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Agenda

ÅCyber-physical systems challenge

ÅModel-based Systems Engineering

ÅSimulation options with SystemC
ÅSystemCscheduling modes addressing the different simulation needs

ÅIntegration of larger simulation

ÅSystemC/SystemCAMS based modelling methods
ÅDigital/SystemCbased methods

ÅAnalog / SystemCAMS based methods

ÅOverall system modelling with SystemCand SytemCAMS



Cyber-Physical Systems Challenge

ÅGrowing complexity

ÅMulti-domain design and implementation
ÅCommunication problems between interdisciplinary design teams

ÅInteraction between domains in the system
ÅSense-compute-actuate

ÅHard real-time requirements

ÅElectronics and software problems detected late in the design cycle

ÅSoftware amount increasing rapidly



How to Solve the Challenge

ÅRaising the level of abstraction
ÅSystematic decomposition process

ÅUsing target technology agnostic modelling methodology (MBSE)

ÅVerification shift-left to detect SW/HW problems earlier

ÅMulti-domain capable digital twinning methodology
ÅSimulate sense-compute-actuate chains before the implementation

ÅHW/SW co-architecting



Model-Based System Engineering
Tackling the complexity of the Cyber-Physical systems



Modeling Multi-Disciplinary Systems

*)

*) Source: Adobe Stock

*)

ÅMBSE methodology enables specifying 
individual target implementation domain 
for each subsystem

ÅTransitioned subsystem is treated as a 
component in the parent system

ÅSubsystem is handled as a separate project

ÅDomain specific implementation details 
are inserted using properties and they can 
be extracted from the model



Modeling a Cyber-Physical System
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Electronics and Software in System Context
Lifecycle Management

Software Defined System Engineering
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Managing Complexity
Top-level System Model

Electronics subsystem Model

SoC subsystem Model

HW IP Model

Redusing scope and visibility at every subsystem transition

Increase fidelity in subsystem

Subsystem is a component
in the upper level



Simulating a Cyber-Physical System
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Simulation Needs at System Level

ÅFunctional simulation
ÅAlgorithm-level simulation

ÅUntimed or approximately timed

ÅMultiple domain specific simulations needed
ÅMechanical and electromechanical functions

ÅPhysical effects (Chemical, Magnetic, etc.)

ÅAnalog signals, e.g., sensors

ÅDigital electronics and software

ÅAnalog electronics



Virtual Integration and Continuous Verification
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Simulation Needs at Cybertronics Level

ÅFunctional simulation
ÅBit-accurate untimed simulation of subsystem behavior

ÅAnalog and digital behavior

ÅPerformance simulation
ÅLatency, processor load, memory and bus utilization, network traffic, etc.

ÅVirtual HW simulation
ÅFast bit-accurate simulation model of HW to run real SW

ÅBit- and timing-accurate implementation-level simulation



Systems Engineering Methodology for Electronics 
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Simulation Options with SystemC



Virtual Prototype
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e.g. Autonomous Vehicle

Application



Digital Systems Simulation

ÅTesting/showcase feasibility of 
application

Object 
Detection

Traffic Light 
Detection 

Communication

Network Camera Radar



Digital Systems Simulation
Instruction 
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ÅTesting/showcase feasibility of 
application

ÅMapping functions to resources

ÅExplore possible configurations

ÅIdentify Problems and solutions



Compare alternatives

ÅInstruction Set Extensions
Å32bit/64bit Processor, Vector Instructions

ÅCache Configurations
Å{ƛȊŜǎΣ І{ŜǘǎΣ Χ

ÅBus hierarchy

ÅDedicated Hardware Accelerators
ÅIncluding potential resource locks
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SystemC

ÅHardware description Language on top of the 
programming language C++ for digital systems

ÅSystem/Architectural level

ÅEstablished 1999 and standardized 2005 (IEEE P1666)

ÅGeneric Model of Computation

ÅOpen-source reference implementation available

#include < systemc >

SC_MODULE(add2)
{
   sc_core :: sc_in <int> in1;
   sc_core :: sc_in <int> in2;

   sc_core :: sc_out <int> outp ;

   void do_add()
   {
       outp  = in1 + in2;
   }  

   SC_CTOR(add2) 
   {
     SC_METHOD( do_add);
     sensitive  << in1 << in2;
   }
};



A Toolbox, Open and Flexible by Design

ÅLibraries to build VPs

ÅUtilising C++

ÅIntroduces simulated time

ÅExtendable libraries and tools
ÅTLM: Transaction Level Modeling

ÅAMS: Analox/Mixed Signal Modeling

ÅCCI: Configuration, Control and 
Introspection

Virtual Prototype

TLM & TLM2.0 CCIAMS

Primitive Channels
(signal, buffer, fifo, mutex, semaphore)

Core Language
(module, port, process, channel, interface, event)

Data Types
όǎŎψǘƛƳŜΣ ǎŎψƛƴǘΣ Χύ
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Simulation concept

A SystemC simulation is an 
executable program:

  User Code (Modules) 
 + Library Code (C++/SystemC) 

 + Simulation kernel

 = Program (Simulation)

SystemC C++ Library

SystemC Kernel 
(Event Scheduler)

User 
Module

#1

User 
Module

#2

User 
Module

#N

Program (Simulation)



Concurrencyand Time

ÅSystemC: event-driven simulator
Ástarted by sc_start in sc_main

Ásimilar to VERILOG, but sometimes more 
cumbersome

ÅParallelism
ÁModule SC_MODULE

ÁProcesses SC_METHOD and SC_THREAD

Á . . .

ÅSynchronization and interruption
ÁEvents (sc_event) 

ÁSensitivity lists 
(sensitive, sensitive_pos, sensitive_neg)
(@, @ posedge, @ negedge)

Áwait(event or duration), in SC_THREAD
(@, #)



time

continuous state space  (in 
continuoustime)

discrete state space  (in 
discretetime)
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Examples for Event Systems

ÅContinuous state systems: physical processes (usually), 
electrical networks,  mechanical systems

ÅDiscrete state systems: finite state  machines, 
queuing systems, computer  systems

ÅContinuous time systems: physical  processes (usually), 
electrical circuits,  asynchronous systems

ÅDiscrete time systems: digital clocked  system, 
equidistant sampling (z-transform),  
synchronous system models
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Events

An event e = (v, t) is a tuple of a value v and a tag t

(tags are usually totally ordered)

ÁIf the tag denotes time, then the event is a timed event

ÁIf the tag denotes (only) a sequence number,
the event is an untimed event



Discrete Event Systems

A Discrete Event Systems (DES) is an event-driven system
Åi.e., its state evolution depends entirely on occurrence of  discrete 

events over time (or the tag system, in general), and not by the 
evolution of time
ÅAs in time-driven systems, a DES model can be defined in  continuous 

or discrete time, depending on whether the  admissible time 
instances are taken from a continuous or  discrete set
ÅThe state space of a DES model can be either discrete or  continuous



Discrete Event Systems

The modeling objects of a DES:

ÅSignals or streams consist of ordered and/or timed events. They  can 
be represented as ordered sequences of events.

ÅProcesses can be represented as functions that act on signals or  
streams.



x(t)

t

Time-Driven  vs. Event-Driven Simulation

Discrete-time, time-driven simulation
ÅThe simulated time is partitioned into (equidistant) time intervals
ÅThe lengths of time intervals are determined by the simulated  

system (e.g., clock period), by the intended precision (discretization 
loss), or by the simulation effort
ÅA simulation step is performed even if nothing happens



Continuous  time

Discrete  time

t1

x(t)

t
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Time-Driven vs. Event-Driven Simulation

Event-driven simulation
Evaluation and state 
changes only at 
occurrence of events

Analysis and simulation 
are possible in discrete 
or continuous  time



Initiator
Socket

Target
Socket

nb_transport_fw(&gp, phase, delay)
b_transport(&gp, delay)

nb_transport_bw(&gp, phase, delay)

Payload-Object

command
address
data
byte enables
streaming
response status
tlm_phase

Transaction Level Modeling (TLM)

Focus on the connection between components

ÅSystem and architectural level

ÅDigital, event-driven system modeling 
(especially SoC, processors, buses, memory).

ÅFocuses on communication abstraction, modeling transactions 
(e.g., "read 32-bit word from address 0x1000").

ÅEvent-driven, discrete-event simulation

source: John Aynsley, Doulos, http:// www.doulos.com/knowhow/systemc/tlm2



Analog/Mixed-Signal Modelling

ÅExtends SystemC for analog mixed signal modelling 
(continuous time, electrical, mechanical, RF, control 
systems)

ÅSystem and architectural level

ÅProvides formalisms to handle continuous-time and 
discrete-time behavior together with {ȅǎǘŜƳ/Ωǎ event-
driven kernel.

ÅCombines continuous-time solvers with {ȅǎǘŜƳ/Ωǎ 
discrete-event kernel.

ÅOpen-source reference implementation available

SCA_TDF_MODULE(lp )
{
  sca_tdf :: sca_in <double >  in ;  
  sca_tdf :: sca_out <double > out ; 
  
  double  fc = 1000.0  ;     

  sca_tdf :: sca_ltf_nd  ltf ; 

  sca_util :: sca_vector <double > num, den ;

  void  initialize() 
  {
    num(0) = 1.0;   
       
    den( 0) = 1.0
    den(1) = 1.0/(2.0* M_PI*fc ); 
  }

  void  processing() 
  {    
    out = ltf ( num,den,in ); 
  }

  SCA_CTOR(lp ) { }
};



e.g. Autonomous Vehicle
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MBSE shows the Need to Integrate
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Integration Allows Better Testing

ÅIn addition to classical testing

Åallows additional advanced test 
scenarios

ÅDirect integration 

ÅLive feedback
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Digital System Simulation: Only a Part

Control and base software

Microcontroller/ECU Model

New extensions,
New applications

New hardware components

Controller and peripheral
hardware model
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Connected by Standard: FMI

ÅFunctional Mock-up Interface

Åhttp://fmi -standard.org

ÅA standard to exchange dynamic 
simulation models and connect simulation engines

Å.ǊƻŀŘ ǎǳǇǇƻǊǘΥ CǊƻƳ aŀǘƭŀōΣ tȅǘƘƻƴ ǘƻ Χ нрф ¢ƻƻƭǎ ŀƴŘ ŎƻǳƴǘƛƴƎ

http://fmi-standard.org/
http://fmi-standard.org/
http://fmi-standard.org/
http://fmi-standard.org/


Autonomous Vehicle in a Driving Dimulation
Simulation Orchestration
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SystemC/ SystemCAMS basedModelling 
Methods



TLM Modelling

RTL

Pin and
cycle accurate

Functional
model

Functional
model

write(address, data)

TLM function 
call100 ς 10,000 times faster

RTL: Simulates every signal event Ą

SystemC: Context switching between 
processes

RTL
TLM modeling goal:
ĄReduce the number of context 
switches



TLM Modelling Flavors

ÅBlocking -> LT ς Loosely timed

ÅNon-Blocking -> AT ς Approximately timed

ÅTLM 1 vs TLM 2

ÅProtocol compliance levels
ÅTLM 2 base protocol compliant ς standard payload and phases (ignorable 

extensions only)
ÅTLM 2 custom protocol compliant  - standard payload and phases with non-

ignorable extensions
ÅTLM 2 custom ς custom payload and phases



Base Protocol Compliant Models

ÅRecommended

ÅCan be directly connected

ÅStandard debug features of tools will work immediately



Custom Protocol Compliant

ÅFor complex protocols like AXI the base protocol payload and phases 
are not sufficient

ÅModel vendors like ARM and Arteris using not ignorable extensions

ÅModels can be connected with base protocol compliant models ς 
however they will not  work

ÅAdaptor implementation usually relatively simple



Custom Protocol

ÅCan usually not be easily connected/adopted to base protocol models

ÅUsed for abstract proprietary modelling

ÅExamples
ÅPerformance Modelling

ÅNetwork Modelling



Performance / Network Modelling

ÅBottleneck detection in computer and processor networks

ÅBandwith and (average) transfer rate calculation

ÅLatency simulation

ÅPerfomance simulation of computer/processor core networks

ÅScheduling/priorization algorithm development

ÅPrinciple concepts:
ÅPacket level

ÅLink level



Packet Level

ÅApplication software 
communicates via a hardware 
abstraction layer

ÅCalculation of packet sizes -> 

Åcalculation of transmittion time -
> time which the physical link is 
in use

ÅImplementing of buffer and 
scheduling algorithm

SystemC

TLM based Network Model

Performance Estimation Implementation 
for Application Libraries

Application Software API

Application Software



Packet Level Example ς Ethernet Stack

ÅModels providing the network and 
transport layer a Session API to the 
user
ÅIncludes IPv4 / IPv6v / ICMP/ ARP 

on the network layer
and TCP/UDP on the transport 
layer 
ÅRuns approximately real time

socket

connect

recv

send close

listen

bind

accept



Link Level

ÅaƻŘŜƭǎ ǘƘŜ ŘǳǊŀǘƛƻƴ ƻŦ ƭƛƴƪǎ ōŜǘǿŜŜƴ IƻǎǘǎΣ /t¦ΩǎΣ Χ

ÅAssumes a settled transmission rate ς establishing the link and 
settling if neglected

ÅThe TLM transactions establishing a congestion graph

ÅThe congestion graph is solved after each change (a link finished or a 
new link is established)

ÅThe resulting link times are used to calculate the link time -> 
computational effort only after a link change



Example Link Level ς HPC (High Performance Cluster)

ÅBenchmark HPL relies on 
Lapack/Blas (mathematical 
function) and MPI (HPC 
communication library)

ÅUsed Lapack/Blas functions 
implemented with performance 
estimation formulas

ÅMPI Interface implemented to 
establish links via TLM

Switch

Switch

HPL
Lapack/Blas-IF MPI-IF

MPI2TLMPerformance 
Est.

Host

Switch

HPL
Lapack/Blas-IF MPI-IF

MPI2TLMPerformance Est.

Host



Link Level Example ς HPC with 10.000 nodes
Åca. 25/50min simulation time

Å200/400Mio communications

ÅOriginal benchmark SW used 

Å~5 times slower than real time



Processor / Software Modelling

ÅHost Compiled Software 
Modelling

ÅFast Models based on just in 
time compile techniques 
(Loosely timed)

ÅInstruction timing accurate 
models (Approximately timed)

ÅCycle accurate models

simulation 
speed high

simulation 
speed low

Simulation (timing) 
accuracy low

simulation 
accuracy high

TLM utility libraries,
examples, throughput 
models

MachineWare VCML, 
MINRES DBTRise,
ARM fast models,
QemU

Gem5, 
Renesas, NXP,
Infineon Aurix

Verilator, Cadence, 
Synopsys, Siemens, Xilinx 
Integration



Host Compiled Software Modelling

ÅNo processor model required ς fastest 
way to model software behavior

ÅSoftware is compiled natively ς very 
easy to Debug

ÅHardware Abstraction Layer provides 
stubs so that software runs 

ÅNo hardware details available, 
software timing may annotated, OS is 
abstracted

ÅCommunication is mapped to 
transactions or signal interface 
handling

Hardware Abstraction 
Layer

Application
Software

Application
Software

Simulation 
Compiler (gcc)

Target Platform
Compiler (gcc)

HAL

SystemC 
TLM/Pin accurate

Model

SystemC 
Cycle / Fast Model

Target Hardware



Host Compiled Software Modelling

ÅSoftware stack ÅHardware Model
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R
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Interrupt
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PWM

HALL

PMU

APP 
Inter-
face

(HAL)

App1

App2

App3

scheduler (OS)

Application Software Interface (API)

Implementation of API which redirects calls to TLM 
transactions 

Processor Node

TLM ς based Hardware Model

Application Software



Hardware ς Software Modelling ς Fast Models

ÅCorrect execution of software 
including OS for software development

ÅBased on Just In Time (JIT) code generation

ÅNot suitable to evaluate system performance

ÅBus Transactions often not modelled

ÅCache effects usually not modelled

ÅUses time decoupling (LT ς loosely timed) and 
DMI

ÅHigh simulation speed ς booting linux in 
acceptable time is possible (ca. 3min for ca. 
30s real time)

Application
Software

Target Compiler Virtual Protype

Hardware



Hardware ς Software Modelling ς Instruction timing accurate models

ÅEstimation of the performance o i.e. 
run time, latency, cache usage

ÅMore accurate than JIT models Ą 
Slower simulation speed (ca. 15min 
for ca. 30s real time)

ÅBased mainly on TLM Approximately 
Timed techniques (non-blocking 
transactions)

ÅHigher timing accuracy especially 
caching can be modelled ς effort 
increases with accuracy https://www.gem5.org/

https://www.gem5.org/


Examples for Analog System Level Modelling Methods

ÅMacromodelling

ÅDataflowmodelling

ÅRF-Modelling

ÅPhysical Domain Modelling



Macromodelling

ÅUsing available analog components 
(e.g. SystemC AMS pre-defined ELN 
modules) to create an abstract 
model

ÅTwo approaches:
ÅMathematical oriented ς consider 

each library element as an equation 
system contribution ς use them to 
setup the equation system

ÅPhysical oriented ς build the physical 
structure using the library elements

Lh1=kL1

Ls1=(1-k) L1

Lh2=kL2

Ls2=(1-k) L2

        F21 F12
k2  =
        F11 F22

F11= F21 + Fs2 

F22= F12 + Fs2 

X:YV in

Vout

Iin Iout

[A]=

n    0
0   1/n

R1 L1*(1-k)

k*L1

n
2
*R2n

2
*L2*(1-k)



Example Physical oriented Macromodelling

ÅCalculate j(i) of each winding separately 
(current controlled voltage source) (1)

ÅSum j contribution  (serial voltage 
sources or parallel current sources)

ÅDerive j ς current through inductor ς 
result is voltage (2)

ÅCalculate output voltages (voltage 
controlled voltage source) (3)

ÅLoses can be modelled by the scale factors 
of the voltage controlled current sources

dF
v = w
            dt 

L i
F =
           w 

dF

dt 

w22

1

w_p4

w_p11

W_n11

w_p21

w_n21

L22/w22

L12/w12

w12

L11/w11

L21/w21

w11

w11

11111

w_p12

w_n12

w_p22

w_n22

1

3

2

1 2 3



Dataflow Modelling

ÅSystemC AMS provides a timed dataflow model of computation

ÅVery efficient Module scheduling

ÅApplications:
ÅDSP algorithm modelling

ÅAnalog signal flow 

ÅSystemC AMS allows to embed analog equations into dataflow 
models
Å!ƴŀƭƻƎ ŦƛƭǘŜǊΣ !5/ΩǎΣ Χ



RF System Modelling - Challenge

fc f

Amplitude
fbw

fc >> fbw

Modulation Signal

fc >> fmod

Passband Signal

ÅCarrier signal (passband signal) frequency of RF systems are orders of magnitude higher 
than the modulation frequency and the resulting bandwidth ς extremely high simulation 
time



RF-Modelling - Baseband

ÅA single carrier (tone/fundamental) passband signal can be represented by a time 
dependent complex number ς corresponding to a time dependent amplitude and phase

ÅThe signal frequency of this baseband representation and thus the number of the 
required simulation points are orders of magnitude smaller than for passband

-> The baseband simulation is orders of magnitude faster

fc f

power

fbw

fc f

power

fbw

ØÐÂὸ ὃὸɇÃÏÓ‫ ɇὸ •ὸ
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for one carrier fc

Passband Operator

Å a(t) + b(t)

Å a(t) ς b(t)

ÅŎ ω ŀόǘύ

Å

Baseband Operator

Å A(t) + B(t)

Å A(t) ς B(t)

Å Ŏ ω !όǘύ

Å Ὦɇ‫ɇὃὸ



RF-Envelope Simulation
ÅLimitation Baseband ς only one tone ς no harmonics and foldings

ÅCalculate time varying spectrum ς calculation of multiple tones per time point instead of one tone 
for baseband simulation

ÅFor all linear operators superposition is valid ς the operator can be applied for each tone 
separately ς they are equal to the baseband operators
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Challenges Automotive Radar Modelling

ÅChirp over wide frequency 
range

ÅFrequency ranges 24-81GHz

ÅBandwidth 250MHz ς 5GHz

ÅSolution:
ÅVariable center frequency



ÅDirect mapping of physical components to electrical components possible

ÅDifferent analogy relations are possible

ÅIt should be prevented to connect nodes of different physical properties

ÅThe analogy relation should be selected in a way, that the wiring of the components remains
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Physical Domain Modelling



Physical Domain Modelling ς Mechanical elements



Physical Domain Modelling - Thermal Analogy Relations

ÅThermal resistance / heat conductance   -  Electrical Resistance   / 1/R

ÅThermal capacity     -  Electrical Capacity

ÅTemperature             -   Voltage

ÅHeat flow      -  Electrical current



Example: Automotive Window Lifter System


