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CyberPhysical Systems Challenge

AGrowing complexity

AMulti-domain design and implementation
A Communication problems between interdisciplinary design teams

Alnteraction between domains in the system
A Sensecompute-actuate

AHard reaftime requirements
AElectronics and software problems detected late in the design cycle

ASoftware amount increasing rapidly




How to Solve the Challenge

ARaising the level of abstraction
A Systematic decomposition process

AUsing target technology agnostic modelling methodology (MBSE)
AVerification shiftleft to detect SW/HW problems earlier

AMulti-domain capable digital twinning methodology
A Simulate senseompute-actuate chains before the implementation

AHW/SW cearchitecting




Model-Based System Engineering

Tackling the complexity of the Cybehysical systems




Modeling MulttDisciplinary Systems

AMBSE methodology enables specifying
iIndividual target implementation domain
for each subsystem

ATransitioned subsystem is treated as a
component in the parent system

ASubsystem is handled as a separate projt
ADomain specific implementation details




Modeling a CybePhysical System
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Electronics and Software in System Context

Development Lifecycle Management

Requirements

Systeni Model Digitel Twin System Integration

SW & Ele SW & Ele SW & Ele

Network e 1 Network  fmemee e 1 Network  boomeee - 1 Network
----
----
--- -
Els Kl Kl

Decomposition Implementation Verification Integration

Software Defined System Engineering
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Managing Complexity

Toplevel System Model
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Simulating a CybdpPhysical System
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Simulation Needs at System Level

AFunctional simulation
A Algorithmlevel simulation
AUntimed or approximately timed

AMultiple domain specific simulations needed
AMechanical and electromechanical functions
APhysical effects (Chemical, Magnetic, etc.)
AAnalog signals, e.g., sensors
ADigital electronics and software
AAnalog electronics




Virtual Integration and Continuous Verificatio

Requirements

Multi-domain

Top-Level behavioral mode System
System Model 1 1 1 1 B In-the-loop
T
fmd e im P
Electronics & SW BE'Eo =60 Subsystem
T = B = N ¢
Subsystem Model = i “— = In-the-loop

Virtual HW Platfgl'm

Component b Hybrid AW
Subsystem Model Model in-the-loop

Component
Implementation




Simulation Needs at Cybertronics Level

AFunctional simulation
ABit-accurate untimed simulation of subsystem behavior
AAnalog and digital behavior

APerformance simulation
ALatency, processor load, memory and bus utilization, network traffic, etc.

AVirtual HW simulation
AFast bitaccurate simulation model of HW to run real SW

ABit- and timingaccurate implementatiofievel simulation




Systems Engineering Methodology for Electronics
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Requirements
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Simulation Options with SystemC




Virtual Prototype

Requirements

Top-Level J
System Model I

Electronics & SW
Subsystem Model

Multi-domain
behavioral mode

System System
In-the-loop Integration

Subsystem Subsystem
In-the-loop Integration

Virtual HW Platform

Component ,| Hybrid | HW Component
Subsystem Model Model in-the-loop Integration

Component
Implementation
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e.g. Autonomous Vehlcle

Application

A
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Digital Systems Simulation

: r e Object Traffic Light
ATesting/showcase feasibility of petecion | Detection

application

Communication




Object Traffic Light

D | g |ta| SySte ms S | mu | a_'“ @] Detection Detection

Instruction Instruction
Set Set
ATesting/showcase feasibility of Simulator | Simulator

application
AMapping functions to resources
AExplore possible configurations
Aldentify Problems and solutions 5 Cache

A

Peripheral Bus

Cameral Radar

System Bus Model

Memory



. Object Traffic Light
Compare alternatives Detection | Detection
Instruction Instruction
Set

Set
Alnstruction Set Extensions Simulator § Simulator
A 32bit/64bit Processor, Vector Instructions n

ACache Configurations
A{ Al Saz | { Suazx X System Bus Model

ABus hierarchy .

¢
Control Bus
ADedicated ldrdware Accelerators ; ccarom] puc| cUnT
AlIncluding potential resource locks ‘ Peripheral Bus

Cameral Radar




SystemC

AHardware description Language on top of the ~ #include < systemc>
5C_MODU(Ad2)

programming language C++ for digital systems
A System/Architectural level SSore 2 S ing:
AEstablished 1999 and standardized 2005 (IEEE P166%}ore :: sc_out <int> outp

A Generic Model of Computation yoid - do_add()

_ _ _ outp =inl +in2;
AOpensource reference implementation available }
SC_CTO@dd2)

SC METHQdo_add);
sensitive << inl << in2;

}

3




A Toolbox, Open and Flexible by Design

A Utilising C++

AlIntroducessimulated time
Primitive Channels

AExtendable libraries and tools _ _
A TLM Transaction Level Modeling LI, I W10, TR 5 CEEpINS)
A AMS Analox/Mixed Signal Modeling

A CCI: Configuration, Control and
Introspection

SystemC Standard

Core Language Data Types

(module, port, process, channel, interface, eve 6aOyPiAYST

/| bbb OMMZ MNODXZ MT X
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Simulation concept

A SystemC simulation is an
executable program:

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

+ Simulation kernel
= Program  (Simulation)

User User User
Module Module Module
#1 #2 #N

1 1 1

SystemC C++ Library

SystemC Kernel
(Event Scheduler)

Program (Simulation)




Concurrencyand Time

ASystemC: everdriven simulator
A started bysc_startin sc_main
A similar to VERILOG, but sometimes more

cumbersome A Synchronization and interruption
A Events ¢c_evenj
AParallelism A Sensitivity lists
A ModuleSC_MODULE (sensitive sensitive_possensitive_ne(
A ProcesseSC_METHOBndSC_THREAD  (@. @posedge @negedge
A A wait(event or duration), r6C_THREAD

(@, #)




Exampledor EventSystems

continuous state spacg@n
¢ continuougime)
AContinuous state systemsahysical processgsisually),
electrical networks,mechanicabystems \/\/\
ADiscrete state systemdinite state machines,
gueuing systems, computer systems time
A Continuoustime systems:physical processdsisually), d‘zg;:g;?fﬁgpace (in
electrical circuits, asynchronoggstems
ADiscrete time systemddigital clockedsystem, 3- —
equidistant sampling@ztransform), 24 @ — —
synchronous systemmodels 1'—| T time




Il
: C D C

Anevente = (v, tisatuple of avaluevandatagt

(tags are usualliotally ordered)

Events event

D

Alf the tagdenotestime, then theevent isatimedevent

Alf the tagdenotes (onlyp sequence number
the event isanuntimedevent




DiscreteEvent Systems

A DiscreteEventSystemgDES)s an eventdriven system

Ai.e., its state evolution depends entirely on occurrence of discrete
events over time (or the tag system, in general), and not by the
evolution oftime

AAs intime-drivensystemsa DES modetan be defined incontinuous
or discrete time depending on whethethe admissibleime
Instances aréaken from acontinuous or discrete set

AThestate space of DES modetan be either discrete or continuous




DiscreteEvent Systems

Themodelingobjects ofa DES:

ASignalsor streamsconsist of ordered and/or timed events. They can
be represented as ordered sequencesuénts.

AProcessesan be represented as functions that act on signals or
streams.




Time-Driven vs. EventDriven Simulation

Discretetime, time-driven simulation

AThesimulatedtime is partitioned into (equidistant) time intervals

AThelengths oftime intervals are determined bthe simulated
system (e.d., clogberiod), by the intended precision (discretization
loss), or by the simulatioaffort

AA simulationstepis performedevenif nothing happens




TimeDriven vsEventDrivenSimulation

Eventdriven simulation

Evaluationand state | 1 | |
changes only at ~ continuoustime  *® ‘ — |
occurrence okvents | l_I
. . . t t t t
Analysisand simulation 3 L& T T
. - - out in in in
are possible in discrete - k ]
or continuoustime ~ Piserete time X0 l . L
® ® [ ]
®




Transaction Level Modeling (TLM)

nb_transport_fw&gp, phase, delay)
b_transpor{&gp, delay)

T >

' nb_transport_bw&gp, phase, delay)

Focus on the connection between componentSlfliitte)s
A System and architectural level

A Digital, eventdriven system modeling
(especially SoC, processors, buses, memory).

A Focuses on communication abstractiompdelingtransactions PayloadObject
(e.g., "read 3zbit word from address 0x1000"). S

A Eventdriven, discreteevent simulation gdflress
ala

byte enables
streaming
response status
tim_phase

N
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Analog/MixedSignal Modelling

SCA_TDF_MODULE]

AExtends SystemC for analog mixed signal modelling s - scain <doute> in:

(continuous time, electrical, mechanical, RF, control ™" ° ™ =5

double fc=1000.0 ;

SyStemS) sca_tdf :: sca Itf nd Itf ;

AsyStem and arChlteCtU I'a| |€V€| sca_util :: sca_vector <double > num, den;
. . . . void initialize()

AProvides formalisms to handle continuetiie and Comoroto

discretetime behavior together witq € a U ®¥entQa ., ..,

driven kernel_ } den(1) = 1.0/(2.0*  M_PI*fc);
ACombines continuousme solvers wit{ & & (1 S Y/ Q go¢ prowessin

discreteevent kernel. | our= K (numdenin )
AOpensource reference implementation available , SCA-CTORO 0
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e.g. Autonomous Vehicle , ‘-6%’153

TimeDriven/AMS

{ EventDriven/TLM :
Control Actuator

Sensors Perception Path Planning
Object Detection =
o~ rajectory
nes Object Tracki i @
R it Mission Planning Al § 0
Lane Detection Steering
B N
(e .
9 (_.E,) Traffic Light/Sign . Trajectory 5
8_ L DAR Raw [Environment . | Behavioral Planned Tracking Control | c: =1
c w and Planner Trajectory Comands y -
Position Acceleration O

Data
()] GPS Lateral Control
RADAR LD Motion Planner
o 3D HD Map Longitudinal
o Control Brake

2D Local Map
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MBSE shows the Need to Integrate

Requirements

Multi-domain
behavioral mode

Top-Level
System Model

Electronics & SW

System System

Pr—
ey s
ey

Subsystem Model

Component
Subsystem Model

In-the-loop Integration

Subsystem Subsystem

Virtual HW Platfgl'm

Hybrid L HW
Model in-the-loop

Component

In-the-loop Integration

Component
Integration

Implementation
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Integration Allows Better Testing

Open Loop
Aln addition to classical testing

Aallows additional advanced test
scenarios

ADirect integration
ALive feedback

Close Loop

Feedback
(Model)




Digital System Simulation: Only a Part

MATLAB 4\
. OSIMULINK

'A Microcontroller/ECU Model
IPIyvl: 4+ Jupyter

IIIIIII

01001010 Control and base software

Connected Simulation | ouoou

11101010 .
00110110 New extensions,
I New applications

Controller and peripheral
hardware model

| New hardware components

1api }




Connected by Standard: FMI

AFunctional Mockup Interface -
Ahttp://fmi -standard.org E@?

AA standard to exchange dynamic

simulation models and connect simulation engines
A NPl R a4dzLJLl2NIY CNRY alidflFrox t eéid



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

Autonomous Venhicle in a Driving Dimulation

Simulation Orchestration

Vehicle model simulation

Driving

assistance > A A
a o (—
System e D

Vehicle
Dynamics

Virtual Platform

uoneInwWIS
[eslueyosin

2 .
= <
% Sensors g.
= wn o ,
3 3 3 i
= c > = |
= T} Control 2
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TLM Modelling

TLM function
. call
L oin and 1 100¢ 10,000 times fasteI
e

write(address, data)

cycle accurat

RTL: Simulates every signal evant
SystemC.: Context switching between
processes

TLM modeling goal:
A Reduce the number of context
switches
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TLM Modelling Flavors

ABlocking> LTc Loosely timed
ANon-Blocking> ATc Approximately timed
ATLM 1vs TLM 2

AProtocol compliance levels
ATLM 2 base protocol compliagistandard payload and phases (ignorable
extensions only)
ATLM 2 custom protocol compliantstandard payload and phases with ron
ignorable extensions

ATLM 2 custong custom payload and phases

NNNNNNNNNNNNNNNNNNNNNNN



Base Protocol Compliant Models

ARecommended
ACan be directly connected
AStandard debug features of tools will work immediately




Custom Protocol Compliant

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

AModel vendors like ARM arAtterisusing not ignorable extensions

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

AAdaptor implementation usually relatively simple




Custom Protocol

ACan usually not be easily connected/adopted to base protocol models
AUsed for abstract proprietary modelling

AExamples
A Performance Modelling
ANetwork Modelling




Performance / Network Modelling

ABottleneck detection in computer and processor networks
ABandwithand (average) transfer rate calculation

ALatency simulation

APerfomancesimulation of computer/processor core networks
ASchedulinggriorizationalgorithm development

APrinciple concepts:

APacket level
ALink level




Packet Level

AApplication software e e

communicates via a hardware — _
. Performance Estimation Implementation
abstraction layer for Application Libraries
ACalculation of packet sizes TLM based Network Model
Acalculation otransmittiontime -

> time whichthe physical link is
In use

Almplementing of buffer and
scheduling algorithm
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Packet Level ExampdeEthernet Stack

=10

i_oos_oth_switch?

€OS_ETH_SWITCH

. [

@

o vams s sz0- 790

sy - 5 cre:5G. 220 THIE
#include "cos_ethernet_libraries/network_transport_layer_microps/cos_transport_app_fc
#include "cos cthernet libraries/netrork transport layer microps/util.h” =
#include "app.h”

5 e 17
*Fyi_cos_eth_switcht
- [—

W) i_cos eth_endpointd W) i cos_eth_endpoint2 W i_cos_eth_endpoint! W) i_cos eth_endpointd
°°S’ET”E . g - g II lClUdeS ” V4 / ” V6V / ICMI / AI QI

i ol i i “.— on the network layer
and TCP/UDP on'the transport

local.sin_port = htonl6(h:port); Niopot 1 toped
soc = sock_open_cos(domazn:AF_INET, type:SOCK_STREAM, protocol:IPPROTO_TCR); [ e - -
1f {soc == -1) { SC_REPORT_ERROR(msg_type:"cos_microps", msg: sock_open_cos () failure"); RANSPORT_BEHAVIOR [ COS_ETH_TRANSPORT BEHAVIOR l I n S ap p rOXI I I l a e y re a I I I l e

1f {sock_bind_cos{id:soc, addr:{struct sockaddr_mo *)&local, addrlen:sizeof(local)’
datalink_if| 1CPS_In_layer4

COS_ETH _TRANSPORT NETWORK LAYER [ COS_ETH TRANSPORT NETWORK_LAYER } [ COS_ETH TRANSPORT NETWORK_LAYER

COS_ETH TRANSPORT NETWORK LAYER

56 cre:30 SMEIATSC MS)

Wt - 5 care:s6 IR 1556_MS)

1f (sock_listen_cos{1id:soc, backlog:1) == -1) {SC_REPORT_ERROR(msg_type:"cos_microj B
acc = 5o cept_cos(soc, (struct sockaddr_mo *)&foreign, &sizeof(foreignlen)):
1f (acc == -1) { SC_REPORT_ERROR(msg_type:"cos_microps”, msg:“sock_accept_ceos() fa:
- - - - ' - - h COS _ETH TRANSPORT NETWORK_LAYER
while (true) { [ ETHER TAP_NAWE - Tap0’
. ETHER_TAP_IP_ADDR = "1820.25°
ret = sock recv_cos(id:acc, buf, n:sizeof(buf)); yansport I ETHEH:TAP:NETMASKJEEE 255.255.0°
if (ret -1 { DEFAULT_GATEWAY = "192.0.2.1°
1f (errno EINTR) { continue; } irq = 39 -
sock recy cos() failure'): init_wait = 5¢_core~sc_time(1.5,SC_MS)

if (ret == 0)
debugf{"connection clesed");
break;
4 .o sport_if | 1CPs4
infof("%zu bytes received", ret); m

hexdump(fp:stderr, ta:buf, size:ret);
COS ETH TRANSPORT BEHAVIOR

close_cos(id:acc); _
o1 _ Lo kt 0

wait{1100.0,5C_MS);
sid:cout << sc_corezse_lime_stamp() << "client start™” << name() <<stdzend|;
server_program(8,128,256);
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Link Level

Aa2RSt & OUKS RdzZN)> A2y 2F tAyl1a o0S
AAssumes a settled transmission ratestablishing the link and
settling If neglected

AThe TLM transactions establishing a congestion graph

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

AThe resulting link times are used to calculate the link time
computational effort only after a link change




Example Link LevelHPC (High Performance Cluster)

ABenchmark HPL relies on
LapackBlas (mathematical

function) and MPI (HPC
# communication library)

=
-

AUsedLapackBlas functions
Implemented with performance
..o €stimation formulas
AMPI Interface implemented to

establish links via TLM




Link Level ExampteHPC with 10.000 nodes

Julien Langot university of Colorado Del

An explanation of the input/output parameters follows:

Aca. 25/50min simulation time

A200/400Mio communications  SEEEE e
AOriginal benchmark SW used

A~5 times slower than real time %

Rate of execution for solving the linear system.
Mix (threshold = 64)

: transposed form
transposed form

100000
5

Row-major process mapping
1

@ Simulation Rep:
yes
8 is o
Refresh : 8 double precision words

- The matrix A is randomly generated for each test.

- The following scaled residual check will be computed:
Ceps * C || x || o0 Il A |looo + |

- The relative machine precision (eps) is taken to be

- Computational tests pass if scaled residuals are less than

WROOL2L2 00000 5 1 10000
HPL_pdgesv() start time Sun Apr 18 20 H¥

HPL_pdgesv() end time  Sun Apr 18 21:05:45

@ Simulation Report c
s with the following results:
completed and passed residual checks,
completed and failed residual checks,
sts skipped because of illegal input values.

Refresh

End of Tests.

sc_main: time domain simulation complete
sc_main

Simulation finished

sc_main: There were 200239976 communications
stemC: Simulation stopped by user.

simulation stopped at 119284426518460 ps
0+0k 0+0io 1531pf+0w

sc_main:
0.000u 0.015s

417 e [21:06:07]

/ 119,284 sec

Modified b of Colorado Denver

Julien Langou, Universit

An explanation of the input/output parameters follows:

wall time encoded variant.
The order of the coefficient matrix A.
The partitioning blocking factor.
The number of process rows.
The number of process columns.

: Time in seconds to solve the linear system.

: Rate of execution for solwving the linear system.

[The following parameter values will be used:

200000

Row-major process mapping
1

10000
Left

2
Left
1ring

Mix (threshold = 64)
transposed form
transposed form

es
8 double precision words

- The matrix A is randomly generated for each test.
- The following scaled residual check will be computed:
| |ax-b| | _oo ( eps Cll x||loo* || A|]|loo+ || b||]oo)*N)
- The relative machine precision (eps) is taken to be 1.110223e-016
mputational tests pass if scaled residuals are less than

200000 5 1 1000 9.0883e+003

start time Sun Apr 18 19:44:22 2021

IWROOL 2L.2

) end time Sun Apr 18 2 09 2021

with the following results:

completed and passed residual checks,
completed and failed residual checks,
skipped because of illegal input values.

End of Tests.

i sc_main:

There were 400239976 communications
ystemC: Simulation stopped

Info: sc_main: 586.961 sec
0.000u 0.015s 49:15.24 0

simulation stopped at 586961413685660 ps /
[20:33:35] -

0+0k 0+0i0 1734pf+Ow
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Processor / Software Modelling

AHost Compiled Software TLM utiiy liraries,
Modelllng examples, throughput simulation
models speedhigh
AFast Models based on just in MachineWareVCML
time compile techniques MINREDBTRise
" ARM fast models,
(Loosely timed) emU
Alnstruction timing accurate Gems,
- . enesas, )
models (Approximately timed) Infineon Arix

Verilator Cadence, v

ACycle accurate models Synopsys, Siemens, Xilinx  simulation

Integration speedlow

Simulation (timing)
accuracylow

N

simulation
accuracyhigh




Host Compiled Software Modelling

A No processor model requiregifastest
way to model software behavior

A Software is compiled nativelyvery Applica
easy to Debug oftwa

A Hardware Abstraction Layer provides
stubs so that software runs

Hardware Abstractio

A No hardware details available, Layer
software timing may annotated, OS is

abstracted -
Application

A Communication is mapped to Software
transactions or signal interface
handling

Simulation
Compiler ¢gcq

v

SystemC
TLM/Pinaccurate
Model

HAL

TargetPlatform
Compiler gcq

SystemC
Cycle / Fast Model

Target Hardware
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Host Compiled Software Modelling

ASoftware stack AHardware Model

Processor Node
Processor

Application Software
12| App1le

Application Software Interface (API)

Ha| App2[e .
Implementation of API which redirects calls to TLM 8] App3 |2 o
transactions

scheduler (OS)

| [
LTJ Interrupt

TLM¢ based Hardware Model

(2025
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Hardwarec Software Modelling; Fast Models

Application
Software

A Correct execution of software
iIncluding OS for software development

A Basedon Just In Time (JIT) code generation
A Not suitable to evaluate system performance
A Bus Transactions often not modelled

A Cache effects usually not modelled

A Uses time decoupling (KTloosely timed) and
DMI

A High simulation speed bootinglinuxin
acceptable time is possible (ca. 3min for ca.
30s real time)

Target Compilel

> VirtualProtype

Hardware

(2025
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Hardware¢ Software Modelling; Instruction timing accurate models

A Estimationof the performance o i.e.

run time, latency, cache usage e Vil Protypy
AMore accurate than JIT models
Slower simulation speefta. 15min Hardware

for ca. 30s real time)

ABasedmainly on TLM Approximately
Timed techniques (nahlocking
transactions)

AHigher timing accuracy especially
caching can be modellegleffort Qem5
Increases with accuracy https://www.gems5.org/



https://www.gem5.org/

Examples for Analog System Level Modelling Methods

AMacromodelling
ADataflowmodelling
ARFModelling

APhysical Domain Modelling




Macromodelling

L,,=kL,
Ls1=(1-k) Ly
IﬁL lout Lh2:kL2
: : I ._’ Vo | Ls2=(1-K) Ly
AUsing available analog components Vl e — J L FL,
(e.q.System@MS predefined ELN | k# = —
modules) to create an abstract s
model Fu=Fx+tFs
F=Fp,+F,
ATwo approaches: e
A Mathematical oriented; consider Re LK) Nl (1K) n*R;
each library element as an equation T —¢ R —— —
system contributiorg use them to [Al=
setup the equation system =3 T
A Physical oriented build the physical [o yn:|
g o

structure using the library elements




Example Physical orientéddacromodelling

| g ! -
i Wc_;pll T D V iy CP:LH/WH l v E ;_‘:112
— T o ; T
A Calculatgp(i) of each winding separately - - e
(current controlled voltage source) (1) b i s N B
A Sumjy contribution (serial voltage T | T
sources or parallel current sources) ol e
A Derivejp ¢ current through inductor
result is voltage (2)
A Calculate outPut voltages (voltage B
controlled voltage source) (3) I R
A Loses can be modelled by the scale factors — e
of the voltage controlled current sources Fe— | Vv




Dataflow Modelling

ASystemQ@\MS provides a timed dataflow model of computation
AVery efficient Module scheduling

AApplications:
ADSP algorithm modelling
A Analog signal flow

ASystem@MS allows to embed analog equations into dataflow

models
Al yIFt23 FALUOSNE !'5/ Qaszx X




RF System ModellingChallenge

4

sig_s

Y

! 1
- 0 o
=
i -1
0,0000 0,0005 0.0010 0,0015 0.0000 0.0005 0,0010 0.0015

Modulation Signal Passband Signal

Amplitude N
fbw
1:c >> 1:mod T

u
7} [
f f

fc >>fbw

A Carrier signal (passband signal) frequency of RF systems are orders of magnitude higher
than the modulation frequency and the resulting bandwidtaxtremely high simulation
time
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@ 0

RFModelling- Baseband

power power Passband Operator Baseband Operator
<o > <ol >

A a(t) + b(t) A A®D) +B()

_ A a(t)c b(t) (em— A1) B(1)
AO w Fo6iov A O w 600

) | ) |
f, f fe f A A — "G €60
1 ¢ "Q

COAIfo o - ©) ) g0 © WO

@ EAT(O g0 () gOHT o)
YE(w ®O©) gt *¢)

for one carrier §

A A single carrier (tone/fundamental) passband si%nal can be represented by a time
dependent complex numbeg corresponding to a time dependent amplitude and phase

A The 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

(2025
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RFENvelope Simulation

A Limitation Baseband only one toneg no harmonics andbldings

A Calculate time varying spectrugralculation of multiple tones per time point instead of one tone
for baseband simulation

amplitude / phase

R 5 6 ghilo g + (9

M DMV MM W 6{0) ‘Y‘x{ Q) G o gof ¢>

A For all linear operators superposition is vajithe operator can be applied for each tone
separatelyc they are equal to the baseband operators
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Challenges Automotive Radar Modelling

f R=20m, Differential Vel = 20 mih

—_—

Frequency

Py
-~ Second £

AChirp over wide frequency -

AFrequency ranges 281GHz | g @

Doppler FFT Across P Range Transformed
Samples Yields Speed of Target at A,

ABandwidth 250MHz 5GHz _ e P

< 30
E Signal \
- 20 Range- !
3 Doppler Plot i
@ 10 by 2-D FFT of | 1 I | i
= the Radar Slow Range
S N Fast Time >
g © Mixer Output Time 0R )
. ey — . . . . ] ) 5 1 j« A1
. E -10 1o N-1
u I . 0 10 20 30 Range FFT Across N Fast Time
Range (Meters) Samples of the Radar Mixer Output
AVariable center frequency ;
Y A nenndenrenmn oF ce FTRAMIAT G indn v cie i a Ao din i annadaend WS T vnnnd o T amdnidannnmad T odenmamidin e Dannananinin abhiswea Macead
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Physical Domain Modelling

% 'O "0 "0 O Q 620
I é O &Gz Qa
YF 0 ,EZ DZ'QO
F, VE, VF O i O OLERQO v
lllp ”n r A [} 1
, u‘p O azvu Qa 0 %zl‘)
% 7

A Direct mapping of physical components to electrical components possible
A Different analogy relations are possible
A It should be prevented to connect nodes of different physical properties

A The analogy relation should be selected in a way, that the wiring of the components remains

(2025
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Physical Domain Modelli

i_spring_vel_t1

vel_p vel_n
k=10
init_def =0.0

—
across:  velocity
through: force

|_spring_t

value = 1.0/p k
vel_p phi0 = p.v0 vel_n

i_damper_t1

across: velocity vel
through: force f

r_damper_t
P n
vel_p vel_n
value = 1.0/p.d

d=1.0

Mechanical elements

across: rotational_motion (r) ang, rot
through: torque to

ideal_trafo_gear_r_r

p1( p—1F DE*{ _p2
por
r_m( — Ll L — r_n2

Linertia_t1 i_limit_up_t1
vel (
_velp | INERTIA_T pos. p
LIMIT
vel_n
pos._n _UP_T
across: angular velocity (rotations) rot
through: torque to
c_inertia_r DOS_DM
‘ ‘ I_series pt
rot_p(") " LI (O rotn i_zdiode
i - vihp = pimit
r_parallel ron = Te-3
roff = 188
value = 1.0e12 pos_n )
) i_dc_motor1
i_gear_rot_trans1
- Pl

| GEAR L
ROT

rn — tn ni

TRANS

. inductance nl n2

n1O 2~ l

akie = p

0b'd = 0f
rd=
4{u

pdi'y = onge
“Buidwep
01
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Physical Domain Modellingrhermal Analogy Relations

AThermal resistance / heat conductanceElectrical Resistance / 1/R
AThermal capacity - Electrical Capacity

ATemperature - Voltage

AHeat flow - Electrical current




Example: Automotive Window Lifter System

a

i_rmv_mwitch

REV_ E'HTCI-

isca_f_rswitchi

i_jnertia_r1 i_jnertiz_r2

= |INERTIA_R {3} . = |INERTIA_R {z}

i_dc_miotor

Oe!

DC_MOTOR

i_gear_rot_rot__gear_box

|\:

GEAR

GEAR
T |_ROT_ROT

i_pmar_rot_trars__pear_rack

rot2ang:
slope = -1.0

i_sca_sin_rotZangle

i_sta_sindsca_pf_current
b

sampling_sime = SC_ZERO_TIME

i_sca_sin_velZpos
= VELZPOS 1
s EI'I _ II:I

set.3 wircow_pesiticr_n
| = B

i irertiz_t_wircow

E INERTIA_T

ilimit_p

limit_up_t = 0.24-0.(
LIMIT
_UP_T

iimitJow_

0.01 = rubber width

LIMIT

LOWT it _low_t = -0.24+

| iseneinzups

[ e ces

[T v,

_En:‘nr;ur:
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