented
by the node sel. A node sce € V21 of the first partition of By repre-
senting a structural expression is connected to a node brk € V22 of
the second partition of B, if either the unmatched quantity repre-
sented by brk is contained in the structural expression or if there
exists an alternating path in the first bipartite graph B from the
node representing the unmatched quantity to a node representing a
quantity which is contained in the structural expression.

In the next step standard matching algorithms determine a maxi-
mal matching in B,. If this matching is a perfect matching, then
the structural DC-unsolvable DAE system is regularizable by the
specification of different break statements. These break statements
are added to the VHDL-AMS source code in order to regularize the
structural DC-unsolvable DAE system.

The break statements are determined by the evaluation of the mat-
ching edges of the second bipartite graph B, incident to nodes
sel € V4. The evaluation of such a matching edge is performed in
the following way. First the algorithm determines all nodes v € V5
in the first bipartite graph B; which can be reached by alternating
paths in B, starting from the unmatched node v € V, represented
by the node sel. The tags of these determined nodes together with
the tag of the unmatched node represented by the node sel are the
valid selector quantities for the regularizing break statement. Then
the algorithm evaluates the node brk € V2 incident to the matching
edge in order to detect the valid break quantities of the break state-
ment. The valid break quantities are the quantities represented by
nodes v € V2 of the second partition of By which can be reached on
alternating paths starting from the unmatched node represented by
brk and the quantity represented by that unmatched node itself.

In the next step the algorithm interacts with the designer asking to
choose one of the determined valid selector quantities as well as
one of the determined valid break quantities and to specify an ex-
pression for the corresponding break statement (see Section 4.2).
Then the first bipartite graph B; has to be updated in the following
manner. The edge incident to the node v € V; in B representing the
characteristic expression tagged by the chosen selector quantity is
replaced by an edge between that node v € V; and the node v € V12
representing the chosen break quantity. If either the node v € V5
selected by the selector quantity or the node v € Vf representing
the break quantity is a matched node in By, then the alternating
path from the unmatched node represented by the node sel or brk
of By to the selected node has to be augmented [8], meaning that
the edges e € M of the alternating path are removed from the given
maximal matching M and the edges e ¢ M are added to the maxi-
mal matching M. This enlarges the maximal matching of By, which
was originally not a perfect one. Then the algorithm continues eva-
luating the next matching edge in Bsy.

Finally, after having evaluated all the matching edges the matching
in the first bipartite graph Bj is a perfect matching which represents
the structural DC-solvability of the DAE system. The proof and a

2The derivative of the selector quantity is the tag of the characteri-
stic expression of the current augmentation set represented by the
unmatched node v € Vj in the first bipartite graph Bs.

more detailed description of the algorithm are given in [9].

6. EXAMPLE
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Figure 1. Sigma-Delta Analog to Digital converter

Figure 1 shows the block diagram of a sigma-delta analog to
digital converter (XA-ADC). Such a mixed signal system can con-
veniently be described in VHDL-AMS. To demonstrate how the
presented algorithm works we described the ZA-ADC hierarchical-
ly. The continuous behavior of the sinus source SRC, the difference
building part D, the integrator | and the 1-Bit digital to analog con-
verter DA can be described with equations (el) to (e4), respectively.

SRC = 2.0%sin(2.0m5.0-107 xt) (el)
Dot = Dint—Din2 (e2)
%'out = lin (e3)
DAot = +Vud (e4)

The structural expressions (s1) to (s8) result from the elaborati-
on of the complete hierarchical design of the A-ADC.

Vin = SRC (s1) Vi = lin (s5)
Vin = Dim (s2) Vo = lout (s6)
Vo = Dinz (s3) Vo = ADin (s7)
Vi = Dou (s4) Vot = DAou (s8)

For the calculation of the DC operating point the quiescent state
augmentation set [1] is determined setting the derivatives of the
DAE system to zero. In our example there is just one derivative
appearing in the description of the Integrator (see equation (e3)):

dlow =0.0. (al)

The subsystem formed by equation (s6) and (s7) leads to an un-
solvable DAE system, because of the three unknowns V,, AD;, and
lout are not contained in further equations. Figure 2(a) shows the
corresponding bipartite graph with a maximal matching. Due to
the maximal matching being not a perfect one - s, as well as ADj,
are unmatched - the structural unsolvability of the DAE system is
confirmed.

The presented algorithm starts analyzing the VHDL-AMS des-
cription of the structural DC-unsolvable DAE system by removing
the nodes representing structural expressions from B, (see Figure
2(b)) and by determining a maximal matching for each connected
component. Then the algorithm the matching edges incident to no-
des of the current augmentation set are removed under the conditi-
ons explained in Section 5. The next step of the algorithm creates
the second bipartite graph B, (see Figure 32) by evaluating the un-
matched nodes of the connected components. There is one unmat-
ched node a; representing the characteristic expression (al) of the
augmentation set. This node is represented as node sel4 in the first
partition of B, (shadowed node). Together with the eight structural

SFirst partition - upper lane, second partition - lower lane.
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Figure 2: Bipartite graphs of DAE Systems

expressions sce; to sceg this node completes the first partition of
the second bipartite graph B, while the second partition is formed
by nodes representing the unmatched nodes of the second partition
of B;.

To determine whether the structural DC-unsolvable DAE system is

Figure 3: Second bipartite graph used for regularization

regularizable with break statementsthe algorithm determines a ma-
ximal matching. Because of the existence of a perfect matching® in
B,, the DAE system of the XA-ADC is regularizable.

The evaluation of the matching edge e= {ay, lout } leads to the fol-
lowing break statement. Because there is no alternating path in
B; from the node representing (al) to another node representing
a characteristic expression of the augmentation set, no choice for
the selector quantity can be given. Therefore the selector quantity
lout is determined from the tag of (al). Furthermore in our example
there is no alternating path in B; from the node representing the
quantity loyt. Due to that, the break quantity in our example is loyt.
Finally the algorithm interacts with the designer to specify an ex-
pression |E| for the following break statement:

break for Iout use Iout => |E|;

The application of this break statement finally will substitute the
equation (al) with equation

lout = |E| (2)

This substitution can be seen by the replacement of the edge being
incident to the node representing (al). Figure 2 (c) shows the bipar-
tite graph corresponding to the regularized DAE system described
in VHDL-AMS. The perfect matching shows the structural DC-
solvability.

7. EXPERIMENTAL RESULTS

The presented algorithm was implemented to extend our VHDL-
AMS Simulation Framework [10] to support the diagnostic of hier-
archical VHDL-AMS models. Analyzing the ZA-ADC example
from Section 6, the algorithm interacts with the designer who spe-
cifies e.g. |E| = 2.3-1023 for the expression of the proposed break
statement. Then the break statement is added to the VHDL-AMS
source code of the integrator (see Figure 4).

“4Matching edges are illustrated bold.

entity integrator is

port (quantity I_in : in real;
quantity I_out : out real);
end integrator;

entity integrator is

port (quantity I_in : in real;
quantity I_out : out real);
end integrator;

architecture behave of integrator is

architecture behave of integrator is .
begin -- behave

begin -- behave

I_out’DOT == I_in;
-- inserted by BA (05.12.2001)
break for I_QUT use I_OUT => 2.3e-3;

end behave;

I_out’DOT == I_in;

end behave;

Figure4: Original and corrected VHDL-AM S description

Finally the algorithm asks to recompile the design unit and to re-
start the simulation with the corrected design unit of the integrator.

8. CONCLUSION

The presented algorithm supports the development of high le-

vel models of mixed-signal systems using VHDL-AMS. Unsolva-
ble DAE systems resulting from VHDL-AMS descriptions are ana-
lyzed and the designer is supported in correcting the underlying
VHDL-AMS source code.
A first prototype of the algorithm extends the environment of the
Infineon Technologies inhouse circuit simulator TITAN [11] and
was efficiently used at the Technical University of Darmstadt in
the summer course "High-Level Modeling of Mixed-Signal VLSI
Circuits”.
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