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Abstract—We present a general mathematical model of
signals for efficient and accurate simulation of analog and
mixed signal (AMS) systems. It relies on signal coding and
parameterization and allows heterogeneous system specifi-
cation at different abstraction levels, as well as, the opera-
tional computation of continuous time systems’ dynamical
behavior. In particular, we derive a matrix for operational
subdivision of continuous signals and use it to capture
accurately the interaction between continuous and discrete
time systems. A key advantage of this signal representation
is that continuous signal monitoring and analysis can be
performed more efficiently, speeding up system verification.
We implemented the proposed modeling approach in Sys-
temC AMS 2.0 to exploit the dynamic reactive behavior of
TDF MoC for accurate synchronization between the digital
and analog system parts. With the example of a PLL system
we evaluate the capabilities of our implementation to cope
with heterogeneous designs at different design abstraction
levels. The experimental results show a significant simulation
speedup for high accurate models.

I. INTRODUCTION AND RELATED WORK

Electronic System Level (ESL) emerged to cope with
the complexity of embedded system designs. Today’s
System Level Design Languages and Tools must fulfill
widely spread requirements. They should allow specifi-
cation of different aspects of heterogeneous systems based on
formal descriptions for automated analysis and synthesis
and they should support fast execution of the resulting
models for early design verification and validation. Sys-
temC is one of the most commonly used languages in the
industry for Electronic System-Level (ESL) design and
verification. The modeling and simulation capabilities
of SystemC enable the abstract architectural description
and simulation based analysis of large digital HW/SW
systems [1]. SystemC AMS provides features for model-
ing and simulation of heterogeneous and Analog and
Mixed-Signal (AMS) Systems at several levels of ab-
straction. Three models of computations (MoCs) support
the system design flow at functional, architectural and
implementation level. A data flow simulation formalism
called Timed Data Flow (TDF) allows the discrete time
modeling at functional and architectural level. It uses a
static scheduling algorithm that computes the module ac-
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tivation order before simulation starts and synchronizes
the discrete time execution with the SystemC simulation
kernel. The continuous-time behavior simulation relies
on a linear differential algebraic equation (DAE) solver,
that allows the modeling of linear signal flow compo-
nents and electrical networks. In order to maintain an
acceptable simulation performance while modeling the
system’s behavior with enough accuracy (major require-
ment [2]), all MoCs of the SystemC AMS 1.0 standard
utilized a fixed time step for computation. The designer
was thus forced to choose a time step small enough to
ensure the accuracy of the results.

Focused on heterogeneous MoCs, Zhu et al. presented
a novel model of continuous-time signals that is defined
with time continuum [3]. To simulate dynamical sys-
tems, SystemC ForSyDe uses a DAE solver with error
estimation for time step control, similar to Ptolemy [4].
The simulation speed and efficiency was not significantly
improved compared to SystemC AMS [5]. In the SystemC
AMS 2.0 standard, new member functions allowing the
dynamic change of TDF attributes during simulation
were defined to improve the simulation performance.
Barnasconi et al. presented in [1] the new dynamic capa-
bilities of the TDF MoC, enabling event-driven module
activation and showing promising results. Exploiting
these features, Andrade et al. [6] presented a time step
control mechanism that determines the required time
step to sample a continuous signal. It is based on the
slope between the current and the previous signal value
and assumes that there are no discontinuities on the
signal. This simple approach doesn’t provide a good
sampling if the signal has inflexion points. To establish
the exact time stamp at which an input signal crosses a
threshold value, they also propose a threshold crossing
algorithm that decreases or increases the time step in
terms of the proximity of the input signal to the threshold
reference. The time step control is active in a range
window, defined by two additional reference values. This
approach is very time demanding.

To cope with the challenge of accurate behavior mod-
eling and high simulation performance, we propose a
vectorial signal model for analog and digital signals. It



is presented in section III after some preliminaries in sec-
tion II. In section IV we present an operational approach
to subdivide continuous time signals and explain how
to use it for the fast computation of threshold crossing
events and the reliable control of continuous time signal
steps. We derive in section V operational approaches
to compute linear continuous time systems described
by functional and non-functional processes. In section
VI we present an iterative computational approach for
discrete time systems that benefits from the vectorial
signal representation. The implementation details are
presented in section VII. The results of a PLL simulation
are shown in section VIII. Finally, we conclude the paper
with a summary of our work in section IX.

II. PRELIMINARIES

In embedded system design, a system is usually
represented by a process network. The behavior of a
process P(s(7)) and the interaction between processes is
described through signals. A signal s(7) is represented as
a set of events {¢;}. Each event ¢; maps a tag 7; to a value
;.

s(t) ={ej : 1, — v;}
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The set of tags {7;} are partially or totally ordered.
This functional representation of signals is known as
the “tagged signal model” [7]. Tags are used to capture
the main properties of models of computation, such
as, time abstraction, precedence relationships and event
synchronization. Since signals are the operands and the
results of computation processes, an appropriate signal
model is essential to allow an efficient implementation
of computational processes.

III. Mixep OrRTHOGONAL Basis VECTORIAL S1IGNAL MODEL

In order to achieve a good simulation performance at
different levels of abstraction we propose a signal model
that is able to represent mixed signals in an efficient way
and computes linear processes using simple algebraic
mathematical operations.

The function s(t) describing a signal can be expressed
as an ordered set of values v; in an infinite dimensional

space V<.
s(7) = [vile

In this vectorial signal representation, a signal is con-
sidered as a point in an infinite dimensional space. Each
dimension of the signal corresponds to a tag (7; — 7). The
domain V may be any data type. The geometric proper-
ties of vector signals allow to define systematically the
mathematical operations that can be applied to signals.
For example, it is possible to define closeness of signals
as the distance between two points.

[0i] € V7 @)

In order to optimize the geometrical representation of
signals, we describe a signal s(7) by a linear combination
of elementary signals s.(7), defined in a finite interval
[0, T.] and mapped to a finite interval [1y, T + Tk], as
follows.

[oide = Y o [kl = ) 5k(x) ®)
k=0 k=0

where s(7) = s.(px - T — k) and py = T./Tk. The set of
elementary signals {s.(7)} is know as the signal space.
Representing signals in terms of elementary signals is
useful to model signal sources efficiently. For simulation
purposes, we consider real valued! elementary signals
(V = R) with finite energy E,,.

In order to approximate each elementary signal with a
finite set of vector elements, we expand each elementary
signal s,(7) in terms of a set of linearly independent signals
{fi(0)}, defined in an interval [0, 03]. The signal space
{se(1)} is thus parameterized with respect to a set of
orthogonal basis signals by finding the set of coefficients
{b,,} so that:

5:(0) = [berleo @ [0 = Y ber - fil0), b €R  (4)
r=0

A continuous time or analog elementary signal 5,(7) can

be expanded over a series (infinite linear combination)

of continuous orthogonal basis signals f,(c) by a simple

vector-matrix multiplication.

+00

5.(0) = Zcen ﬂ((i) = [Cen]Zo

n=0

[fa(0)]o )

We consider that each analog elementary signal 3.(t)
and its first derivative are continuous and mapped to
an interval [o,, 0;]. Therefore, they can be approximated
with good accuracy (least squares approximation) using
a reduced number of orthogonal polynomials Q, as basis
signals.

N-1
50) % ) Con Qu(0) = [l [Qu@ly  (6)
n=0

There is a set of recursion relations common to many
classical orthogonal polynomials that are useful to com-
pute numerical operations. The most suitable orthogonal
polynomials for analog system simulation are Legendre
P, (0) and Chebyshev T,(0) polynomials [8] [9]. In both
cases, the least square error is distributed nearly uni-
formly in the approximation interval. The Chebyshev
polynomials are defined in the interval [-1, 1] by the
following expression:

3

[n/2]
1)! i
Tu(0) = EZ -1 (])' (n 2])"(20) 7o

A discrete event elementary vector signal §.(7) can be
expanded using a finite linear combination of flat (piece-
wise constant) orthogonal basis signals f,,(0), such as,
block pulse, Walsh or Haar-Wavelets.

M-1

5(0) = Y bon* fu(0) = Wbonlly - U@l (8)

m=0
For simplicity, we consider discrete orthogonal signals
represented by the generalized block pulse function:

ISignals may be also complex functions (frequency domain analysis)
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m—1

1 ifou<o<on+Ty Be
Bi(0) = {0 otherwise rIm = ; Te O

Equations (6) and (8) allow to define analog and discrete
event elementall:y vector signals in a finite dimensional
vector space VY and VM respectively. Finally, we com-
bine the previous equations to obtain a general expression
for signal representation. Any elementary signal s,(7) can
be expanded using a set of orthogonal piece-wise con-
tinuous signals {H,,(0)} as follows:

M-1N-1
Se(o-) ~ Z Z [ — Hmn(a) = [Hemnlmn - [Hmn(o)]MN (10)
m=0 n=0
if Opn <0 < 0un + Ton
otherwise

The constant function g, depends on the discrete or-
thogonal basis set. For the block pulse function g, = 1.

Smn - Qu(0)
0

where H,,,(0) = {

IV. OprerATIONAL SUBDIVISION OF CONTINUOUS TIME
SIGNALS

Any orthogonal polynomial Q,(c) can be expressed
in the following matrix form:

Qu(0) = [¥"1§ - [Bolwe - [enln (11)

where the matrix [Bgly2 represents the basis of the
polynomial in terms of the power vector [x"]y =
[xN' ... %2 x 1]. The basis matrix for Chebyshev
polynomial can be computed using equation (7). For a
3" order polynomial the Chebyshev basis matrix is:

0 0 0 4
00 2 0

[Brle = 01 0-3 (12)
1 0-1 0

In order to find an operational approach to subdivide a
polynomial function defined in the interval [-1, 1], we
first map the function evaluation points to the subinter-
val [0, , 0p] using the expression:

1 1
oabzE'(ob—aa)~0+§'(0a+0b) (13)

and then we find [Br(a, b)]y2 using the recurrence prop-
erty of Chebyshev polynomials:

T0(0a) = 0ap - Tu-1(0a) = Tn—2(0ap) (14)

Finally, using equation (11) the subdivision matrix [S,;]
can be computed as:

[So(a,b)] = [Baly: - [Bo(a, b)lne (15)

Thus, the coefficients [c,(a, b)]y of the polynomial expan-
sion for any signal in a given sub-interval [o,, 03], can
be computed by a simple matrix multiplication.

[en(a, b)In = [So(a, b)] - [enln (16)

For Chebyshev polynomials of 3 order, the subdivision
matrix is given by:
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1 atb 3-(a*+b*)+2-a-b—4 5-(a3+b°)+3-(a%-b+a-b*)—6-(a-b)
2 4 4
0 bz L 15-(b>=a%)+3-(a-b?—a?-b)+12-(a—b)
- 2 2 8
[ST(ar b)] - 0 0 Pl —2ab 3B +b3—a2-b—a-b?)
4 4
3_ B3 (2 ba-b?
0 0 0 b’—a +3(8a b—a-b*)
17)

A. Computing Threshold Crossing Events

The polynomial signal representation introduced in
section III can be exploited for accurately threshold cross-
ing detection by using polynomial root finding methods.
As explained in [10], eigenvalue methods can be applied
to find the roots of arbitrary polynomials, but they are
computationally intensive and not appropriate for sim-
ulation purposes. To overcome this limitation, we profit
from the properties of Chebyshev polynomials for the
identification of crossing event free intervals. Chebyshev
polynomials are ranged between +1, therefore, the value
of a signal represented with Chebyshev polynomials in
a given interval [o,, 03] is limited to the range:

N-1 N-1
|CO - Z lcul, co + Z |Cn|] (18)
n=1 n=1

Using precomputed subdivision matrices to divide the
signal interval into smaller intervals, we find quickly the
intervals containin§ crossing events. Approximating the
polynomial by a 3 order polynomial, the crossing point
is computed analytically.

B. Time Step Control for Continuous Time Signals

To achieve a reliable time step control for contin-
uous time signals, we subdivide successively a signal
using the presented operational approach. The recursive
subdivision is stopped, when the error that would be
introduced by approximating each sub-signal with a line
is smaller than a given tolerance value €. We profit from
the convergence properties of Chebyshev polynomials
to approximate the truncation error with good accuracy.
The simplest approach for interval partitioning is to
apply a binary subdivision (the interval is partitioned
into two equidistant subintervals). In order to distribute
the sampling error more uniformly, we apply a non-
symmetric signal subdivision. To this end, we compute
the points, where the distance between the line con-
necting the start and end value of the signal and the
signal curve is maximal. To determine such points, we
profit again from Chebyshev polynomials properties. The
subdivision point where the distance between the line
and the signal curve achieve the maximal value can be
computed solving the following equation:

N/2

d _ _
%(12-C3~02+4~C2~U+61—3~C3—C1) =0, = Z sl (19)
n=0

As shown in Fig. 1 for a sine wave form (e = 0.005), this
approach leads to a very good time step control.
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Fig. 1: Time step control using successive subdivisions

Fig. 2: Linear functional system with reset

V. OpreratrioNAL CoMPUTATION OF CONTINUOUS TIME
ProcEsses

Processes specify relations among signals and are
domain dependent (or polymorphic). Based on the pre-
sented signal model, we derive now the set of equations
enabling the operational computation of linear process
behavior for functional and non-functional processes.

If the processes of a continuous time domain system
are linear, time invariant and described by functional
signal relations, the whole system can be represented
by a signal flow model as shown in Fig. 2. The system
behavior is defined by the following equation system:

Llxi(o)lp [Alpp - [xi(D)]p + [Blpg - [ui(T)]o
[yi(D]r [Clrp - [xi(7)]p + [Dlro - [ui(7)]lo

The continuous dynamic behavior of the system is char-
acterized by the vector of P continuous time signals
[xi(7)]p, which is known as the continuous state vector of
the system. [u;(7)]g and [yi(7)]r are the input signal vector
and the output signal vector respectively. Replacing the
system signals [x;(7)]p and [u;(T)]o by the mixed signal
approximation (eq. 10) and considering the following
operational properties of the basis signal matrix [H,,(0)]mn,

% [Hun(0)lun - =~
7 (Hon(0)lan

we convert the explicit ordinary differential equation
(ODE) in (20) into the algebraic equation

[Drlainyany - [Hpn (0)Imn 21

[Prlovinyny = [Hinn (0) 1w

X

(XnnImne = [Alpp - [Xunline - [Prlaneyne) = (22)

[Blpg - [Upnlmng - [Prlivingyaung) + [XomnImn

The system matrices [A]pp and [B]pg are modified due
to the variable mapping from 7 to o. The operational
matrices of differentiation [Dy,]vinpymnp) and integration
[Prlvnpymnp) are approximated inverses and both can
be used in the previous equation. Using the Kronecker
product properties, we obtain a vectorial representation
of equation (22) which can be solved by direct methods.

([I] - [A]PP ® [Ph]z;\/INP)(MNP)) : U@C([an]MNp) =

_ (23)
vec([Blpg - [Umnlmng * [Prlavinoyming) + [XomnImnp)

If the processes of a linear system are not functional, such
as the component equations of an electrical network, the
resulting equation system is described by the following
differential algebraic equation (DAE):

[Elrr - 4[zi(0)lr =
[Flrr - [zi(D]r + [Glrs - [wi(T)]s

The continuous state and output signals are contained
in the signal [z;(1)]r. The input signal vector is denoted
by [wi(7)]s. Applying the same steps as in the functional
case, the system equation (24) can be also transformed
into a linear algebraic equation:

(24)

([I] ® [E]TT - [G]PP ® [Ph]z;\ANT)(MNT)) : Uec([zmn]MNT) =

vec([Flrr - [Winnlmns - [Pulaunsyons) + [E1rt - [ZomnImnt)
(25)

If the system processes are functional but not lin-
ear, the operational computation becomes very complex.
However, the properties of Chebyshev polynomials al-
low a simple and efficient approximation and evaluation
of continuous time signals.

VI. CompruTriNG AMS PROCESSES

We execute digital and analog circuits using a data
flow formalism. Each process reads and/or writes sig-
nals represented in vectorial form. It may request a
next process execution time. In each evaluation cycle, the
execution time is computed by the cluster manager and
the processes are called sequentially. When a process is
executed, it reads all input signals from the ports and
determines the next local event time. After updating the
local process time, the event processing function is executed.
This step is repeated until all input signal events are read.
Signals are defined in the same time interval (according
to the execution time) but the number of events present
on signals is arbitrary (not limited to a constant rate).
Thereby, the event processing function may be executed
several times during process execution. If the process
doesn’t have input ports, the event processing function is
executed once per cycle. The resulting events may be
written to the output signals with any arbitrary time
delay value. For systems containing feedback loops, the
evaluation cycle is repeated until signal convergence
is achieved. Because they normally contain sequential
processes, the logic state of the processes is stored in a
special process variable. If an evaluation cycle is repeated
to achieve signal convergence, the state value is restored.
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VII. IMPLEMENTATION IN SysTEMC AMS

We implemented our orthogonal signal flow (OSF) MoC
as extension of the synchronous data flow model TDF,
provided by SystemC AMS. All main components are
defined in the namespace sca osf. Module, port and
signal classes are derived from respective TDF classes,
supporting hierarchical model construction. Input and
output port converters are provided for the interaction
with SystemC and SystemC AMS model parts. The dy-
namic features of the TDF MoC allow the time-accurate
interaction with discrete event parts. For modeling of
logic states, we have implemented an additional class
enabling solver synchronization. Port functions read,
initialize and write are overloaded to provide signal
read and writing operations at the current process time
for a single value or an array of values (continuous
time signals). The current process time can be advanced
using the osf function set event time for synchronous
read and write operations on module ports. The process
time advance is limited by the cluster next time step. The
osf functions initialize event and write event allow
event writing on port signals at arbitrary times, sup-
porting therefore asynchronous signals. During process
execution, the current process time is iteratively updated to
the next input signal event time and then, the virtual func-
tion event processing is automatically called. Event
times are defined relative to the signal start. The start
and the end time points of module output signals can be
obtained with the osf functions get initial time and
get final time respectively. The delay properties of
the process are specified in the module output ports us-
ing the functions set delay, for a deadlock-free sched-
ule, and set event delay for an arbitrary signal delay
time. The simulation accuracy is controlled module-
wise using the port functions set time accuracy and
set signal accuracy to define the maximal admissible
time and value deviation of discrete and continuous
time signals respectively. The default attribute values for
signal accuracy control are 1 ns and 1 x 107°. Listing 1
and 2 show the implementation of a signal comparator
and a RS flip-flop with the OSF MoC. They are utilized
in the PLLs” digital phase detector.

Listing 1: Signal threshold comparator using OSF MoC

1 class sca_cmp: public sca_osf_tdf_module
2 { public:

3 ::sca_osf::sca_tdf::sca_in<double> in;
4 ::sca_osf::sca_tdf::sca_out<bool> out;
5

5

sca_cmp (sc_core::sc_module_name _name):

7  sca_osf_tdf_module(_name), in("in"), out("out™)
8 {threshold = 0.0}

9

10 void event_processing(void){ double time;

11 in.compute_threshold_events(events, threshold);

12 for(it = events.begin(); it!= events.end(); ++it){
13 time = *it+0.5%out.get_tag_accuracy();

14 out.write_event(*it, in.read_event(time)>

15 threshold) ;}?}

16 private:

17 std::vector<double> events;

18 std::vector<double>::iterator it;

19 double threshold;

20 3};

REF = PDF |->| cp |—>| LPF |—>| vco H»—y'>

l PSC I
Fig. 3: PLL diagram

Listing 2: RS Flip-flop implementation using OSF MoC

class sca_ff_rs: public sca_osf_tdf_module

1

2 { public:

3 ::sca_osf::sca_tdf::sca_in<bool> r, s;
4 ::sca_osf::sca_tdf::sca_out<bool> q, gb;
5 ::sca_osf::sca_state<bool> qin, gbin;

(o))

sca_ff_rs(sc_core::sc_module_name _name):
£ sca_osf_tdf_module (_name),
9 r('r"), s("s"), aC"qa"), ab("agb"){}

11 void set_attributes(void) {

12 g.set_timestep(1l,SC_NS); q.set_delay(l);
3 gb.set_timestep(1,SC_NS); gb.set_delay(1l);
14 g.set_event_delay(1.0e-9);

15 gb.set_event_delay(1.0e-9); }

17 void initialize(void)
18 { g.initialize(false); gb.initialize(false); }

20 void event_processing(void) {

21 if((s.read()==1)&&(r.read()==0))
22 { gin = 1; gbin = 0; }

3 if((s.read()==0)&&(r.read()==1))
24 { gin = 0; gbin = 1; }

25 if((s.read()==1)&&(r.read()==1))
26 { gin = 0; gbin = 0; }

27 g.write(qgin); gb.write(gbin);}
28 };

The implementation of linear continuous processes at
architecture and implementation (electrical) level is sim-
ilar to LSF and ELN MoCs in SystemC AMS. A spawn
process computes in each evaluation cycle the solution of
the linear equation systems presented in section V. We
apply equation (25) to compute switched electrical linear
networks as proposed in [11].

VIII. EXPERIMENTAL RESULTS

For the evaluation of our computational model to
cope with heterogeneous designs at different abstraction
levels, we implemented a PLL system similar to the
SystemC AMS PLL model presented in [12]. As shown
in Fig. 3, the PLL consists of a reference signal generator
(REF), a phase-frequency detector (PFD), a charge pump
(CP), a low-pass filter (LPF), a voltage controlled oscilla-
tor (VCO) and a prescaler (PSC). The VCO is modeled at
functional and architecture level (signal flow), using the
operational approach presented in section V. The charge
pump and the analog filter are modeled at electrical
level using the operational approach for non-functional
systems, presented in the same chapter. The digital parts
(PFD and PSC) are modeled at register transfer level
applying the computational model described in section
VI. The interaction between the analog and digital parts
is computed using the subdivision approach presented in
section IV. We chose N = 8 coefficients for representing
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Fig. 4: PLL simulation results

sine waveforms, leading to a maximal absolute error
of 6.79 x 107°. For the computation of the digital and
linear system parts we used the default accuracy values.
The cycle execution time is determined by the reference
signal period (10 us). Fig. 4 shows the results of system
simulation. After a transient of 250 us, the desired output
frequency is reached. To evaluate the impact of our im-
plementation (OSF MoC) on simulation performance, we
also implemented the PLL system using discrete event
(DE MoC) and (timed) synchronous data flow modeling
(TDF MoC) for the digital system parts. The analog parts
of the additional models were implemented using ELN,
LSF and TDF MoCs. A time step of 1 ns is required to
model processes delays. As shown in table I, the calcula-
tion of a static schedule during model initialization leads
to an improvement in the simulation performance for
TDF based models. Because our implementation keeps
the process modeling and communication more abstract
and efficient, a higher simulation performance can be
obtained. In particular, a very efficient analog signal
tracing can be achieved for validation purposes. Only
few coefficients are necessary to represent continuous
signals over a large time interval. To analyze the accuracy
of the linear process computation, we compared the open
loop analog filter simulation results using the trapezoidal
rule (such as in ELN) and the operational computation
(with N=5). As reference a transition matrix based com-
putation was utilized. The resulting mean square errors
were 17.48 x 107% and 2.63 x 107 respectively.

TABLE I: PLL simulation execution time in ms

Signal | Lp nioC | TDF MoC | OSF MoC
tracing
off 1023.0 8014 5021
on 22819.8 217282 20485

IX. ConcrusioN

We presented a mathematical signal model for ab-
stract modeling of analog and discrete process commu-
nication and derived efficient computational approaches
for continuous time signal threshold crossing detection

and time step control. We also explained how to compute
the behavior of linear systems using our signal model
and extended SystemC AMS for the efficient modeling
of digital parts involving feedback loops. The significant
simulation performance improvement obtained in the
evaluation, in particular, if analog signals are traced,
reinforce the importance of our contribution for the
system level design of AMS circuits.
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