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Abstract—This paper deals with the performance verification
of analog/mixed-signal (AMS) systems by a mixed symbolic/nu-
meric (nubolic) simulation. The approach is to piggyback the
symbolic simulation via code-instrumentation on the existing,
numeric SystemC AMS simulator. This permits the combination
of symbolic and numeric simulation (‘“nubolic simulation’). The
particular focus in the paper is the handling of the symbolic
discrete-event process activations. This permits the symbolic
simulation of digital parts of AMS systems modeled by discrete
event processes. The approach is demonstrated by the symbolic
simulation of a dual-charge-pump PLL of an IEEE 802.15.4 RF
transceiver that includes an asynchronous digital counter as a
frequency divider.

Index Terms—symbolic simulation, affine arithmetic, decision
diagrams

I. INTRODUCTION

In today’s integrated circuits and system, in particular,
the analog/mixed-signal (AMS) parts introduce challenges for
verification. According to an industrial evaluation [1], 75% of
design risks come from these parts. Performance verification of
AMS systems shows that in presence of parameter variations,
e.g. process, voltage, temperature variations, the performance
properties of a system, e.g. the locking time of a PLL, remain
in a specified range. The common approach is the use of multi-
run simulation techniques like Monte Carlo (MC) analysis or
Corner Case (CC) analysis.

Formal methods, e.g. [2]-[6], promise comprehensive cov-
erage. However, they hardly scale with the complexity and het-
erogeneity of today’s mixed-signal circuits [7]. Furthermore,
the use of hybrid automata [2], [3], recurrence equations [4] ,
or hybrid Petri nets [5] introduces a gap towards the circuit or
system level models that are usually given as a SPICE netlist or
in modeling languages such as VHDL-AMS or SystemC AMS.

To some extent, compilers can overcome this gap. However,
there is a number of drawbacks: First, such compilers support
only a usually small subset and suffer from incompatibilities;
see [8], [9] for details. Second, due to lack of scalability, it
is often useful to focus formal or symbolic methods on some
signal paths only and handle other parts of a design by nu-
meric simulation. Then, a tight integration of formal/symbolic
methods and numeric simulation is needed.

The approach taken in this paper combines numeric and
symbolic simulation to a nubolic simulation. For this purpose,
we piggyback symbolic methods via code instrumentations
on SystemC (AMS) models and use the existing, numerical
simulator. [6], [10] describe the symbolic representation by
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affine arithmetic decision diagrams (AADD). [11] introduces
the instrumentation of control flow statements. In [6], [10]-
[12] the approach is limited to the timed data flow model of
computation or continuous-time models.

The novelty of this paper is the

« support for symbolic activations of discrete event pro-
cesses, and

o demonstration by the nubolic simulation of a PLL with
real complexity.

Note, that some tools for concolic testing of software [13],
[14] use a similar approach. Concolic testing piggybacks sym-
bolic methods via code instrumentations on a program to be
tested. For example, [14] couples Python with the automated
theorem prover Z3. For this purpose, Python’s integer objects,
operators and functions are replaced by a symbolic type that
produces the Z3 input language.

Similar to [14], we introduce symbolic methods by over-
loading C++’s double data type, operators, functions, and even
the if- and while statements. Unlike [14], we have a simulator
instead of a compiler, a procedural language with possible side
effects instead of a functional language, and we strive to find
worst-case properties instead of test cases with comprehensive
path coverage.

We give an overview of the nubolic approach in Sec. II. In
Sec. III we describe the new method that permits the symbolic
execution of discrete event processes. In Sec. IV we describe
the nubolic simulation of the PLL of an IEEE 802.15.4 RF
transceiver for verification of the worst-case locking time.
Sec. V gives a discussion of the results and a conclusion.

II. NUBOLIC VERIFICATION OF AMS SYSTEMS
A. Overview of the approach

Figure 1 shows an overview of the verification flow. Sys-
temC [15] resp. SystemC AMS [16] models are generated
from a circuit level model via a netlister [17]. The PVT
variations from the circuit model can be characterized and
added to the SystemC/SystemC AMS model as described
in [18] as affine arithmetic decision diagrams (AADDs).
[10] describes the modeling of deterministic and probabilistic
variations of discrete and continuous nature. Assertions then
check the performance properties in a mixed numeric/symbolic
simulation run.

In the context of this paper we focus in particular on the
following steps:
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Fig. 1: Overview of nubolic verification of AMS systems.

1) Instrumentation specifies which variables or signals are
simulated symbolically.

2) Simulation is done symbolically where the symbolic
types are used; otherwise simulation is numerical. Both
cases use the pre-existing SystemC implementation.

3) Assertion checking checks performance properties
within simulation and reports violations; see [19].

B. Instrumentation

Code instrumentations change the semantics of SystemC
resp. SystemC AMS from numeric to a symbolic:

o For variables for which symbolic simulation is desired,
the symbolic types doublesS, intS and boolS must
be used. Such variables compute reachability by AADDs
resp. BDDs as described in Subsec. II-C.

o The header file aadd. h provides these types, overloaded
operators, and macros that piggyback symbolic simula-
tion on the existing SystemC (AMS).

Note that in symbolic simulation control flow statements
must consider all possible outcomes. This is done by the C++
macros ifS, elseS, whileS and endS instead of the respective
C++ keywords. The above macros are described in more detail
in [11].

Fig. 2 left shows a small example in C++. In line 3, a
symbolic variable a is declared that is initialized with the range
[—1,1]. The condition in line 4 can hence not be evaluated to
true or false. Therefore, the macros ifS, elseS, endS
(added by preprocessor) will evaluate both paths and not either
the if- or the else path.

C. Symbolic computation with AADD

For symbolic computations, we use affine arithmetic de-
cision diagrams (AADD, [6], [12]). AADD combine the
properties of affine forms with those of reduced ordered binary
decision diagrams (ROBDD).

Affine arithmetic [20] is used to compute with ranges resp.
convex spaces. Affine arithmetic represents ranges by affine
forms that are a linear model f®(eq,...,&,) of its dependency
from noise symbols e1,...,€,. This permits the accurate
computation with intervals.

BDD represent the path condition of an AADD:
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9:#include "aadd.h" @
1:void main(){

2:// a is from range [-1, 1] \

3: doubleS a(-1, 1); Y
4: ifs (a>=0) a=a+l;
5: elseS a=a-1; endS}

1+el -1+el

Fig. 2: AADD of a after the control-flow statement.

o Internal nodes are labeled with literals x; of the path
condition in the form f®(eq,...,&,) >0, and

o Leaves are affine forms that represent the possible ranges
of symbolic variables .

As all f%(eq,...,&,) are linear terms, every path condition is
a linear inequation system that can be solved efficiently. This
significantly improves scalability.

AADDs are instantiated by the declaration of variables of
the type doubleS or intS. Arithmetic and logic operators
of C++ are overloaded to do symbolic operations as described
in [6]. The macros ifS, elseS, whileS and endS track the path
condition that becomes part of each AADD when it is assigned
in a (maybe nested) control flow statement [11]. For example,
Fig. 2 right shows the AADD of « after the ifS-elseS statement.

Currently, C++ is supported including nested selection and
iteration statements; limitations are goto statements that could
easily be added and pointer for which the linear inclusions
of AADD would be meaningless. In consequence, SystemC
and SystemC AMS models can be simulated as long as
there is no symbolic interaction with the simulation kernels.
This holds for the statically scheduled timed data flow model
of computation of SystemC AMS and some discrete event
processes that are sensitive to e.g. a deterministic clock signal.

III. NUBOLIC SIMULATION OF PROCESSES WITH
SYMBOLIC ACTIVATION

A. Symbolic signals and symbolic process activation

We first formalize some aspects of signals and the models
of computation (MoC) used to implement the simulation. We
build on definitions from Jantsch [21] which is equivalent to
the tagged signal model [22]. For the nubolic simulation, we
have to keep the existing MoC as much as possible unchanged.
We assume that time is always a concrete variable and focus on
symbolic signals and, maybe symbolic, activation of processes.

Value-symbolic, time-symbolic and concrete signals:

A signal is a sequence (ep,...,e,) of events. An event
e; = (vi,t;),i € {1,...,n} consists of a value v; and a
time tag t; with ¢; > ¢, where values are from a set V'
and time tags from an at least partially ordered set 1" (time
base, simulated time). A signal is value-symbolic if at least
one event’s value is represented by a symbol, e.g. an AADD
or a BDD, that represent more than a single value. It is time-
symbolic if at least one time-tag is symbolic and represents
more than a single value. Signals that are not value-symbolic
and not time-symbolic are concrete.
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Symbolic and concrete activation: Each simulator, in-
cluding analog simulators, can be seen as a network of
processes that compute output signals from input signals. More
formally, a simulator can be seen as a network of processes
P, connected by signals S. Each process p € P is a tuple
p = (I,0,proc,a) where

e I C S, 0O C S are its input resp. output signals.

e proc is a processing method. It uses the input signals
and simulated time 7" to compute the output signals O,
maybe using internal states.

e a is the activation condition; proc is executed for each
t € T where a = true.

The activation condition is concrete (deterministic), if its
values are either true or false. The activation condition is
symbolic (uncertain), if at least one of its values is a symbol
that represents more than one possible values, i.e. by a BDD.

B. Timed data flow and continuous-time MoC

In the timed data flow (TDF) MoC of SystemC AMS, there
are n processes that communicate via buffers. A schedule
of the process activation is determined statically before the
start of the simulation. This schedule is repeated in discrete
time steps. Hence, a depends only on the simulated time
t € T. We assume that the simulated time and time steps
are numeric variables. The activation of processes and the
simulation algorithm is independent of inputs, outputs, and
states. Therefore, for the nubolic simulation of models in the
TDF MoC, it is sufficient to compute proc in a symbolic way
using the instrumentations described in Sec. II. No further
support for symbolic simulation is needed.

For the continuous-time (CT) MoC, the same holds as for
the TDF MoC, with restrictions regarding time step control
and numerical methods. For SystemC AMS we support CT
transfer functions that are embedded in the TDF MoC. They
are computed by difference equations that approximate the
transfer function H(s); like for the TDF MoC, no further
actions are needed.

C. Discrete Event MoC

In the discrete event (DE) MoC we have a more complex
simulation algorithm. In the DE simulation we have processes
P where:

« the activation condition a of each p € P is a function

f I, xT — B; T is the simulated time and I, C I is
the set of input signals to which p € P is sensitive to.

e pj,pr € P with a; = true and a;, = true for the same

t € T are executed in a non-deterministic order.

The non-deterministic order of process executions is overcome
by the concept of delta-time and ‘buffered’ signals that syn-
chronously get its assigned values after an update-cycle.
We make the following premises:
1) We assume that all signals are concrete or value-
symbolic, but not time-symbolic.
2) We assume that the activation condition a does not use
symbolic values for the simulated time.
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The first premise is not limiting because a time-symbolic
signal can also be written as a value-symbolic signal; the
underlying idea is described in [10]. The second premise
must be made as otherwise we would have no discrete points
in time when to execute a process; this would have serious
implications on the overall DE simulation algorithm.

The method for nubolic simulation of DE processes piggy-
backs symbolic simulation on the DE simulator in two steps:

(1) Before the start of simulation, all DE processes are reg-
istered in a global data structure as shown in Listing 1.

(2) Within simulation, at each time at which a value of a
symbolic signal i, € I, changes the algorithm shown in
Listing 2 is executed.

Listing 1: Symbolic process registry.

1: Type SprocessRecord: set of
signals Ig)

2: global: set of SprocessRecord PR

(Process p, BDD a,

The process registry PR maintains process records pr with
the following elements:

« A reference to each process p € P,

« Its symbolic activation condition a, initialized to a BDD
with one leaf node whose value is false.

« References to symbolic input signals I, C I on which
the activation function depends.

In the update-cycles of the DE simulation, an activation
condition a is eventually computed. Then, the method in
Listing 2 is executed. It will execute the method proc() of
each p € P if its activation condition a is ¢rue or symbolic
(lines 9-10).

All assignments called within proc() will be made only for
true values of activation conditions; this is done using ITE
function in the overloaded assignment operators for AADD and
BDD [11]. Hence, symbolic process activation conditions can
be treated like conditions in control flow statements [11]:

e A copy of a of p € P is put on the stack of block
conditions.

ITE function is applied in all assignments within the
method proc().

The copy of a is popped from the stack and the value of
a is reset to false.

Listing 2: Evaluation of process activation conditions

0: METHOD Update ()

1 input: symbolic signal s, time t€T
3 foreach pr € PR do

4 foreach i, € pr.l, do

5 if (s ==1,) then

6: pr.a =pr.aV f(s,t);
7.

8

9

1

1

break;

end for

if (pr.a # false)
notify_next_cycle();

0:
1: end for
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D. Integration in SystemC

In SystemC, DE processes are defined by the macros
SC_METHOD (proc) and SC_THREAD (proc) where
proc is a method of an SC_MODULE.

Activation conditions are specified by the signal events in a
sensitivity list of SC_METHOD (proc) or by time constraints
in wait statements of SC_THREAD (proc). As we assume
here that time is always concrete, the process activation in
SC_THREAD (proc) is not influenced by symbolic signals.

However, for SystemC signal events in the sensitivity list
this is not the case. In SystemC the following events can be
applied on signals:

o Value change event. This event triggers a process p € P
at t € T if a value of a signal i, € I, at the ¢ changes.
o Rising and falling edge events. Rising edge event triggers
a process p € P at ¢t € T if a value of a signal i, € I,
at the ¢ changes and the signal value is 1. Falling edge
event triggers a process p € P att € T if a value of a
signal i, € I, at the ¢ changes and the signal value is 0.

In order to support SystemC processes to handle symbolic
activation conditions, we first implement symbolic signals in
SystemC. This is explained in the following.

1) Symbolic Signals in SystemC: In SystemC input
and output ports and signals are implemented using
template classes sc_in(T), sc_out(T), sc_inout(T)
and sc_signal(T) where T specifies data type of
signal values. Symbolic signal values use the classes
AADD and BDD for data type. E.g. symbolic signals
with values of BDD data type are defined as shown in
Listing 3. All members and methods from the template
class are also implemented here, including the methods
that create references to rising, falling and value change
events pos (), neg() and value_changed(), resp.

Listing 3: Specialization of sc_signal(T) for type BDD

template <>
class sc_signal<BDD> { ....
public:
void write(const BDD& value);
void update(); ....};

Overloading is done for write (value) and update ()
methods. The method write (value) assigns a new value
value to a signal value if the new value differs from a current
signal value. The new value is assigned using the overloaded
assignment operator of the class BDD [11]. The update ()
method is overloaded using the algorithm shown in Listing 2.
This method is called by the SystemC kernel for each signal
specified in the process sensitivity list.

2) Symbolic simulation of SC_METHOD(proc): For defin-
ing processes with symbolic activation conditions we introduce
the macro SC_METHODS(proc) where S stands for symbolic.
This macro creates and registers the symbolic process with the
method proc() in the global variable PR.

When activation conditions of all processes are evaluated,
the kernel call methods proc() of all processes for which
the activation conditions are different than false. In order to
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ensure that assignments in the method proc() of the currently
active process use its active condition, the following macros
are introduced:

e START _SYMB. This macro checks which process
method is currently executed and pushes a copy of
its process activation condition on the stack of block
conditions conditions. The macro should be inserted at
the beginning of the main body of the process method
proc().

« END_SYMB resets the condition of the active process
to false and pops its copy from the stack; it should be
inserted at the end of the main body of proc() in order
to detect end of scope of proc().

The macros and symbolic signals are implemented in the
header file symb_signals.h. For symbolic simulation a
user needs only to include it in a model with #include
"symb_signals.h"; there is no need to recompile and
reinstall the SystemC library.

IV. CASE STUDY: PHASE-LOCKED LOOP CIRCUIT

The proposed approach is demonstrated on the SystemC
model of a charge-pump phase-locked loop (PLL) circuit
exported from its Cadence schematic using the netlister [17].
The block diagram of the circuit is shown in Fig. 3.

The phase frequency detector (PFD) compares phases of
the reference input signal with the output signal whose fre-
quency is divided by the counter with a ratio N. For this
circuit N = 110 and the frequency of the reference signal
iS fref = 32MHz. The standard structure of the PFD is
composed of two D flip-flops and a logic AND circuit. The
following code shows the SystemC model of the D flip-flops
of the PFD, implemented following the approach described in
Section III-D.

SC_MODULE (DFF) {

sc_in<boolS> CLK, R;

sc_out<boolS> Q;

boolS reg;

SC_HAS_PROCESS (DFF) ;

DFF (sc_module_name n) {
SC_METHODS (proc) ;
sensitive << CLK.pos() << R.pos();
reg=0;}

void proc() {
START_SYMB
ifS(R.read()) reg=0;
elseS reg=1l; endS;
Q.write(reqg);
END_SYMB }};

The frequency of the voltage controlled output signal f,., is a
function of the input voltages Vo, Vi, Vi. The output signal
Vout is generated comparing its phase ®,(t) = fot 27 fyeodt
with 27r; Comparison of the phase with 2 * 7 is implemented
as an ifS-elseS statement with the condition (P, (t) > 2 * ).
When the phase crosses 2 x 7w the output signal value is 1,
otherwise 0. The condition (P, (t) > 2x*) is evaluated at each
simulated time step ¢. When it results in uncertain value (both
true and false) a BDD with a new internal node representing
this condition is returned. Fig. 5 shows a BDD of the VCO
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Fig. 3: Block diagram of the PLL circuit.

output signal with 6 leaves. Each leaf represents the condition
(®,(t) > 2 x ) at the time step ¢ at which this condition for
®,(t) is uncertain.

In the locked state the PLL should reach the final frequency
frinal = N x frep; for this circuit ffinq = 3.52G Hz within
the tolerance of +0.001GHz. Symbolic simulation of the
SystemC model of the given circuit is performed considering
the uncertainties in the analog components of the circuit listed
in Table I and colored red in Fig. 3. These uncertainties
propagate through the digital parts of the circuit, also colored
red in Fig. 3. The circuit is simulated for 1.5us with the
sampling frequency f 20GHz. Fig. 4 plots lower and
upper bounds of the output frequency f,., computed in one
symbolic simulation run and compared with 10 runs of corner
case simulation.

One numeric block-level simulation run took only 2 sec-
onds. The circuit-level simulation of the same circuit can
take 9 hours [17]. Even with the fast block-level simulation,
our approach is still competitive considering the fact that
numeric simulations require a high number of simulation runs
to achieve maybe a sufficient, but still not a comprehensive
coverage.

Table II shows the simulation performance including the
number of leaves of AADD value of f,., at the end of the
simulation and the PLL locking time %;,.;, in the worst case.
The locking time is given in the clock cycles of the PLL
reference signal with f..y = 32MHz. The run times of
symbolic simulation includes the computation of lower and
upper bounds of the frequency f,., for each time point plotted
in Fig. 4. It can be noted that the run time changes almost
linear with the level of uncertainty.

V. CONCLUSION AND FUTURE WORK

The main contribution of this work is to introduce symbolic
simulation for DE processes that are activated by symbolic
conditions and its integration in the existing SystemC proof-
of-concept simulator. Together with the support for the CT and
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TABLE I: Parameter uncertainties

Block

Parameter Uncertainty

Symbolic value

Low pass filter
connected to TPM cur.
generator

Ry = 100 £ 10%[k<]]
Ry = 100 = 10%[kQ)]
C = 0.5 + 10%[nF]

Ry = 100 + &1 # 10[kQY]
Ry = 100 + &2 * 10[kQ]
C =0.5+ &3 *0.05[nF]

Current sources of
TPM controlled current
generator

Tipm1 = 40 £ 20%[uA]
Tipm2 = 10 £ 20%[pnA]

Tipm1 = 40 + 4 * 8[pA]
Tipm2 = 10 + &5 * 2[pA]

Charge
pump current

Iep = 40 + 20%[uA]

Icp = 40 + g6 * 8[uA]

source

TDF MoC from previous work this permits us the symbolic
simulation of AMS systems that also include digital logic,
i.e. the phase comparator and frequency divider. The main
approach is to overwrite the virtual methods of SystemC
signals to consider symbolic events in the event detection
mechanism. Note that, despite vast new functionality, no re-
compilation of the SystemC library is needed. This allows
us to maintain compatibility with the existing SystemC eco-
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Fig. 5: BDD of VCO output signal with 6 leaves

TABLE II: Simulation performance.

Run time [s] | Number of Leaves | ok
10 % of current uncert. | 160 105 28
20 % of current uncert. | 314 226 29

system while turning the existing SystemC (AMS, TLM) —
where needed — into a symbolic simulator.

The approach currently only supports symbolic values, but
not symbolic points in time for activation conditions. Support
for such process activations is work in progress.

Another line of research deals with the underlying symbolic
model. AADD perform excellent for analog parts, but have
limitations in the digital part. Those could be overcome by
SMT solvers such as [23]-[25] that can be combined with
AADD where both approaches can profit from each other.
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