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I. Introduction

I. Introduction

This manual document describes the tool IC-EMC (acronym for Integrated Circuit
Electromagnetic Compatibility) which aims at simulating parasitic emission and susceptibility
of integrated circuits and eases the comparison with measurements. The tool uses the
simulators WinSpice, Ngspice and LTSPICE® for SPICE simulation. The software can be
downloaded on www.ic-emc.org.

IC-EMC is a free simulation software entirely dedicated to the EMC of ICs issues. IC-EMC is
not geared to full-chip simulation coupled with a 3D electromagnetic solver and is not
intended to address complex EM problems. It aims at developing simple models of ICs and
its surrounding environment (IC package, PCB traces, cables) for simulation of emission,
susceptibility and signal integrity. Its purpose is twofold:

A help the user to develop EMC models rapidly for an efficient evaluation of EMC
performances

A illustrate EMC issues related to ICs for educational purpose of basic notions and
modelling techniques related to EMC

To obtain more accuracy or to address more complex problems, we advise you to use the
professional CAD tools available in your university, lab or company

This manual is organized as follows:

A The second section (Getting started) presents an overview of the software and
describe how to install and launch it

A The third section (Working with IC-EMC) shows the different possibilities of the
software through several practical examples

A The fourth section (Description of the menu) describes the different menus of the
software

A The fifth section (Description of the symbols) lists all the symbols proposed by the
software to build electrical schematic diagram

A The sixth section (Input/output file format) describes the different exchange files used
by the software

The authors have dedicated around ten years to build the technical contents of this manual
and software, and tried their best to improve the IC-EMC tool, trying to keep the usage
simple. As the tool is in constant evolution, we encourage the reader to download the
updated version of IC-EMC form the web page and we would appreciate feedback and
comments.
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Getting started with IC-EMC

IC-EMC is a simulation software entirely dedicated to the EMC of ICs issues. It works only
with Windows Vista and Windows 7 or 10. IC-EMC is a schematic editor interfaced with three
free SPICE simulators: WIinSPICE, Ngspice and LTSPICE. By exploiting simulation results
provided by these simulators, IC-EMC proposes a set of post-processing tools to extract
relevant EMC information. The section aims at presenting an overview of the software and
how to install and launch it.

1.1 Overview of the software

The tool IC-EMC is able to perform comparisons between measurements and simulation of
conducted, radiated emission, near-field emission, S and Z parameters, immunity and signal
integrity, as illustrated in Figure 2- 1. Moreover, it includes also different tools to build models
of IC package, PCB traces and cables.

Packageiewer & modelin@ Z/S parameter simulatig

‘_ \\‘“\\\\\h
B S

PCB/cable modelirgm

[ P{EONE SPERPIER BN SRl

Emission simulatio

A

Near field emission simulati

1§ | B8!S ...- e usceptibility simulatio - =
Figure 2- 1: Main features of IC-EMC

The main commands of IC-EMC are shown in Figure 2- 2. From left to right, the Spice
Simulation icon translates the schematic diagram into a SPICE compatible text file, the next
icons give access to the emission spectrum window, the impedance vs. frequency, the
immunity simulation screen, and the near-field simulation screen.
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i, g9 M L b & A sl

H
Spice Ibis file
S|mulat|on edl_tor
L b Immumty Param_etnc
! rary simulation analysis

Spectrum  Nearfield Impedance S parameter

) . : Time domain "' ) s ;
analysis simulation simulation simulation

analysis

Figure 2- 2: Main commands proposed by -EMC

Figure 2- 3 describes the general simulation flow with IC-EMC. The process starts with the
edition of the circuit schematic. Component models are provided by IC-EMC or external
libraries. The netlist file generated by IC-EMC serves as input file for the SPICE simulator
(WIinSPICE, Ngspice or LTSPICE). At the end of the simulation, SPICE simulation results are
exploited by IC-EMC post-processing tools. Different measurement file formats can be
imported to compare simulation and measurement results and tune simulation models.

IGEMC schematic
editor (sch ’ Model libraries ‘

BN e

WinSPICELTSPICENgspice
compatiblenetlist generation (.cir
[ .raw)

|
WIinSPICELTSPICENgspice
simulation

IGEMC posprocessing tools [ e Importing of
(emission, impedance-S measurement result
LI NI} YSGSNRAS AYYdzyAide Xdfiles

[T T R = TS

Output file generation ‘

Figure 2- 3: General simulation flow with IC-EMC

[I.2 Installing and running IC-EMC

The following paragraphs detail the different steps for installing, running and exiting the
software.

11.2.1 Download the Schematic Editor

The software can be downloaded from www.ic-emc.org. The zip file contains an executable
file (icemc.exe) and folders containing libraries and examples.

13
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After downloading and unzipping

the IC-EMC software package, a book
main direct-&WG2vaD. case_study
is displayed. This directory examples
contains a list of subdirectories help
organised as shown in Figure 2- 4. _

IEEE
It contains the IC-EMC executable i
. . ib
file (ic_emc.exe) and a further -
collection of subdirectories. Some B icemcexe
of them contain examples and ¢ | ic_emc_config.ini

case studies, while others contain
component libraries. Their content
is briefly described in Table 2- 1.

Figure 2- 4: Organisation of the main
directory IC-EMC-2V9

Subdirectory name | Contents

book The subdirectory contains the schematic
diagrams and measurement results presented
in the book: A. Boyer, E. Sicard, "Basis of
Electromagnetic Compatibility of Integrated
Circuits", Collection Pour I'Ingénieur, Presses
Universitaires du Midi, 2017.

case_study The subdirectory contains schematic diagrams
and measurement results related to several
case studies described on the website www.ic-
emc.org

examples The subdirectory contains various schematic
diagram related to basic notions of EMC,
emission, near-field, susceptibility...

help HTML pages of online help

ieee Symbol library used by IC-EMC (*.sym). Some
are available from the palette (see 11.2.7),
while others can be downloaded by clicking on
Al nfdrrster Symbol (. SYM

lib .tec file and default non-linear device SPICE
library (.lib) (e.g. a diode, BJT, CMOS
transistor, non-linear capacitor, switch)

Table 2- 1: Content of the subdirectories of the main directory IC-EMC-2v9

11.2.2 Download WinSPICE

The WInSPICE analogue simulation tool may be downloaded from www.winspice.co.uk.

Click on the ﬁ icon to run the WIinSPICE solver wspice3.exe. It is necessary to define in
IC-EMC the access path of the solver wspice3 (see 11.2.6).

14
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11.2.3 Download LTSPICE

The LTSPICE free simulation tool (LTSPICE XVII) may be downloaded from
https://www.analog.com/en/design-center/design-tools-and-calculators/Itspice-simulator.html.

Click on the [X} icon to run the LTSPICE XVII solver XVIIx64.exe. It is necessary to define
in IC-EMC the access path of the solver XVIIx64 (see 11.2.6).

I.2.4 Download Ngspice

The Ngspicejr_ee simulation tool may be downloaded from http://ngspice.sourceforge.net/.

Click on the ﬂ icon to run the solver ngspice.exe. It is necessary to define in IC-EMC the
access path of the solver Ngspice (see 11.2.6).

11.2.5 Initial Screen

-

To launch IC-EMC, double-click on executable file ic_emc.exe :é in the main directory of
IC-EMC. The following figure presents the interface when the software opens. The editor
contains a palette of symbols (Window "Symbols" situated on the right of the screen) and
some basic editing icons to build the schematic diagram of the circuit and control the main
EMC screens.

Name of the current

schematic Menus Command bar

4 ic_emc - exampf€SCH I=Ers

File Edit Inset View EMC Tools Fep
pEH NPFe L8R8 AL LT | > o [ BEMET®S KM QA 8|2
Symbol palette symbols | %
Passives
AR Ep
About [ moE 4
s &
IC-Emc 2.9 NATIONAL INSTITUTE & ®
Welcome ‘ OF APPLIED Lines
N =
message IT~Yersion 08 June 2017 SCIENCES ==
\ TOULOUSE Sources
DEPARTMENT OF COMPUTER & ELECTRICAL $ 8 0
ENGINEERING A& »
Copyright INSAToulouse, France, 2003-2016 >@
by Etienne SICARD, Alexandre BOYER & |Probes:
]
E-mail - alexandre.boyer@insa-toulouse fr ] fol
E-mail : etienne sicard@insa-toulouse fr 4
hitp/wwwic-emc.org Actives
4 e
[ S L4k
Misc..
Editing interface of schematic diagram @ i
- 7
welcome to IC-Eme 2.9, vegsion 08 June ZUIL CMOS 0.12um from "default tec™ \
— Message bar Selected technology

Figure 2- 5: IC-EMC user interface

The symbol palette gives access to the most common elements of electrical schematics,
such as passive devices, voltage and current sources, transmission lines and interconnects,
measurement probes for voltage, current, impedance, power, S-parameters etc., in addition
to diodes, MOS devices, bipolar junction transistors and input/output buffer models extracted
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from an IBIS file. The components of the symbol palette are described in Erreur ! Source du
renvoi introuvable.. The palette is visible as soon as IC-EMC is run. If the palette is closed
accidentally, it can be reopened by clicking on "View > Symbol Palette" or clicking on the %
icon in the command bar.

All the components placed on schematic diagrams are described in a .sym file, which
describes both the graphical aspect of the component in the schematic and the SPICE model
of the component. Not all the components supported by IC-EMC are in the symbol palette.
IC-EMC proposes additional components that can be inserted in the schematic through the
Insert / User Symbol (.SYM) command. They can be either constructed by the user as a
SPICE subcircuit (using command "File > Generate SPICE Subcircuit"), or found in the list of
symbols in the "ieee" subdirectory. More information about the symbols contained in the
system/ieee directory can be found on the IC-EMC companion website.

Symbols |28 Diode
R,Land C P
\‘ﬁ"‘es > HF models of R, Lor C
Mutual inductan T
6e\‘>{ﬁ} . _#_/ N .
uy / Bidirectional coupler
deal transmission B P (Radiated) interconnect
line \\I;ines /
Voltage and current === RF generator for
sources ~{|sources U susceptibility simu.
Ground and,ref. \_F s o | Voltageontrolled voltage sou
Voltageontrolled Edkapl
current source =xp 8 <—— Nonlinear V/I source
Voltgalge and current\ Probes: Set initial voltage
probes T @ B<T condition on a node

z b
) probe ——— ? ¥ <— Eye diagram
Port for S parameter __——> Y g

simu. _ Diff. / Commanode
NMOS/PMOS devices\:\cﬂves voltage probe
T A P <— Inverter
NPN/PNP BJT >4 & w| IBISsingle
> = ég;/> ended/diff.

1/0 pin (for subcircuit

driver/receiver
generation) T

1 #—— Box & Infaymbol

Electrical arrow )
- Re— Voltageontrolled switch

(connection to a node)

Figure 2- 6: Symbol palette

The main commands for EMC and post-processing can be found in the EMC menu or the
command bar, as shown in Figure 2- 7. After editing the schematic and setting the simulation
parameters, click on the ‘Generate SPICE netlist' button to translate the schematic diagram
into a SPICE-compatible text file. This step is necessary before any new SPICE simulation or
post-processing of results. The following icons give access to the main post-processing tools
(e.g. emission window, near-field simulation, immunity simulation, Z- and S-parameters etc.).

16
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Wi, g M Lt @ A s

Spice / Ibis file
5|mulat|onI t edl_tor
bpor Immunlty Param_etnc
Library simulation analysis

Spectrum  Nearfield Impedance S parameter

; . 8 Time domain " . g .
analysis  simulation simulation simulation

analysis

Figure 2- 7: Main simulation commands

11.2.6 Configure simulator options

Before launching SPICE simulations, it is necessary to define the access path of the
simulators (WinSPICE, Ngspice and LTSPICE) and the launching options. It can be
configured by clicking on the command menu "File > Simulator > Configurations”. The
following window opens.

-

Eﬂ Simulater configurations = | G |t

Access path to the simulators
WinSPICE (e.g. wspice3.exe)

C:VProgram Files (x88)\WinSpice 1.05\wspice3.exe l:J
LTSPICE (e.g. XVIIx64.exe, scad3.exe): -
C:\Program Files (x86) L TC\L TCXVITWVIING S exe [a)
Maspice (ngspice.exe):

C:\Program Files (x86)\Spices4\binngspice. exe LJ

More information about WinSPICE on www . winspice.co.uk,
More information about LTSPICE on wownw.analog.com,
More information about Mgspice on http://ngspice. sourceforge. net,

Simulator Options
) Launch simulator manually
@ Interactive mode

") Batch mode

'« ok | |X cancel|

Figure 2- 8: Simulator configurations (File > Simulator > Configurations")
Set the access path of WinSPICE, LTSPICE and Ngspice simulator executable files in the

fields "WInSPICE", "LTSPICE" and "Ngspice" by clicking on the button u This operation
has to be done manually each time the user reinstalls SPICE simulators and their installation
directories. In the lower part of the screen, three simulation options are proposed:

A Launch simiator manually: when the user generates SPICE n = sthe has to launch the
simulator, opens the circuit netlist (.cir file) and launch the simulation

A Interactive mode: when the user generates SPICE r =" isthe simulator is automatically
launched andemains opened at the end of the simulation to analyze the result

A Batch mode: when the user generates SPICE n ¥ stthe simulator is automatically
launched but is closed directly at the end of the simulation

17
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1.3 Using IC-EMC

11.3.1 Create my first model

As first simple example, we consider a resistive voltage divider excited by a sine waveform
signal at its input. The divider is made of two resistance of 1 Kg . The amplitude of the signal
is 1 V and its frequency is set to 100 MHz. The simulation aims at predicting the transient
waveform of the voltage at the output of the resistive divider.

-
Double-click on executable file ic_emc.exe '-'-“é to launch the software. if it is already opened,
click on the command "File > New" or "CTRL+N" to create a new schematic diagram.

Pick two resistor symbols 4 in the Symbol palette, drag and place them on the schematic.
These symbols are called R1 and R2 by default. Their default resistanceis50q. Cl i ck on t

icon I:'E'to rotate to the right the resistor R2. The result is shown in Figure 2- 9. To change
the properties of the symbols (name and resistance), double-click on the symbol. The
window shown in Figure 2- 10 opens. Change the resistance value of both resistors to 1 K in
the field "Value". To change the name of a symbol, write the new name in the field "User
name". To validate the change, click on the button OK or type "Enter" key.

Ed ic_emc - example.SCH - —— - - — [ e e S
File Edit Insert View EMC Tools Help

cH WFPe LPaRon S A L EE | >  DEME® §Re Qe B2

Symbols =

Passives
B+ -
oot

B &

Lines

e VAVEAS 1 Sake

50 Sources
R1 & @ o
%

% ®

[
T
D S
@
I

WPy
w @ e
B g

Actives

o

e

-
[

Misc.

B O E
1= B

Symbol "R2" here, [ 50] CHOS 0.12um from "default tec

Figure 2- 9: Place two symbols of resistor on a schematic diagram

Ed Symbol n°1 R1 properties (920) | e S
Resistor | Symbol parameters
Fiesistance description Username: R1 Position: 35 . B
Walue (Ohm): W Finn® Type Mame MNode
1 ? t1 1
2 ? r2 2
Temperature dependent using model FMODEL

Figure 2- 10: Change the resistance value of a resistor symbol

Then, pick the voltage source symbol ® in the Symbol palette and place it on the schematic
diagram on the left of R1 (Figure 2- 11).
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Edl ic_emc - exampleSCH —‘ B g —— - ' t N@@u

File Edit Insert View EMC Tools Help

el (X PrsLfRoms A o> [ LEMER SR | Q0 5% 2

Symbols =
Passives
s
ook 4+
Lines
1k Sources
R1 [
+ £
J— ”)(2 ]
\Zl . Probes:

S
5 @
3w

Actives

R

F B o=
Misc.

]
— &

Symbol V1" here, (1.2101.001011.020) Circuit 0K

Figure 2- 11: Place one voltage source symbol on a schematic diagram

Double-click on the voltage source symbol to edit its properties. Click on the tab "Sine
Parameters" to set a sine waveform generator. The following parameters are proposed:

A VO: offset voltage (V)
A VA: amplitude of the sine waveform (V)
A Freq: frequency (MHz)
A TD: delay (ns)
A Theta: damping factor (1/s)
Use the parameters shown in Figure 2- 12 and click on the button OK

E4 symbol n"3 V1 properties (965) - - - - [E=NEES
Wsource | Symbol parameters
Yoltage source parameters Username: V1 Position: 100 17
DC parameters
Pinn® Type Name MNode
1.2
Value (v) . 1 7 Ve 5
7
AC parameters e : Vi 6
Amplitude (V) 1
Phasge (degree) : 0

Pulse parameters | Sine Parameters ‘ Simple I Piece-vWise Lmear|

Sine Parameters

vO (v 00 valvi 10 Freq(MHz). 100

TD(ns): 0.0 Theta: 0.0

[ Show Pin Names
[7] Show Pin number
Show name and properties

Last updated :20.01.2005

Symbaol Colour EDDD

Figure 2- 12: Edit the properties of a voltage source

All the electrical components of the circuit have been placed. Now, they have to be
interconnected. Interconnections between symbol's nodes are ensured by wires. To add
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wire, click on the icon "Line" —l?> or on the menu "Edit > Line". Line edition mode is activated
and wires are created between two points selected on the schematic with the left button of

the mouse. The line edition mode is deactivated by clicking on the icon "Select" ® or hitting
the ESC key. Alternatively, line edition mode can be activated by clicking on the schematic
with the left button of the mouse. Place wire between the different terminals of the symbols.
Terminals are highlighted by square symbol ®. The result is shown in Figure 2- 13. Before
simulation, it is necessary to indicate the voltages and currents that we want to observe by

placing voltage and current probes = on the schematic diagram. Voltage probes are
connected on one node of the diagram while current probe are placed within one circuit
branch. In this example, place two voltage probes: one at the divider input (between V1 and
R1), the other at the divider output (between R1 and R2).

£ ic_emc - exampleSCH . T ———— — p— . e o )
File Edit Inset View EMC Tools Help

H wFPe SRS AJrD o | DB @R A B (2

1k

@\ S
TR%

S\/n 100 MHz
V1

&dd line 65,26 to £5.30 Circvit 0K

Figure 2- 13: Place wire to interconnect the different symbols of the schematic diagram

The schematic diagram is nearly terminated, but an important element has been forgotten. In
any SPICE netlist, a '0" or reference node has to be defined. Forgotting such reference node

will result in simulator error. Place the symbol "Ground" # on the schematic, between V1
and R2. The final schematic diagram is shown in Figure 2- 14.

20



3
- II. Getting started with IC-EMC

£4 ic_emc - example.SCH .l ———— N — - R — - 7 s o

File Edit Insert View EMC Tools Help

B (WNFeL%BResA L A0 - [ IMEMEY @R QA B | 2

Symbols =
Passives
s~
\/ \/ tH I
/ y & |
Lines
T ==
1k jSujurces
R1 P8 6
+ ﬁ S
_ Sin 100 MHz I}; o b
V1 Probes:
1 T
5
77;7
|Actives
R
#® £ B

Loaded D:4Usershadmin_sboperales DELL 0912201 Ric-eme_sourceshspstem_savez01 705054 EEE Ywss.sym Circuit 0K

Figure 2- 14: Place voltage probes and the ground symbol

Before launching the SPICE simulation, IC-EMC converts the schematic diagram into a
netlist (file .cir) compatible with WinSPICE, Ngspice or LTSPICE. This netlist describes the
circuit in components whose terminals are referenced by number. Each number indicates a
node of the schematic diagram. All the terminal with the same node number are connected
electrically. To see the number of the different nodes forming the schematic diagram, click on

the icon :l—'{ or on the menu "View > View Electrical Net" (Figure 2- 15). Voltage probes have
been placed on nodes 1 and 2. This view can be convenient to verify electrical connections
between the symbols during debug.

Ed ic_emc - exampleSCH ‘ — | — e — — - e o e

File Edit Insert View EMC Tools Help

pH wPe LR E A AU e [ LEMEE &R Q0 5| 2

Symbols. =

Passives

V] M T

'IU) 0] 0] 2 ] T(Z)

R1 E]‘@ ]
—+ e
P 1k
S%ﬂ 100 MHz R;Z :fbe:@

| b =

(@] (0) =
|Actives

G e

£ % 8

S 3
[

Misc.

Select aline of pin in the drawing to see its electrical netwark. Cireuit OK

Figure 2- 15: View the nodes of the schematic diagram (icon :If‘)
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11.3.2 Save the schematic diagram

Before launching any simulation, it is extremely important to save the schematic in a known

directory. Click on "File > Save as" or on the icon or CTRL+S to save the schematic
diagram. They are saved in .sch file. Save it as Voltage_Divider.sch. The final version of this
schematic diagram is available in the directory "\examples\basic\FFT".

1.3.3 Prepare the analysis

SPICE simulator proposes different analyses (DC, AC, TRAN...). The analysis is defined and
configured by a analysis command line added to the schematic. Here, we want to set a
transient simulation. The most convenient way to set simulation parameters for beginners is
to click on "Insert > Insert analysis line". The following window open to set up the SPICE
analysis. Select the tab "Transient analysis" and set:

A Stop time: 100 ns
A Steptime: 0.1 ns

The SPICE analysis command line appears at the bottom of the window and is updated each
time the analysis parameters are changed. The format of the analysis line is also shown.
Finally, click on the button "Insert" and click "Close". The analysis line is automatically
inserted on the schematic diagram, as shown in Figure 2- 17. Alternatively, the analysis line

can be directly added on the schematic by clicking on the icon A and type the command line
“.tran 0.1n 100n".

E‘ Insert analysis l =B &]

DC analysis | AC analysis | Transient analysis | Temperature sweep | SPICE options | Mear-field scan options |

Stop time (g) Start time ()
100n] 1] [ Enabled

Step time (z) Max. step time (z)
0.1n in [ Enabled

[ use tnitial Conditions

.tran Time_Step Time_Stop (Time_Start) (Time_Step_Max) (Init_conditions)

.tran 0.1n 100
an " Insert
X Close
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Figure 2- 16: Define the SPICE analysis

Ed ic_emc - DAUsers\admin_aboyer\alex_ DELL 09122013\ic-emc_sources\IC-EMC-2vB\examples\basic\Woltage_Divider.SCH E e = | e |

File Edit Insert View EMC Tools Help
-

rH (WraLBMRos A L0  DEMBE ke @ 5|2

»

Symbols =

Passives

#
3

i

<
</

i

x

.
. TS

S\/n 100 MHz F\TZ
V1 I

%

]
=
o
@

) B o+ @
oo B-e°lf 8+
¥ e

3w

e

Actives

HCn e
Aran 0.1n 100n

GEoE
W B e
Misc.

!

Click at 10,48 Circuit 0K

Figure 2- 17: Insert the SPICE analysis line on the schematic diagram

11.3.4 Launch my first simulation

Before launching your first simulation, you should ensure that the access paths of the
simulators have been defined as explained in part 11.2.5. Two SPICE simulators are
supported by IC-EMC: WInSPICE, Ngspice and LTSPICE. To select a simulator, click on the
menu "File > Simulator" and select "WinSPICE", "Ngspice" or "LTSPICE". In this example,
WinSPICE will be used. Click on the menu "File > Simulator > Configurations" and select the
option "Interactive mode™: the simulator will be launched automatically when the netlist will be

generated.

Click on the button * or on the menu "EMC > Generate SPICE file" or hit CTRL+G to
launch the simulation. Actually, this command is twofold:

A the electrical schematic diagram is converted in a netlist, saved in a .cir file. The netlist file has
the same name than the schematic file (Voltage_Divider.cir). The window shdviguire 2
18 appears when the netlist file is generated to verify the content of the r@it&ton the

button "OK" to close this window.

A in "File > Simulator > Configurations", if the options "Interactive mode" or "Batch mode"
have been setted, then the SPICE simulation is automatically launched. If the option
"Launch simulator manually" is selected, then the user has to launch the simulator and select

the .cir file.
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El Generate Spice e g R e T T T e

* Software version: IC-Emc 2.9
* Created 09/06/2017 07:08:00

"
"

* Voltage and current sources

vl 100DpCc 1.2 2c 1 0 SIN(0.0 1.0 100E6 0.0n 0.0
* Passive slements

"

rR1 1 2 1k

R2 2 0 1k

*

* Active devices

"

"

.TEMP 25.0

.tran 0.1ln 100n

.control

run

set nobreak
set width=512

« i

* File name: D:\Users\admin aboyer\alex DELL 09122013\ic-e

* Dump time and volts in "D:\Users\admin_aboyer‘alex DELL_

print V(1) v(2) >D:\Users\admin_aboysr\alsx_DELL_09
plot V(1) v(2)

i ke ek e b ek e b e ke e e ke ke ek

echo Simulation completed

iy e e ke ke e ke ke e ke e ke e e e

-endc

-END

b

WinsFICE |

Farameters

Supply WOD:1.20
Analysiz: tran 0.7n 100n

Options:  [hone]

Temperature 'C]: 26.0
[] Add nade list Output file
Durp to file D\ sershadmin_aboyertalex_DELL_0912201 Bic-en

Use M03 model desciibed in LIB file
libhspice. b

=)

Plot the result in a SPICEwindow

ﬁ Mear-Field Scan

| [L“L Enmission window)

M Suscepl\blhtyl i . Time window

IM Impedance window

’ @ 5 Parameters

[ o |

Figure 2- 18: Generation of the netlist file

SPICE simulation is launched automatically and the WinSPICE interface opens. At the end of
the simulation, the message "Simulation Completed" is displayed on the WinSPICE interface
and the simulation result is displayed (Figure 2- 19). IC-EMC proposes tools to analyze
simulation results, as described in the next part and the next chapter of this manual.

=

B WinSpice v1.05.01 &

=

of X

I tranl: * File name: D:\Users\adminjbuyer\alex,[!ELLJ}‘Bl22013\\cfamc,suurces\lc'EMC—2v9\aKampL."i =

File Edit Settings

WinSpice Copyright 1996-208683 OuseTech Ltd. All Rights Reserved.

Version: 1.85.01
Built : Dec 10 2883 008:L47:53

Sharevare version of WinSpice. For non-commercial use only.
Please read the file 'license.txt' for conditions of use.

Type "help" for more information, "quit" to leave.
NOTE: This is a hybrid Spice2/Spice3d circuit file

Circuit: = File name: D:\Users\admin_aboyerialex DELL_89122813\ic-emc_sources\IC
—EMC-2v9\exanples\basic\Voltage Divider.SCH

TEMP=25 deg C
Transient analysis ...
EXEREREXEEL XX XEREAXRE
Simulation completed
EREREREXEREKRHKERX ALK

WinSpice 1 -> _

100%

i

File

Edit

— (1)

Figure 2- 19: WinSPICE simulation launching and result

11.3.5 Analysis result

First, the transient waveforms of input and output signals are analyzed. Open the "Voltage

vs. Time" window by clicking on the button

or on the menu "EMC > Voltage vs. Time",

presented in Figure 2- 20. The signals associated to the voltage probes added on the
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schematic diagram appears on the list "Signal" in the top-right part of the window. Select both
signals (v(1) and v(2)) and click on the button "Add Simu" to plot them.

_
TR e - — D S — e - [ -
0 ] e e M + | @ Simulation Data
: Sim, - (1) |8 DAUsershadmin_aboyeriales [
!m.: VI' ) Ve sershadmin_aboyertales_|
S'm] -l u‘; Signals: .
0 T, . A RO R A R O S S s - |y Add Simu
g
E Skpsp 0
JERSS S ISR U SRRSO S AN A DR S R [ S ISR : Measuement Data
: Ern L 3 QT : 3 : Sianch
' ' ' e = 10,210 : : : ignals:
L O 1 1§ U | O O T 1 O T | A L T T L + B Add Meas
E 3 E : Digplay mode:

@ Time domain

) Probability density function

Quantity

Amplitude -
Statistics
Signal Ay, Std e *

Sim. -v[1]  B1.698u 0.70-
Sim. - (2] 30,84%u 0,35

4 +

i ]H‘IE. Save graph

E i 1 Clear graph

SO B — | ) (B

50,00 8000n

Select simulation signal: v(2) Store 1008 Points.

Figure 2- 20: Time -domain analysis with IC-EMC ("EMC > Voltage vs. Time")

In the tab "Display"”, different options are proposed to change the axes settings. Amplitude
and period characteristics can be extracted by clicking directly on the graph. More indicators
are available in this tool. They will be described in the next chapters. A practical example is
shown in 111.6. Close the window by clicking on the button "Close".

Then, the spectrum of the input signal is analyzed. Click on the icon LlLL» or on the menu
"EMC > Emission vs. Frequency". The window shown in Figure 2- 21 opens, showing the
spectrum of the input and output signals of the voltage divider. The spectrum is computed by
Fast Fourier Transform (FFT). The number of points can be changed to adjust the resolution
by clicking on the list "Resolution” in the tab "FFT Parameters". Select 4096 points and a

Blackman window. In the tab "Display"”, click on the button [ E in the tab "Display" to set a
logarithmic scale on Y axis. The voltages are expressed in dBuV, which is typical in
conducted emission measurement.

The FFT result presents a large peak centered at 100 MHz. Its amplitude is equal to 120
dBuV, i.e. 1 V. This result is consistent with the sine wave nature of the signal. Click on the
button "Close" to close this window.
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| .= | |

E‘ Emission vs, Fraquen_
T T EiTED
| Amplitude (dBY)
| — Simu.v(1)
124 ¢ Simu.v(2)

|

|

|

|

|

|

|

H
hy

b

H

|

|
;_'_

|

|

|

|

o) [ ][R

Simulation input data

Simulation file

D:\Jsers\admin_sboyer\ale E

signal | @] -
Skip(ns): 0 Skip

Measurement input data

Measurement file

Signal -

Skip {ns) : 0 Skip

IEnveInps &Limitsl Meas Data ISimu Data IDisp\a',' | FFT Parameters | Input data

(B specaram

l I veey ]

FFT done on 4096 points. Fmin = 2000488.4004884 Hz, Frnax = 4096000000 Hz, freq step = 2000488 4004884 Hz.

FFT mode

Figure 2- 21: Frequency -domain analysis with IC-EMC ("EMC > Emission vs. Frequency")

[1.3.6 Close IC-EMC

Before leaving IC-EMC, save your schematic diagram by clicking on the icon or click on

the menu "File > Save". Click "File > Exit IC-EMC" or hit CTRL+Q to close the software.
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.  Working with IC-EMC

This part provides straightforward examples of how to use IC-EMC to create simple model of
a circuit and perform the main analysis proposed by IC-EMC.:

A simulation of electromagnetic éssion based on the transient response of voltage or current
simulation of impedance and S parameters of passive or active devices, PCB traces, cables...
simulation of the conducted immunity of IC to harmonic disturbance

analysis of IBIS file and extractioof equivalent models of I/O buffers

analysis of transient signals (timing characteristics, statistical propertiesteshofFT)

simulation of signal integrity and eye diagram plot

simulation of neafield emission based on thikire approximation

> > > > > D> D>

moddling of various type of interconnects (PCB traces, cables, IC package,-poved
plane pair)

>

estimation of IC emission model

IC-EMC is also able to import measurement files to compare simulation with measurement
results.

I11.1 Simulation of the conducted emission of a microcontroller

This example presents the flow to simulate the conducted emission of a microcontroller,
using a simplified microcontroller model. Simulated conducted emission measurements are
related to the IEC 61967-4 st a n d a rgdn@thod IHCG154D

l11.L1.1 Open the example

Open file "examples\emission\mpc\mpc_vde.sch" (Figure 3- 1). The model includes a

description of the microcontroller based on a set of RLC elements and a current source,

according to the IEC62433-2 ICEM-CE model format [ICEM]. ICEM is an IEC standard

dedicated to emission modelling. Moreover, resistances Rype, Rsg and Rsa are added as an

equivalent model of the current measurement probe defined by the IEC 61967-4 standard,

also knownaslq met hod. The meaning of the congponent s
given in Table 3- 1.
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Package in

FaTavay W aTaT

1
Rvdd
vt

3V core supply

&
Tdc:ltl

Vdd_3v

s

2n
Lvdd

4n

12A

lcpu
&n 1

——a00p
Cb

0.5 LVss_die Rvss
A HEYV fus

2n
Lvss

VDE probe

1
49
§ R49 ﬁ

01 50

Rvde

s

Nate: 0.1ohm instead of 1ohm

Spectrum analyser

E. Sicard

18/04/2007 22:05:52
mpc_vde.tab

MPC555

VDE simu, 32b micro, 20MHz

Analysis:
.TRAN 0.5N 1000M

Figure 3- 1: The ICEM model of a 32-bit microcontroller (examples\emission\mpc\mpc_vde.sch)

Parameters Description Remarks

Ib Current source The Ib current is described as a
Unit: Ampere periodic triangle (1.2 A max)
Description: piece-wise-linear

Cd Decoupling capacitance Cd is 4 nF, which is quite high due
Unit: Farad to on-chip added capacitance
Description: discrete C

Lvdd_d.ie, Series internal inductance The ser?es inductance is tuned to 5
Description: discrete L

Rvdd_die, Series internal resistance Around 1 ohm series resistance

Rvss_die Unit: Ohm due to long on-chip metal traces
Description: discrete R

Cb Block decoupling capacitance Local block capacitance, around

Unit; Farad

Description: discrete C

200 pF.

Rvde, R49, Rsa

Current probe, matching

analyser respectively
Unit: Ohm

Description: discrete R

resistors,
and input impedance of spectrum

The current probe resistor is
usually equal to 1 ohm. To reduce
voltage drops across this resistor, it
has been replaced by 0.1 ohm.
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Table3-1:Detai | s on the circuit model 6s el
(examples\emission\mpc\mpc_vde.sch)

Lvdd and Lvss concern the package, and account for the series equivalent inductance from
the IC die to the physical supply source and the VDE probe. Notice that the series resistance
is 0.1 Winstead of 1 W due to the high current flowing inside the IC. Placing a 1 W series
resistance would dissipate nearly 1 W and induce a voltage drop of around 1 V, which is
unacceptable. The voltage measured by spectrum analyser Vsa across the 0.1 q resistor is
related to IC current lgng returning to the ground through the resistance by the following
theoretical relation (if PCB and passive device interferences are ignored).

1
Vea=Z Roelgua Equ. i1

l11.1.2 Current Source Description

The internal activity of a circuit corresponds to charge/discharge cycles which can be
modelled by one or more current sources. The most basic description is that of a pulse
waveform. This modelling approach has been adopted by the ICEM standard. A time-
dependent waveform is assigned to the current source for transient analysis. There are five
independent source functions: pulse, exponential, sinusoidal, piece-wise linear and single-
frequency FM. In the schematic editor, the pulse is described, as shown in Figure 3- 2. The
pulse description restricts the Ib shape to a periodic pulse, which is triangular if the pulse
width parameter is set to zero.

E4 symbol n°15 Iepu propertics (260) GG — T _—_—_— T | ) B j

1Source ‘ Symbol parameters

Current source parameters Username:  Icpu Position: 62 | 57
DC parameters

Value (&) 0 Firn” Type Narme Node
1 = I 4
AC parameters 2 - I 7
Amplitude (A) 0
Fhase (deqree)
Pulse parameters ‘Sme Parameters | Simple | Piece-Wise-Linear
Pulse parameters
JLT7SER | 1 (4) 1.2A
TDins): 10 TR(ns): 1 TFins): 1
P(ns): 0.1 Period (ns): 50
[71Show Pin Names
Srcuree equency SR I00 Ml [Z] Show Fin number

Show name and properties

Last updated no infio

ItA) e S
T;Z PWXip f Syrbol Colour: EEEEn
P AR —

time

l\/ oK ] {x Cann:ell
Figure 3- 2: Current Pulse parameters in the schematic editor (mpc_vde.sch)

PULSE(I0O 11 TD TR TF PW PER)
Example: llcpu 57 PULSE(O 1.2A 1.0n 1n 1n 0.5n 50n)

| Parameter | Description | Unit
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11 pulsed value Amps

TD rise time TSTEP seconds
TF fall time TSTEP seconds
PW pulse width TSTOP seconds
PER period TSTOP seconds

Table 3- 2: Current source description under SPICE

I11.1.3 Power supply Description

The power supply is modelled by a constant voltage source. In Erreur ! Source du renvoi
introuvable., the constant voltage source has a DC value of 3.0 V.

E4 Symbol n°17 Vdd_3V properties (965) 'R

TR TR W el )

Weource |

Symbol parameters

DC parameters

AC parameters
Amplitude V)

Phase (degree):

Wioltage source parameters

walue (V) m

1
0

Pulse parameters | Sinus Parametersl Simple |P\EEE’WISE'L\HEE!

(The Wsource voltage is setup inthe DCValue)

Username: “dd_3V Pasition: 5%
Finn® Type MName Mode
1 - Vi 10
2 = Wi 0
[T Show Fin Names
[ Show Pin number
Show name and properties
Last updated noinfo
smeocor. (MMM

[\/ oK 1 Ix Cance\‘

. Be

Figure 3- 3: Constant voltage source (examples\emission\mpc\mpc_vde.sch)

[11.1.4 Analysis Description

In the editing window, a command line is added to set up the desired analysis. The line must
start by "TRAN' for a transient analysis. In Figure 3- 4, the time-domain analysis is set to
1000 ns, with a simulation step of 0.1 ns.

Spectrum analyser

This text sets the analysis to
the desired mode (.TRAN in

§ this case)
isa e
/ Analysis

AN TRAN 0.5M 1000M

Figure 3- 4: Defining the SPICE simulation parameters
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Two methods are used to insert an analysis line on the schematic:

A click on buttor A or in the"Edit > Text" menu, directly type the SPICE analysis command

A in the Insert mem, click onfilnsert analysis line . n irterface dedicated to the configuration
of the SPICE simulation is opened and the analysis line is automatically inserted on the
schematic with the correct syntax.

I11.1.5 Create the SPICE file

IC-EMC can build netlist files .cir compatible either e .

with WinSPICE, Ngspice or LTSPICE. The oo | [
selection of the simulator is made in the menu "File Load bis file e

> Simulator”. The simulator is launched either Save N A S A AT
manually by the user or automatically after the e ” ]
generation of the netlist, depending on the selected Select Technology Ludd

options in the menu "File > Simulator > Generate Spice Subircuit T
Configurations”. In this example, we select Simulator Y Configurstions
WInSPICE as simulator. It will be launched e V| WinSPICE
manually: in the menu "File > Simulator > Menochrome/Coler S
Configurations”, select the option "Launch prntscheme a'ala K,,,“-;v
simulator manually". iticme cua

Use command File - Generate Spice file or select <Ctrl>+<G> or click on the button = in
the command bar. The following screen appears (Figure 3- 5). This creates a file called

Ampc_vde.ciro, whi ch cont ai n%hisishhe input fitedoun the 6 s
WiInSPICE simulator.
|E4 Generate Spice File . AS: M= @ 4 -0
* File name: D:\simuICEMC\annexe\mpc vde.SCH » | WinSpics
* Software version: IC—-Emc 2.8 Parameters
* Created 27/05/2016 13:58:11 Supply VDD 208
:: Analpsis: . TRAM 01N 1000K -

* Voltage and current sources

IIcpu 4 7 DC O 2C 0 0 PULSE(O 1.22 1.0n 1n 1n 0.1n 50n)
vdd 3V 10 0 DC 3.0 AC 1 O

* Passive elements

w

Lvss die 1 2 5n

Options:  [none] h
Tempeistwie C): 2510

Add node st Mpe_vde. bt

Rvdd 3 4 1 | Dump to file

Lvdd die 5 3 5n

cd 5 6 4n 7] Use MOS model deseribed in LIE fle
Rvss 2 7 1 fib\spice.ib [
R4S 8 9 49

Lvss 8 1 2n V] Flot the result in a SPICEwindow

cb 4 7 200p
Rsa 9 0 50

Rvde 8 0 0.1
Lvdd 10 5 2n

R6 1 6 0.5

.

« Botive devices
-

w

-TEMP 25.0 EE—
.TRAN 0.1N 1000N [E=] Update SPICE fie
* Dump time and volts in "mpc vde.txt"

.cantrol

run

set nobreak

set width=512

print v{9) >mpe_vde.txt

plot  V(9) -

[, Susceptisiity ‘ ‘ TR Time window

Figure 3- 5: The SPICE file generated from the schematic diagram
(examples\emission\mpc\mpc_vde.sch)

55 MearFisld Scan & 5 Parameters

| Emizsion window,

]

|M Impedance windaw

111.1.6 Run SPICE Simulation

As explained in 111.1.5, we select WinSPICE as SPICE simulator. We also choose to launch
the simulator manually. Start the WinSpice program and click on "File > Open" (Figure 3- 6).
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Select the desired .CIR file, i.e. the file generated by IC-EMC during the previous step
(examples\emission\mpc\mpc_vde.cir). The simulation is performed in the time domain, and
the following screen appears. The .TRAN analysis simulates the first 1000 ns of the transient

evolution of thesignal. The result i s st or ed Byudefaal, theiplote

of the transient simulation appears in a new window shown in Figure 3- 6.
B winspice v1.05.0 =15

Fle Edt Settings Help

Winspice © Copyright 1996-2003 OuseTech Ltd. All Rights Reserued. j

Uersion: 1.05.01
Built : Dec 10 2003 00:47:53

Shareware version of WinSpice. For non-commercial use only.
Please read the file "license.txt’ for conditions of use.

Type “"help” for more information, "quit" to leave.

Winspice 1 ->

1y
=lolx|

ALLALLASCATLA AT AN A LA A AT AT AR AL AGLATTAGLA LA

==

Figure 3- 6: The initial WinSPICE screen (top) and transient simulation performed by WinSPICE
(bottom)

I11.1.7 Plot the transient waveform

The transient waveform of the voltage across the 0.1 q resistor can be plotted in IC-EMC by

clicking in the menu "EMC > Voltage vs. time" or on the button ID'L in the command bar, as
shown in Figure 3- 7. The list of signals saved by the simulator is given in the list Signals in
the menu "Simulation Data" in the right part of the window. The signal name is "V(9)", where
V indicates that we monitor a voltage, "9" is the number of the monitored node in the
schematic.

Remark: click on the menu "View > View electrical net" or on the button ]—’: to display all the
nodes directly on the schematic.

Right-clicking on the graph returns the (time ; voltage) coordinate of the clicking position.
Moreover, if you move the cursor while you're right-clicking, when the right-click is released,
the X-Y shift between the initial and stop positions is shown. Amplitude and period of signals
may be evaluated with this method. More details about this window will be presented in III.6.
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i [P.00m ; ; Vo : I Display made
: @ Time domain

HE Probability density function
[dy =2459E-2)
. Quanity
Amplitude -

Statistics
Signal B, Stdc *
Sim.-w(d)  1.309m 547

r

i 7777777777777777777 E" R 77‘: 7777777777777777 .777:» 777777777777777777 E” R R 77415 ‘ ! Clear glathm Saveglaph|

[ = 52.70n)

[ i FFT | [ B specan |
Time (5] i

D 200,00 20000 0000 000 1, % Close

Select simulation signal: v(3) Store 10252 Points.

Figure 3- 7: Transient profile of the voltage induced across the 0.1 q resistor
(examples\emission\mpc\mpc_vde.sch)

111.1.8 Emission simulation

The voltage waveform computed by the analogue simulator is translated into the frequency
domain according to two methods:

A FFT mode: by default with Fast Fourier Transform (FFT)

A EMI receiver mode: the effect of the intermediate frequency (IF) filter of an EMI receiver
followed by a peak detector is simulated. The parameters of this mode should be set carefully
because the computation time may be long.

The X-axis should cover the 1-5000 MHz range in a linear or logarithmic scale. The energy
along the Y-axis is in dBuV or V (dBpA and A if results expressed in current are imported). In

the command bar, click on button 'Emission vs. Frequency' b , or click "EMC > Emission
vs. Frequency". A specific screen opens with Log/Log units configured to display voltage or
current vs. frequency, as shown in Figure 3- 8. The main commands of this window are
dispatched in several tabs:

A Input data: import of simulation (.txt from WIin8EE and Ngspice, and .raw from LTSPICE)
and measurement result files (measured spectrum .tab and measured transient waveform .tran),
save FFT of simulated or measured results.

A FFT Parameters: selection of the FFT mode or EMI receiver mode, selectionF&fTttend
EMI receiver parameters for simulation and measurement results.

A Display: set the axis configuration (limits, lin/log mode), visibility of curves on the graph,
change color of displayed curves, plot envelop of spectrum,

A Simu Data and Meas Datastliof simulation and measurement results.

A Envelop & Limits: set parameters for the extraction of envelop of simulated or envelop
spectrum, add a standard EMC limit.
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By default, if the schematic is opened and if the SPICE simulation runs correctly, the FFT
mode is selected. A FFT is performed and the simulation results are directly plotted when the
window opens. If the result is not displayed, click the B button in A Bnulation input dataopart
in the tab "Input data". Then selectthef i | e f mp dt is\passblettoxréndve the initial
period of the simulated waveform, from O to the value in the field "Skip (ns)". If the simulation
results are correctly imported, Figure 3- 8 presents the obtained results.

T4 Emission vs. Frequency IR ¢ —— = ™ o5 |

Import simulation
sn R T FE RS T 7| = smulation input da
Chmpitge ey N g e | results (X, raw)

5 smuaton fle
| —— Simu.v(9) !

=4

H:T D:\users\admm_aboyer\a\e@’ Se|ect a simulat(
5 —
Losod v | curve

ssemi 0 [s&—— Skip initial peric
ol , i
Bl Savesimu FF
Measurement input data

Measurement file

Import meas.
results (.tab,tran),
sora: B = add and saved

measured FFT

Signal .

| Envelops & Limits| Meas Data | SimuData |Display | Fi

Show transient

-~ waveform
1

d: 1 signals found, 2468 pi F;—T mode /| I~ Closewindow
Cleargraph 7

Di\Users\admin_aboyeralex DELL 09122013\ic-emc_sources\ICEMC-2v9\examples\emissiontmpcimpe_ve

Figure3-8: Si mul ati on of the microcontroll erds
(examples\emission\mpc\mpc_vde.sch)

The number of points N for the FFT (the FFT resolution) is a power of two and is adapted to
fit the information included in the simulation and ensure the best resolution. Two FFT
parameters can be adapted:

A the number of points or resolution of the FFT (maxin268144
A the windowing type: rectangular, Hamming and Blackman(Blackman by default)
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FFT EMI Receiver

Window  Blackman -
Simulation FFT resolution

Resolution: 2048 -

Measurement FFT resolution

Resolution: 256 -

LILL. Compute FFT

:Data | SimuData | Display [ FFT Parameters  Input data

The FFT resolution can be adjusted for the simulation and
measurement results independently. The FFT resolution for
the measurement results is visible only if a transient
measurement results in .tran format has been imported. The
number of points which form a displayed FFT result is equal
to N/2. The frequency resolution gf is given by equation |-2
and the maximum frequency Fmax by equation |-3.

Df -t -1 Equ. II-2
Tmax NTe
F..= = Equ. llI-3
2T,

e

where Te is the sampling period of the transient signal, Tmax
the duration of the transient signal.

[11.1.9 Comparison with Measurements

In the "Input data" tab, click the E] button in Measurement input datad and select the file "
examples\emission\mpc\mp ¢ _ v d e Théneclixlo on the button "Add meas." to display the
measured spectrum. Figure 3- 9 shows the comparison between measurements and

simulations.

The measurement curve is actually the envelop of the measured spectrum. The simulation
fits the measured data up to 260 MHz except at 120 MHz, where the simulation is 10 dB
above the measurement. Despite the discrepancy around this frequency, an acceptable
correlation is obtained with a very simple model. Correlation with measurements may be
improved, especially at high frequencies, by modifying the current profile, the IC internal
power supply network and board models.

The axis settings and the curve properties can be modified by changing the options available

on tab Display.
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|

E‘ Emission vs. Frequency -
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Ampl max (dBuV) 1pg
T T Displayed curves
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d r
Show
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TOOE+6 §  © i i100E+T
FFT done on 2048 points. Frmin = 1000488 51978505 Hz, Frnax = 1024000000 Hz, freq step = 1000488.51973505 Hz. FFT mode

e ][ X

Figure 3- 9: Comparison between measured and conducted emission for a microcontroller
(mpc_vde.sch, mpe_vde.tab)

1.2 Impedance analysis of the power supply network of a circuit
mounted in a 64 BGA package

This example presents the flow to simulate the impedance profile in frequency domain of the
passive decoupling network (PDN) of a small 90 nm circuit mounted in a 64 ball grid array
(BGA) package. The PDN is a macroscopic block defined by ICEM standard [ICEM] to
describe the passive network which exists between several IC accesses, e.g the power
supply network of a circuit. The accuracy of the PDN model is fundamental for emission and
susceptibility predictions as it influences directly the noise propagation within the circuit. PDN
modeling can be done either from Z parameter or S parameter representation.

In IC-EMC, impedance analysis is intended for rapid simulation of the impedance Z(f) for
single port devices. For multiport analysis or conversion to S parameter, it is advised to
perform S parameter simulation, which is described in part 111.3.
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l11.2.1 Load the example

Load the file called
fexamples/impedance/FFIO90/ —
FFI O 90nm_Z_VDDHhes ﬂpck_m
electrical schematic is shown in oo .
Figure 3- 10. The schematic models Ruide Look _ide
the PDN of a small test chip Z e
fabricated in CMOS 90 nm containing

several 1/O structures [Boy08]. —

0.65 2.165n

The circuit is mounted in a 64-pin o e -y, Lodkognde
BGA package, as described in Figure Cpek_gndz

3' 11 T AC DEC 100 1MEG 106G

Figure 3- 10: PDN model of a test chip fabricated in
CMOS 90 nm containing /O structures
(examples/impedance/FFIO90/
FFIO_90nm_Z_VDDE.sch)

Figure 3- 11: 64-pin LBGA package [Boy08]

Measurements have been performed using a Vector Network Analyzer (VNA) directly on the
package balls with a coplanar probe placed between adjacent power pins VDDE and GNDE.
The model has been extracted from the S parameter measurements. The PDN model
includes two parts:

A the die contribution, i.e. interconnections anecbip decoupling camétances

A the package contribution, i.e inductive effects of balls, vias and bonding wires constituting the
BGA package

Table 3- 3 gives details of the elements of the model.
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Parameters Description Remarks
CVddeGnde Equivalent on-chip capacitance | This element models all parasitic and
Unit: Farad intentional on-chip capacitances between
Description: discrete capacitance | power supply VDDE and ground GNDE
access.
Lpck_vdde, Package parasitic inductance These 2 inductances model the contribution
Lpck_gnde Unit: Henry of all elements of VDDE and GNDE pins.

Description: discrete inductance | With on-chip capacitance, they are
responsible of the first resonance.
Cpck_vdde, Package parasitic capacitance These 2 capacitances model the
Cpck_gnde Unit: Farad contribution of all elements of VDDE and
Description: discrete capacitance | GNDE pins. They are added to model the
package self resonance which appears
above several GHz.

RVdde, RGnde Total power supply and ground These resistors represent the resistive
resistance contribution of package and on-chip
Unit: Ohm interconnections. Their effect is negligible

Description: discrete resistance | except at resonance frequency.
Table 3- 3: Details of basic elements of FFIO_90nm_Z VDDE.sch

l11.2.2 Impedance probe description

The impedance analysis corresponds to a simulation of the input impedance (also written Zin
or Z11) seen from one circuit access relatively to a reference. In this example, the access is
the power supply pin VDDE. The measurement is referenced to the ground pin GNDE.

Impedance simulation is allowed only if an impedance probe or Z probe is placed in the
schematic diagram. The Z probe (Figure 3- 12) is accessible from the palette. If you double
click on the Z probe, the property screen is displayed, but without any specific property.
However, the Z probe is not a transparent symbol. When placed on the schematic, it creates
a voltage source with the description below:

VZ12DCOAC10

Z é .

plot (V1) - V()I(V2)

Figure 3- 12: Impedance probe and associated SPICE description

The voltage source associated to the Z probe is an AC source with an amplitude of 1 V. As

may be found at the end of the SPICE netlist,a fipl ot 6 contr ol i's associ a
which computes the impedance by dividing the voltage amplitude across the probe by the

current provided by the impedance probe.

Remark: use only one impedance probe per schematic diagram. The input impedance is
linked to the current that a perfect voltage source delivers to a circuit. If a second AC voltage
source is present, it will modify the current which flows along the branch of the first Z probe
and hence the computed impedance.
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I11.2.3 Analysis description

Impedance simulation is a small signal frequency analysis, so that it requires an AC
simulation. The command line: " .AC DEC 100 1IMEG 10G" is added to set up the desired
0.
frequency sampling is logarithmic (option DEC) with 100 points per decade between 1 MHz

anal ysi s. The text

mu st

start

by

and 10 GHz. Two methods are used to insert an analysis line on the schematic:

A click on buttor & or in the"Edit > Text" menu, directly type the SPICE analysis command

ACO

f

ol

A Click onfi | n s énsett analysis line . n idterface dedicated to the configuration of the
SPICE simulation is opendgFigure 3- 13) and the analysis line is automatically inserted on

the schematic with the correct syntax.

r
Ee Insert analysis

=RREN X

DC analysis | AC analysis |Transient analysis I Temperature sweep | SPICE options I Mear-field scan options |

Frequency sweep type

Linear sweep ({total nb points)
@) Logarithmic sweep {nb points per decade)

QOctave sweep {nb points per octave)

Start frequency (Hz) Step number
IMEG 100

Stop frequency (Hz)
10G

.AC Sweep_Type Nb_Step Freq_Start Freq_Stop
JAC DEC 100 IMEG 106

Insert

[ oo
[ o

X Close

Figure 3- 13: Insert AC simulation command line on the schematic ("Insert > Insert analysis line")

[11.2.4 Run SPICE simulation

In this example, WinSPICE is used as simulator. In the menu "File > Simulator”, select
"WInSPICE". Then, click on "File > Simulator > Configurations" to set the options of the

simulators. The right window of Figure 3- 14 opens. The upper part gives the access path of

the simulator. They have to be set up correctly before any simulation. In the lower part, three

simulator launching options are proposed:

A Launch simulator manually: when the user generates SPICE ¥ ligte has to launch the

simulator, opens the circuit netlist (.cir file) and launch the simulation

A Interactive mode: when the usgenerates SPICE netl ¥, the simulator is automatically

launched and remains opened at the end of the simulation to analyze the result

A Batch mode: when the user generates SPICE n ¥ stthe simulator is automatically

launched but is closed directlythe end of the simulation
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-
E# Simulator configurations B e E@ﬂ—hj

File] Edit Insert View EMC Tools Help SRS

New % A —k ]_’.’— | WINSPICE: D:'\Users\admin_sbover\alex_DELL_09122013Yc-emc_sources\WinSpice 1.05\wspice3.exe D

Open F3 —

Load This file Fa LTSPICE:  C:\Program Files (x86) L TC\L TspicelViscad3.exe U

Save Ctrl+5

Save As Simulator Options

Export Launch simulator manually

Select Technology © Interactive mode

Generate Spice Subcircuit £ vdde Batch mode

Simulator 3 Configurations

Properties "

2l l|AVESRICE [\/ OK ] |x Cancel ‘
Monochrome/Color F5 LTSPICE

Figure 3- 14: Select simulator and configure the simulator options

In this example, select "Interactive mode" and click on the button OK. The simulator options
are kept for the next simulations, until you change them.

Use command File - Generate Spice file or click on the button *° in the command bar. The

SPICE

netlist FFIO_90nm_Z VDDE.cir is generated. WinSPICE is automatically launched

and the impedance simulation is done. The following screen appears. WinSPICE can be
closed at the end of the simulation.

1.2.5

ac27: * File name: D:\alex_021208%ic-emc_source: - | [m] il
File  Edit

kOhns — mag(wi5) ) magi{Vitbranch)

10, 0 pmmnmmmmmmmm o= = mm e qm e mp g e

D:u i i J

1076 17 10"8 10"9 10710
frequency Hz

Figure 3- 15: AC simulation performed by WIinSPICE (FFIO_90nm_Z VDDE.txt)

Impedance analysis

The impedance profile vs. frequency computed by WIinSPICE can be displayed in a specific

screen

dedicated to impedance analysis. In the SPICE generator menu, click "Impedance

Window", or click "EMC" - "Impedance vs. Frequency". Alternatively, you may click the

icon [

. A specific screen with Log/Log units configured to display impedance vs. frequency

is proposed, as shown in Figure 3- 16.

The main commands of this window are dispatched in several tabs:

A

A
A

Parameters: X axis configuration (lin/log display mode), add basic R, L, C impedance
profile

Display: display simulation, measurement, recorded results
Freq: list of simulation and measurement results
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By default, if the schematic is opened and if the SPICE simulation runs correctly, the Z(f)

profile is plotted. If the result is not displayed, click theBb utton on the right of
and sel FOto0Mmi 4 DDEBE.. t xt 0.

4 Circuit FFI0_90nm_Z_VDDESCH, Impedance Z(f) "R [E=NEeT >
—_— Y uis parameters . )
i i e Configuration of
: hom (B} -20.00 the Y axis
s parses Configuration
s P (! (w0 () .
S SRS IO I B R of the X axis
| 1 P 2
i ‘ L 1 I AddR, L, C
L : e v " impedance profile
\\ P ‘ ~ma ] nsertR,L,C on
[mmsmad—  schematic
10000 ! . . .
N S T S s 1 S Tt N B Simulation file

_— path (.txt)

— Record simu/meas.
curves

“Ctear graph
i P ip) | | ~ .
10 L : Save simu. Z(f)

N
Close window

SPICE simu D:AUsershadmin, )&

MM M 10M 20 30M  50M 100M 2000 300 500M 1G 263G 56
||Impedance Z(f) Stored 8192 points from "D:\Users\admin_abeyer\alex_DELL_09122013\ic-emc_sources\IC-EMC-2v3\examples\impedance\FFI09 ]

Figure 3- 16: Input impedance simulation performed by WinSPICE (examples/impedance/FFIO90/
FFIO_90nm_Z VDDE.sch)
At low frequency, impedance tends to decrease due to the on-chip capacitance effect. At 180
MHz, the first resonance linked to the on-chip capacitance and the package inductances
appears. A second resonance due to package inductance and capacitance appears at 5.4
GHz.

To verify the on-chip capacitance of the circuit from the Z(f) profile, click on the box "Add" in
the tab Z(f) and select C. Type 183 pF in the field "Value" and click on the button "Plot Z(f)".
The Z(f) profile of a 183 pF is displayed and is tangent to the Z(f) profile of the circuit PDN in
low frequency. It confirms that the total on-chip capacitance is about 183 pF. This basic tool
can also be used with Z(f) measurement to extract equivalent resistance, capacitance or
inductance.

[11.2.6 Comparison with measurement

I n t he i mpedance wi ndow, click on t he button
measurement of the PDN of the circuit. The measurement data are available in the file

cal l ed fAexampFRO90/241npBFROd\DDE A4B5.20 . T h e iscnobetywesn
measurement and simulation is presented in Figure 3- 17 and proves the validity of the

model up to 3 GHz.

41



LA
A

lll. Working with IC-EMC

. Gircuit FFI0_90
nonook o) H o, FFID_30nm Z VDDE 3 3 {2 Awis parameters—————

'Z(Dhm):"" : 211_FFID_VDDE_Ad JJ E’g
i | i i v

from (de); [ -20.00

noooo i

Pt (]

m i

i A S SN S SN I
2M 3 1l 10M 20M 30M  50M 0 200M 300M 500K 16 26 36
Impedance Z(F) [Loaded 2458 painits from "D:|alextic-eme_sources|Export_IC-EMC_z2vSlicemcIc-eme_tnaster_¥2_S\systemgetting_started|FFT

Figure 3- 17: Comparison between measured and simulated input impedance of the PDN of the 90 nm
circuit (examples/impedance/FFIO90/ Z11 FFIO_VDDE_A4B5.z2)

[11.3 S parameter analysis for model construction of a bias tee

A typical method to construct electrical models of components is based on equivalent R, L,C
networks extracted from S parameter measurements. Here, we present an example of
comparison between measurements and simulations of two-port S parameter done on a
home-made bias tee. A bias tee is a three-port decoupling network used to superimpose a
low frequency signal and a high frequency signals. The bias tee ensures the isolation
between the low frequency and the high frequency signal sources. A bias tee is required in
IEC62132-4 Direct Power Injection (DPI) test in order to superimpose a conducted
aggression on a low frequency signal (input signal or power supply). The name given to the
three ports of the bias tee are:

A alow frequency (LF) input
A aradiofrequency (RF) input, connected to the RF disturbance source
A the output with the signal resulting of the superposition of bothsnput

The LF input is isolated from RF signal by a resistor, inductor or ferrite which filter high
frequency signal. Resistors should be avoided if DPI is conducted on a power supply
because of the power dissipation. The RF input is isolated from low frequency signal by a
series capacitor. Figure 3- 18 presents a bias tee dedicated to DPI test on the frequency
range 10 MHz i 3 GHz. It is build with several passive devices mounted on a PTFE
substrate board. Input and output SMA connectors are connected by 50 q microstrip line. A 1
nF capacitor and a 1 pH inductor isolate RF and LF input from each other.
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1 nF X7R
capacitor

1uH
inductor

Figure 3- 18: Home-made bias tee for DPI tests

Values of inductors and capacitors are chosen in order to give the three following properties
to the bias tee:

A A small reflection coefficient at RF input over all the targeted frequency rangjeoutd be
inferior to-10 dB to reduce input return loss.

A A high isolation or transmigon coefficient from RF input and LF input over all the targeted
frequency range. It should be less thah dB to prevent from RF leakage to LF source.

A A high transmission coefficient from RF input to output over all the targeted frequency range.
It shoud be greater thaf8 dB to enhancRF transmission to the output.

I11.3.1 Load the example

Open the file "examples\emc_lib\3_port_bias_tee.sch". The schematic is shown in Figure 3-
19. Models of microstrip line are lossless 50 q transmission line, their delay time have been
computed from physical length and dielectric constant of the substrate. The capacitor and
inductor models have been extracted previously. A parasitic serial inductor is added to the
capacitor while a parallel capacitor is added to the inductor to induce self-resonance.
Resistances are added to reduce their quality factors. Three S parameter probes are placed
at each terminal of the model so that a full 3x3 scattering matrix can be simulated.
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- L=12mm, epsr=2.2
SHlexandre Boyer
L21103/2008 15:53:12

Z0=50 TD=0.059n
tlineDC

.
DPI bias tee model for 10 MHz - 3 GHz range “:’

JAC DEC 100 300K 3G
SMD Choke inductor model

RF in L=10 mm, epsr=2.2 L bias RLCbias L=16mm, epsr=2.2

- I I - = a RF+LF out

1n 0.4 20=50 TD=0.079n
LCdpi i RCdpi HineCLIT

Z20=50 TD=0.049n
tlineRF o

Cdpi
SMD DPI capacitor maodel

Figure 3- 19: Model of a bias tee optimized for the frequency range 10 MHz i 3 GHz
(examples\EMC_lib\3_port_bias_tee.sch)

I11.3.2 S parameter probe description

S parameter simulation is allowed only if at least one S parameter port probe is placed within

the schematic. The S parameter probe is accessible from the palette with the symbol .
Double clicking on the probe opens their property screen (Figure 3- 20). A S parameter
probe is characterized by a user name, a uniqgue number, a characteristic impedance Z0

(which must be common to every port) and a DC voltage. A port can be disabled so that it is
replaced by a resistance with a value of Z0.

S Port ‘ Symhbol parametears
S parameter port Username: PaortRF Position: 385 | 967
Firn® Twpe MName MNode
Port Nurnber : LF 1 7 52 3
2 ? 1 0
20 {Chrn) : L] 5
DCwoltage (v): 1]
¥|Enable Port

Figure 3- 20: S parameter port probe properties

A S parameter probe is formed by a sine waveform voltage source with a series resistance
Z0. The amplitude of the voltage source is equal to 0 or 1 V depending if the probe is
activated or not. Figure 3- 21 presents a representation of a 2-port device characterized by S
parameters. S parameter probes are composed of small signal sinusoidal source and
reference impedance Z, connected to device terminals.
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Port 2,
1

Vet Zo

Device under test

2 ports

Reference Reference
plane plane

Figure 3- 21 : S parameter characterization of a 2 port device

The four parameters, listed below, allow a complete characterization of power exchanges
between the 2 ports. They form the S parameter matrix. This principle can be extended to
device with any port number.

Input reflection coefficient Output reflection coefficient
Sl - Szz -
al a,=0 a2 8 =0
No power fed from port 2. No power fed from port 1.
Port 2 terminated by Z0 to prevent from reflection at Port 1 terminated by Z0 to prevent from reflection at
port 2. port 1.
Forward transmission coefficient Forward transmission coefficient
821 - Sz -
al a2:0 a2 al:O
No power fed from port 2. _ No power fed from port 1.
Port 2 terminated by Z0 to prevent from reflection at Port 1 terminated by ZO0 to prevent from reflection at
port 2. port 1.

Table 3- 4 : Definition of the S parameters for a 2 port device

S parameter matrix can be converted into other
For electrical modeling purpose, impedance is a convenient representation. The conversion

between [S] to [Z] parameter matrices is given by the following equation, where [l] is the

identity matrix.

[Z]:ZOH% Equ. -4

Remarks: if other probes (e.g. voltage, current or impedance probes) are present on the
schematic, S parameter analysis is cancelled. Internal voltage source amplitude is setto 0 V,
so each port is loaded by 50 ohms. The number of ports is limited to four. If more ports are
added, they will be ignored and will be replaced by 50 q resistances.
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111.3.3 Analysis description

S parameter simulation requires a small signal or AC simulation. A text line is added on the

schematic which sets up the desired analysis.

simulation parameters. In Figure 3- 19, the frequency sampling is logarithmic, with 100 points
per decade between 300 KHz and 3 GHz. The analysis line can also be inserted with the
command 'Insert' A 'Insert analysis line'. Two methods are used to insert an analysis line on
the schematic:

A click on buttor A or in the"Edit > Text" menu, directly type the SPICE analysis command

A Click on A | n s énsett analysis lini . n ikterface dedicated to the configuration of the
SPICE simulation is openezhd the analysidrle is automatically inserted on the schematic
with the correct syntax.

[11.3.4 Run SPICE simulation

Select WIinSPICE as simulator in "File > Simulator". In the menu "File > Simulator >
Configurations", select "Interactive mode" to launch SPICE simulation automatically after the

SPICE netlist generation ¥,

I11.3.5 S parameter analysis

Click "EMC > S parameters" to open the [s] parameter display screen. Alternatively, you may

click the icon@. A specific screen with a blank screen and a menu on the right appears.
Simulatonresul ts can be plotted by selecting the
format (magnitude, phase, real or imaginary part) in the "Simulation data" part and clicking on

the button "Add Simu" B AddSmi e graph can be plotted either in cartesian or Smith chart
mode ("Display mode"). The result can be converted either in S or Z parameters, or mixed-
mode parameters when 2 or 4 ports are placed on the schematic ("Conversion") (an example
with mixed-mode S parameters is given in 111.9.2). The X and Y axes boundaries and lin/log
format can be set in "X axis" and "Y axis" parts.

In order to check the three properties of bias tee listed in 1Il.3, set the format to "Mag
(linear)", select successively the quantities "SRFRF", "SRFLF" and "SRFOUT" an click on
"Add Simu" to plot the RF input reflection coefficient, the RF-LF isolation and the RF to OUT
transmission respectively. In "Display mode", select "Cartesian”, and choose "S" in
"Conversion" to plot S parameters. In "X axis" and "Y axis" parts, check the box "Log" to plot
the axes in logarithmic mode. Figure 3- 22 shows the result that you should obtain.
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Simulation file
E4 S Parameter Analysis - - - [E=EE) \-ihf/ path (spo

e — — — T T - | Simulation Data Souce = i
-[ mu. SRFRF Mag (inear) "T"‘V i : j i i Gportbiss_tee.spc L ] Quantlty and
. SRFLF Mag (linear) | 1ot | [Fparameter ficmeH
= S, SREDUT Hag (Inear ‘ i Adlc Hld or - LT - e - forma.t .
| 7 \ \ rve: N __Savesimu in
I ! | } } } R Ackd Situ g's.wemm? Touchstone file
| ‘ ‘ ‘ ‘ ‘ & Parameter Measurement - Measlflle path
| | | | | | [— omai —
Lo L L ke 7T (Touchstone)
i ’___{r@‘ siibess | | Psseiga]  S@ve meas. In
| ; | | Add-meas. || 2% Touchstone file
| } | L | | © Smith Chart
' ‘ ! urve ‘ s~
I Simulatéd measi x}r17( ) T‘ } T ~ Display mode
z — . -
I ploti i ! ! 1 Z ! | | — Conversion (S, Z
G ronT o neb o nnde s s e e mixedmode)
! } ! | | | Vo /Y axis settings
7 min Y max
| | | | | || oom 1
l I\'Inss‘nn ! ‘ ! 1] s
i Sak \7\\ ; ; ; & Redaw 1 g,
Ess L R R R iiiieen d D 1iiHE. | Frequency [ ®og | \Clear graph
| D:\Users\admin_aboyeralec_ DELL_09122013\ic-eme_sources\IC-EMC- 2va\examples\eme_ib\3port_bias_tee.spc read: 9 S paramekers, 401 frequency points loaded

“Close window

Figure 3- 22: S parameter simulation of a three port bias tee (examples\EMC_lib\3_port_bias_tee.sch)

The simulation shows that the RF input reflection coefficient (SRFRF parameter) is low
between 10 MHz and 3 GHz while the transmission coefficient from RF to OUT terminals
(SRFOUT parameter) is nearly equal to 1. The bias tee ensures an efficient transfer of the
RF energy to a 50 q load connected to the output of the bias tee. The transmission
coefficient between RF and LF terminals (SRFLF) is also small between 10 MHz and 3 GHz,
proving the good isolation between the RF and LF sources.

The results can be plotted in Z parameter format if you select "Z" in "Conversion part". Click
on the button "Redraw" to fit automatically the X and Y axes boundaries. The curves shows
respectively the RF input impedance (ZRFRF parameter), the RF to LF and RF to OUT
transfer impedances (ZRFLF and ZRFOUT parameters).

Ed S Parameter Analysis - Am——— - - [

Sirulation Dats Source —
wamples\emc_i\3port_bias_tee.spc . |
F-.Simu. ZRFLF Mag (linear);-1- ] . | e RERN i?;’ame'e’ Fb:'ma"
t—-Simu. ZRFOUT Mag (linear)- - v Maglinea)  ~
‘ P Add Simu | [ save Simu
5 Parsmoter Measurement
5 parameter Fomat
- Mag (inear) =
P AddMeas | | 5 Savehdass
Display
© Cartesian
Smith Chart
Canwersian
5
ez
% s
F min [WHz] F mas MHz)
01 10000
7] Log
¥ dais
' min T max
| fod 1000000
¥l Log
& Redaw 1 ear
U iFequenyg Ko |
Di\Userstadmin_aboyer\alex_ DELL 09122013\ic-eme_sources\IC-EMC-2v9\examplesieme_lib\3port_bias_tee.spc read: 9 5 parameters, 401 frequency points loaded.

Figure 3- 23: Conversion from S to Z parameters (examples\EMC_lib\3_port_bias_tee.sch)
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The simulation results can be exported in the common Touchstone format .snp, where n is
the number of ports and is limited to 4 in IC-EMC. Click on the button "Save Simu." and type
the name of the exported file. As there are three ports, the file is saved in a .s3p file.

111.3.6 Comparison with measurement

In the "S parameter measurement” part, click on the button |_| to import measurement files.
They are in Touchstone format .s1p, .s2p, .s3p or .s4p. The tool can import measurements
with up to four ports. Import the file xxx, select the quantity in "S parameter" list and the
format in "Format" list. Finally, click on the button "Add meas." to plot the measurement
results, as shown in the figure below.

[11.4 Simulation of the conducted immunity on the power supply of a
microcontroller

This example aims at presenting the flow to simulate the susceptibility of a circuit to
radiofrequency interference (RFI). In this short case study, a sine wave disturbance is
conducted on the power supply network of a digital circuit until the noise level measured on
the pin of an output buffer exceeds a predefined noise margin. The circuit under test is a 16-
bit microcontroller (HCS12X or S12X from Freescale Semiconductor). Conducted emission
measurements are related to the standard IEC 62132-3 Direct Power Injection (DPI) method
[IEC62-4]. The test covers the frequency range from 1 to 1000 MHz. The immunity model is
based on an equivalent R,L,C circuit modeling the power distribution network (PDN) of the
circuit, which was extracted from [s] parameter measurement.

l1.4.1 Load the S parameter simulation model

Load t he f il e exammeb\immuwhity\SH2X RFN\S1 2 XPower Supply S11. sc
described in Figure 3- 24. The model has been extracted by a vector network analyzer
measurement from 300 KHz up to 3 GHz, which has been performed through a SMA

connector on the power supply plane. It provides a simplistic version of the equivalent

electrical model of the PDN of the microcontroller between power supply VDDR and ground

VSSR pins. A S parameter probe is placed between VDDR and VSSR pins in order to

perform a simulation of the impedance connected between these pins. Information about the

elements of the model is given in Table 3- 5. The measured S11 parameter used to extract

this model is given in the file S12XPowerSupply_S11Meas.slp. Refer to part I11.3 to simulate

the impedance of the microcontroller's PDN and compare it with measurements.
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=1 IV A A AL
LvDDR
1.5n 0.04 A Boyer
LVddR RVddR -
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— 20n .
S S12XPowerSupply_S11Meas
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Basic model of the PDN of the $12X - 511 swlmu
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Figure 3- 24: Basic PDN model of the S12X microcontroller
(examples\immunity\S12X_RFN\S12XPowerSupply S11.sch)

Parameters Description Remarks
LVddR, LVssR Package and board parasitic These 2 inductances model the contribution
inductance of all the Vdd and Vss pins of the S12X
Unit: Henry package and the parasitic inductance of
Description: discrete inductance | power supply and ground planes of the
board
RVddR, RVssR Package and board parasitic These resistors represent the resistive
resistance contribution of all the elements between Vdd
Unit: Ohm and Vss (board, package, die).
Description: discrete resistance
CVddVssR Circuit and board capacitance This capacitance models the total
Unit: Farad capacitance between Vdd and Vss. It is the
Description: discrete capacitance | sum of board interplane capacitance and all
the on-chip capacitances between Vdd and
Vss
RVddVssR Loss resistance This resistance is added between Vdd and
Unit: Ohm Vss and models all the dielectric losses
Description: discrete resistance | between power and ground plane and on-
chip leakage between Vdd and Vss

Table 3- 5: Details of basic elements of S12XPowerSupply_S11.sch

I11.4.2 Load the susceptibility simulation model

A basic susceptibility to RFI model is built from the extracted PDN. Load the file
fexamples\immunity\S12X_ RFNRFI_S12XPowerSupply. s ¢ h 0 d e sigurd 3b 25dThis n
schematic models the conducted injection of RFI in the power plane of the S12X board
according to the IEC 62132-3 DPI standard. The susceptibility of the circuit is evaluated
according to the RF noise coupled on the pin of an output buffer of the microcontroller and
measured with an oscilloscope. The output buffer is tight to a 5 V voltage. The circuit is
considered failed when the amplitude of noise measured with the oscilloscope exceeds 1 V
(20 % of the supply voltage).
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Figure 3- 25: Basic model for conducted susceptibility prediction of the S12X microcontroller
(examples\immunity\S12X_RFN\RFI_S12XPowerSupply.sch)

Several new elements have been added in the schematic, which are detailed in Table 3- 6.

Elements Description
Injection device and The injection device is used to produce the RF disturbance and consists
coupler in a sinusoidal source with a 50 ohms output resistor. Frequency and

amplitude of the RF disturbance varies during simulation and are
controlled by user defined parameters. A coupler is added in the model to
measure the forward power required to induce a failure. See chapter 7 for
more information about susceptibility simulation.

Bias tee This element composed of an injection capacitor and a choke inductance
is required to superimpose a RF disturbance to a low frequency signal
(e.g. the power supply voltage).

Power decoupling network | A simple PDN model has been extracted from S parameter measurement.
(PDN)
Output 10 A simplified model of an output buffer has been built from the IBIS file of
S12X (see chapter 4 for more information on IBIS file and chapter 8 for
more details on S12X models). The model contains only the output buffer.
Effects of clamp diodes, pad, package and tracks have been removed to
simplify the model.

Oscilloscope A large band oscilloscope is used to detect a failure during the
susceptibility test. The output buffer is sensed by an active probe
modeled by a parallel RC. The simulated susceptibility criterion is the
voltage across this probe.

Table 3- 6: Details of basic elements of RFI_S12XPowerSupply.sch
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I11.4.3 Configure the susceptibility simulation

A RFI source is inserted in the schematic B sty sty MERT

to perform a susceptibility simulation. It SW';;epCi'rfg”n% e e e | e 1|

consists in evaluating the required forward i

power produced by a RFI source to induce P

a predefined failure at different RE|Soufce | @lm  stonmon

frequencies. A transient simulation is used <" ||

to extract the forward power for a A

sinusoidal RFI disturbance at a fixed Py ANt

frequency. The amplitude of the RFI St el

voltage is increased linearly during all the ~ Transient SimU'aﬁon{ gree s Jw || SPICE model
duration ’ . generation

simulation, a post-processing is required

to detect if a failure appears during the Failure

simulation and extract the forward power. detection {

The transient simulation is repeated for

each frequency of the test. i) [ Compute

, _ _ _ e susceptibility limit
The first step is the configuration of the
susceptibility simulation. Click on the Susceptibility

- limit extraction
me n u nEMC > Suscep

frequencyo OIM‘.OThe taolr
includes two screens: one to control the

simulation, and the other to display the Figure 3- 26: Configuration of the simulation of
extracted susceptibility threshold. susceptibility

Display susceptibility limi
in frequency domain

e m—

The disturbance source, susceptibility criterion and transient simulation are configured using
this window. The screen used to control the simulation is described in Figure 3- 26. It
proposes three tabs dedicated to three simulation modes linked to the RFI frequency
sweeping method:

A Manual simulation modehe user configures a transient simulation at one RFI frequency. The
user manually sweeps the frequency.

A Automatic simulation mode (default mode): the user configures N transient simulations for N
RFI frequency points. The RFI frequency is swept linearlgarithmically.

A List simulation mode: this uses the same principle as automatic mode, but the frequency
sweeping is defined in a text file.

In this case study, only the automatic mode is considered. The user defines the frequency
sweep: here, 20 points ranged logarithmically between 1 and 100 MHz (10 points per
decade). Then, the RFI amplitude sweep is configured, either in term of RFI source voltage
or forward power. Here, the minimum power is set to 15 dBm while the maximum power is
set to 45 dBm. The smaller the amplitude sweep range, the better is the accuracy of the
simulation result. Finally, configure the transient simulation duration, defined in absolute time
or according to a given number of RFI periods. Set it to 100 RFI periods for every test
frequencies. The longer the simulation time, the better is the accuracy of the simulation
result.

I11.4.4 Run SPICE simulation

In the current version of IC-EMC (version 2.9), the susceptibility simulation is not supported
by LTSPICE. In the menu "File > Simulator", verify that WinSPICE has been selected.
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In the simulation control screen presented in Figure 3- 26, click on the button i Gener at e

S P I C= @0 generate the circuit netlist file RFI_S12XPowerSupply.cir and run the transient
simulation over the different frequencies. In the menu "File > Simulator > Configurations",
depending on the simulator options, the simulation is launched automatically or manually. If
the option "Launch simulator manually" is chosen, in WIinSPICE, click "File > Open" and
select the file RFI_S12XPowerSupply.cir. As the susceptibility simulation is configured for 20
frequency points, the transient simulation is repeated 20 times. The status of each simulation
is displayed on WinSPICE interface (Figure 3- 27).

B8 winspice ¥1.05.01 =10l x|
File Edit Settings Help
WinsSpice 4 -> source “RFI_S12XPouwerSupply.cir” A
Reading .\RFI_S12XPowerSupply.cir

HOTE: This is a hybrid Spice2/Spice3 circuit file

Circuit: = File name: D:\alex\iic-emc_sources\schemasigetting started\RFI_S125Pou
erSupply.SCH

TENMP=25 deg C _

Sweep Frequency from 7808808 to 1600000680

Freq = 7800008 [1/20]

TEKMP=25 deg C
Transient analysis ... 100%
Freq = 11804736.8421053 [2/20]

TEHP=25 deg C
Transient analysis ... 1868%
Freq = 16789473.6842185 [3/28]

TEHP=25 deg C
Transient analysis ... 1868%
Freq = 21684210.5263158 [4/20]

TEHP=25 deg C
Transient analysis ... 1868%
Freq = 26578947 3684211 [5/720]

Figure 3- 27: Susceptibility simulation performed by WinSPICE and frequency sweep

I11.4.5 Observation of the output signal of the buffer

The susceptibility of the buffer depends on the RF noise coupled on the output buffer. In
order to visualize the transient waveform at the output buffer during the RF injection, observe
failure and find the failure time, click on the menu "EMC > Voltage vs. time" or on the button

10-1_ The results of the simulation are recorded in text files with the prefix "sweep_RFI_"
followed by the schematic name and ended by the number of frequency sweep. For
example, the file " sweep_ RFI_RFI_S12XPowerSupplyl.txt" is the result of the susceptibility
simulation for the first RFI frequency, i.e. 1 MHz. This file contains the transient evolution of
the voltage recorded by the voltage probe and the forward and reflected power.

In the "Voltage vs. time" window, click on the button B and select the file
sweep_RFI_RFI_S12XPowerSupplyl.txt. Then select "V(10)" in the list "Signals" to observe
the voltage induced at the output buffer. Finally click on the button "Add Simu" to plot this
curve. The result is shown in Figure 3- 28. A sine waveform is superimposed to the nominal
5 V voltage delivered by the output buffer. The amplitude of the coupled noise linearly
increases with time, since the amplitude of the RF disturbance increases linearly during the
simulation. At 27 ps, the amplitude of the coupled RF noise exceeds 1 V so the
microcontroller fails.

52



3
- lll. Working with IC-EMC

Ef Transient analys = | B o)
e e mmmmerr i | @ Simulstion Data
] e o
U smpliude (41 | % D:\Userstadrin_sopertalex 1. |
5 Signals
o &)
_________________________________________________________________________________________________________ 1= {10) v || Add Simu
A i
E skipinsk 0
Measurement Data
L2 - Sianals
- (B actpread
: Display mod
SR - 1 c 1 YB3 =y W N N 1 Pl mode:
5.00 ! @ Time domain
) Probabilly densiy function
; [l I l | \.{ i Quantity
(3 I ’ Amplitude -
: Staistcs
: i Signal fvg Sdc ~
e 1263360 4 0E)L | ]| Sim. - w(10] 5,002 1.46
400 ; | [ w
11 A =

| < D
o 20000 40000 50,004 B0.00u :1‘ ¥ Close

Figure 3- 28: Transient evolution of the voltage induced at the output buffer during the RFI injection at
1 MHz

I11.4.6 Susceptibility threshold extraction and comparison with measurement

Return to IC-EMC susc ept i bi I ity si mul at i onA Suscepdbilitf @Bone or c |

vs. frequency E again. To find all the files @ssoaciated to transient simulation,
a simulation control file *.ctl registers all the result files. If this file does not appear in the field
ASi mul ati on cont r olRFIdontrbl REl, S12XRoWweeSuidply.ctioh.e Thidne, ft he
susceptibility criterion must be set. The nominal output signal is 5 V and the noise margin is 1

V. Click on the button to set upper and lower limits to the voltage captured by the voltage

probe. In the fields "Up Volt. Limit" and "Low Volt. Limit", type 6 and 4 which are the upper

and lower limits respectively. Set also the maximum injected power to 45 dBm in the field
APower Il i mi t freqgudhos dvhere @ ffailutte isenot reached during simulation.
Finall vy, click on the button fAGet power 0. The
according to the previous failure criterion is computed for the different RFI frequencies. The
susceptibility threshold is expressed in forward power.

N

At the end of this extraction, click on the butt
threshold on a Power vs. Frequency graph, as shown in Figure 3- 29. In the tab
"Parameters”, the X/Y axes settings can be changed. In the tab "Freq.", the numerical values

of the forward power are provided. The simulated susceptibility threshold can be saved by

clicking on the button "Save".

Click on the button @A #&suscépebiitg 512X RON.tabde |tec t ditshp | a)
the measured susceptibility threshold. Figure 3- 29 presents the comparison between
measurement and simulation. Despite the gap that can reach up to 6 dB, simulated and

measured thresholds follow the same trend and have the same order. This simple model

provides an estimation of the susceptibility of the microcontroller rapidly. Increasing the

complexity of board and circuit models could improve the accuracy of the simulation.
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Figure 3- 29: Comparison between measurement and simulation of the susceptibility threshold of the
S12X microcontroller (examples\immunity\S12X RFN\RFI_S12XPowerSupply.sch)

0 points

1.5 Load and analyze IBIS file

As more and more attention is focused on the design of very high speed links, for example
between processors and memories or display driver and LCD TFT screen, input/output (I/O)
models are used for simulating the behavior of signal transport at very high data rate. The
accuracy of the simulation relies on the quality of the models, both concerning the ICs and
the PCB. Concerning the IC, the input/output buffer specification (IBIS) is recognized by IC
manufacturers and users as a worldwide standard for describing IC interfaces to printed
circuit boards for signal integrity predictions, without releasing any detailed technological
information or confidential aspects of internal structure design [lbis15]. In this part, we
present the IBIS viewer of IC-EMC. With this tool, the user can read the content of an IBIS
file, plot the characteristics of the models of the circuit's 1/0, reconstruct 2D and 3D views of
IC package and evaluate R,L,C stray elements of package interconnects.

I11.5.1 Load IBIS file

An IBIS model is formatted as human-readable ASCII text. It is mostly based on extracted
tables of generic structural elements. IBIS models are component-centric; the IBIS model
describes all pins of the physical component with an associated model. Keywords are
denoted by square brackets, and a vertical bar serves as the default comment character.
The IBIS file mainly contains the following elements:

A Information and Specification content starting with a header block [IBIS Ver] and also

54



LA
LN

lll. Working with IC-EMC

presented elsewhere throughout the file

A Packageinformation withineach of one or more [Component] blocks and under a default
[Package] keyword

A Pin out information within each of one or more [Component] blocks and under the [Pin]
keyword giving pinspecific model references and optional-giecific package values

A Model blocks beginning with one or more [Model] keywords.

The software IC-EMC is able to extract information from IBIS files in a simple way and
display it in the IBIS interface. Click on the menu "File > Load Ibis File" or on the button [l in

the command bar, and selectt h e | B éx&mpléshibis\eXilirfik_Spartan6 LVCMOS33. i b s 0,
which describe I/O characteristics of the FPGA Spartan6 from Xilinx, mounted in a BGA256
package. The following screen appears (Figure 3- 30). In the left part, the content of the IBIS

file is edited and can be read only. In the right part, four tabs appear:

A 1/O: the list of the I/Os, the associated models and R, L, C stray elements given by IBIS file
are summarized.

A Models: parameters of the I/O models aréetisand their characteristics can be plotted (see
111.5.2).

A Infos: general information about the IBIS file (version, date, manufacturer, etc), conditions
and package are given

A Package: a 2D view of the package is reconstructed B¥MC from the pin list ad
keywords added by the user (see 111.5.3).

E§ I21S Interface - Xilinx_Spartan6_LVCMOS32.ibs | (| S
Input text Parameters
[ - | 140 Models | Infos | Package
1477
I il Inc N Mame Madel R L C i
144
[ BIS Modeks for SPARTANE o4 10_LTP_HSWe LVCMOS33 F_ 136.91m 4770H 1.116F
I
a4 I0_LTN_VREF. LYCMOS33_F_ 136 $1m 477rH 111pF

[BIS ver] 42
[File name]  spartanBlvemos.ibs BS I0_LZ2F 0 LVCMOS33 F_ 136.91m 4 77rH 1.11pF
[File Rev]
[Date] 0372340 45 0L 0 LYCMOS33F_ 136.9m 4770H 1.116F
[Souce]  Derived hom spice modsks, revll 271, using

hspice 200712 113 0L LYCMOS33F_ 136.97m 4770H 1.116F
Mates] | iny 1 ﬁ;’ﬁ;ﬁ;ﬁﬁf TANBIA) standard:. 5 030 LVCMOS33F_ 13681m 47IH 1110F

The wersion of IBISCHE. used is ibischk4.

Ibis modeks were generated using S2BIS3. BE 10_L4P 0 LVEMOS33 F_ 136.81m 4.77H 111k

[Disclaimer]  The data in this file is derived from SPICE simulations using AE 18_LaN_0 LYCMOS33 P 136.9Tm 4.77rH 11108
modeling infarmation extracted from the target pracess. While F7

! h 10_LSP_0 LYCMOS33 F_ 136.91m 4.77H 1.11pF
agreat deal of care has been taken to provide infarmation H
that is acourale, this model is considered prelminary a i . oo Listof I1Qa. - 111
has not been verified by actual siicon measurement. Treat the - - =9
data in this model a3 prefiminary until actual siicon c7 = LVCMOS32 F 136.9Tm 4.77H 1.11pF
werification iz performed. - - il
AT 10_LEN_O LYCMOS33 F_ 136.91m 4.77H 1.11pF
[Copyright]  Copyright 2009, 2010, i Inc.. A1l ights reserved
DE 10_L7FP_0 LYCMOS33 F_ 136.91m 4.77H 1.11pF
F
| Component SPARTAN-G CE 10_L7N_0 LYCMOS533_F_ 136.91m 4.77H 1.11pF
f
| BE I0_L33F_0  LVCMOS33_F_ 136 91m 477rH 1.11pF
[Component]  SPARTAN-6 .
[Marutacturer] i . IBIS file content A 10 L3N0 LYCMOS33F_ 136.9m 477rH 1.11pF
[Package]
| o] 10 L34P GCLE LVCMOS33 F 136.91m 4.77H 1.11eF S

| Spartant Package Parasitics
| Date: 7/27/2009

:Hevised 3/23s2ma Add Gnd/Power clamps
I Fi_pkg vwalues characterized at DC Dﬂ%& AT e VEEO_3(N2) M Add Pull Up/Pull Down

| If utiizing the packags typ, min, max data in your simulations

| uncomment the R_pka, L_pka and C_pka lines for the desired package. o . .
1B e sure to comment out all the unused lines in this section. P'E Supply merged into ALC|  POWER_WCCD_3 hd
!Nﬂnlg _t.hat det.al\ed atd l%lHy cquplad pk_g fl}es wlll he.av@\al_nl\e fpr . i -
| o OK | 55 30 Draw ‘ | Advanced SPICE and [BIS |
Generate3Dview ComputeR,L,Gtray
of package elementsof package pins

Figure 3- 30: Loading an IBIS file in the IBIS interface (examples\ibis\
Xilinx_Spartan6_LVCMOS33.ibs)
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In the "I/O" tab, click the desired input pin in the I/O list, then click the button "One pin into
RLC". The input pad is converted into a RLC circuit with on-chip capacitance and clamp, as
shown in Figure 3- 31. It consists, from left to right, in an 10 symbol with the input name
(Here 'lO_L2P_0', the pin B5), the R,L,C parameters for the package (Here LIO_L2P_0,
CIO_L2P_0, RIO_L2P_0), and the component input capacitance (Ccomp_IO_L2P_0). Notice
the connection to the substrate potenti al

I0_L2P_0(LVCMOS33_F_12_LR_33)-PinB5

wwﬁ/\/\ i .

136.91m 477nH I0_L2P_0_die

11
RIO_LZ]:’__L1_1 1pF0_L2P_O ——6.08pF

ClO_L2P 0 CCcomp_l0_L2P 0

7777

Figure 3- 31: Model of the PTO pad (examples\ibis\ Xilinx_Spartan6_LVCMOS33.ibs)

vsub

I11.5.2 Plot I/O characteristics

In an IBIS file, the [Model] block contains the data for electrical simulation of the pin interface.
The Model_type sub-parameter classifies the model by types including Input, Output, I/O, 3-
state, etc. Static I-V table blocks documented by [Pullup] and [Pulldown] keywords tabulate

AfVsubo

the transistor drive strengths. In the IBIS window of IC-EMC, t he button APud co

the pull-up device of the I/O buffer, and fihe ddll-dowr device. The diodes are
documented by [Power Clamp] and [Gnd Clamp] I-V t abl es (APcod for
Gnd Clamp). In CMOS technology, clamp diode currents come from P-N junctions. These
junctions act as protection circuits from voltage over-stress.

Figure 3- 32 shows the tab "Models" of the IBIS interface. The file "
Xilinx_Spartan6_LVCMOS33.ibs" contains six different model instances. Their main
characteristics are summarized in the table in the upper part of the tab "Model". Let consider
the model called LVCMOS33_F_12 LR33, which is the default model associated to each I/O
of the FPGA (actually, each I/O support several 1/0O standards). It models a push-pull low
voltage CMOS output buffer nominally biased under 3.3 V. The terms 'F' and '12" indicate two
options of the I/O buffer: '12" is related to the drive (12 mA at VoL = 0.3 V), 'F'is related to the
slew rate (fast). It can be seen from the example shown in Figure 3- 32 that pull-up and pull-
down I(V) characteristics are available (it is expected since it is a push-pull buffer). A ground
clamp I(V) characteristic is available, but the (V) characteristic of the power clamp is equal to
0. According to the IBIS file, this output buffer has no power clamp protection.

The button "Rw" and "Fw" means "Rising waveform" and "Falling waveform" respectively.
Clincking on one of these buttons plots the rising or falling transient profile of the output
voltage of the buffer. These V(t) profiles are given after the keywords [Rising Waveform] and
[Falling Waveform]. They are used to evaluate the slew rate of the output buffer when it is
load by a given load (usually 50 q) and fits the command of the I/O in the I/O model.
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Ef 1815 Interface - Xilinx_Spartan6_LVCMOS33.ibs

Input text
R4 WCCO_2 POWER

Nz WCCO_3 POWER

Summary of 1/0 model

characteristics

|

[Model] LYCMOS33 F_6_LR_33
Madel_type [0

Palarity  Nordnverting

Enable  Active-Low

Vinl = 0.8000V

Vinh = 20000

WYmeas = 16500

Cief= 0.OF

Rref = 10000

Wief= 0.0V

|
|
[Temperature Range] 25.0000

[
| Model LYCMO533_F_E_LR_323
[

C_comp EDSpF 579pF B.38pF
IC_comp 655pF B18pF 6.40pF

85.0000

0.0

Parameters

- Models | |nfos | Package

Model
LWCMOS33 F_6 LR_33 1/0

LYCMOS32 F_12_LR_3 140
LWCMOS33 F_24 |R_37 170
LYCMOS32 5 6 LR 33 110

LWCMOS33 5_12_LR_30 1/0

4

IBIS (V) or V(t)
characteristic plof

——]

E.08pF
E.08pF
E.08pF
E.08pF
E.08pF

33ma 3dma

e
am
00
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Orn,
Orne,
Orn,
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Type C_comp Pullp PulDown Paower_Clam Gnd_Clamp

18520mé
18520ms
18520mé
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Riising
071ns
0.50ns
0.30ns
110ns
1.0Bns

~

SIXe A 39S

Saturation cyrrent at |

[Waoltage Range] 3.3000
[Pulidawin]

Voltage 1[typ]
|
-3.30
-3.20
-310
200
290
280
270
260
250
240

3.0000 34500

i) i) Jvdd.

_________________________

-19.5000me
-19.5000me
-19.5000me
-19.5000me
-19.5000me
-19.5000me
-19.5000ma
-19.5000ma
-19.5000ma
-19.5000ma
-13.5000ma
-19.5000ma
-19.5000ma
-19.5000m
AR EAAA. 4

-14.0500me  -20.2700ma
-14.0500ma  -20.2700ma
-14.0500ma  -20.2700ma
-14.0500me  -20.2700ma
-14.0500me  -20.2700ma
-14.0500me  -20.2700ma
-14.0500ma  -20.2700ma
-14.0500ma  -20.2700ma
14.0500ms  -20.2700ma
14.0500ms  -20.2700ma
14.0500md  -20.2700md
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-14.0500ma  -20.2700m
A4 AEAA. A AR TR 4

W OK

o

Select model

& <55 3D Draw

plotted

Figure 3- 32: Plotting the I(V) characteristic of the pull-down device of the LVCMOS33_F 12 model

(examples\ibis\ Xilinx_Spartan6_LVCMOS33.ibs)

Data provided by IBIS can be used to build an equivalent model of the I/O. Static I(V)
simulations can be done to fit the models of pull-down, pull-up or clamp devices. Transient
simulations can be performed to verify the rising or falling waveforms of the I/O model. In the
IBIS interface, in the tab "Models", user can import SPICE simulation results in .txt file in the
IBIS interface by clicking on the button "Add data" and superimpose simulation results with
I(V) or V(t) characteristics given by IBIS.

I11.5.3 Package viewer

In most cases, accurate R,L,C evaluation of the package leads and bondings is not available
in preliminary IBIS files. The purpose of the 2D and 3D-package reconstruction available in
IC-EMC is to ease the extraction of package R,L,C elements and gives precise space
localization of the package leads and bonding wires. This last point is very useful in EMC
analyses, for localization of power supply and ground pins, or or near field radiated emission
simulation (see 111.8).

111.5.3.1 Hidden Keywords

Some important information is resourced in the IBIS file related to the package and IC
physical dimensions. The information is placed in the [Package model] section, and starts by
« | » to avoid parsing errors with conventional IBIS loaders. The physical dimensions are very
important information to rebuild the lead frame structure of the package, together with the
bonding structure and access to the die. Table 3- 7 provides a list of the important hidden
parameters and associated description added in IBIS file, and used to configure the package
viewer in IC-EMC. Figure 3- 33 illustrates the meaning of these geometrical parameters.

[ Hidden parameter | Description | Example |
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pack width Package width 20.1e-3m
pack_height Package height 20.1e-3m
ic_width Die witdh 6.55e-3 m
Ic_height Die height 6.33e-3 m
ic_xstart Die location in X related to the package 6.73e-3 m
ic_ystart Die location in Y related to the package 6.84e-3 m
pack_pitch Package pin pitch 0.5e-3m

ic_altitude Die altitude over the ground plane 0.8e-3m

pack_ball BGA ball radius 0.25e-6 m

Table 3- 7: Hidden parameters stored in the [package model] section
Package pitch

\ <— .
Package .= IC height
height f/;/ I
=
IC yStart / I Package
cavity
IC xStart
Package widtt

Figure 3- 33 : Main parameters required for an estimation of the package R,L,C model

Different package reconstruction methods exist and depend on the package type. The
keyword [Package Model] provides information about the package type.

Keyword Package types and variants IBIS example file

[Package Model] bga Ball Grid Array (BGA) infineon_tc1796.ibs,
Xilinx_Spartan6_LVCMOS33.ibs,
virtex|IXC2V1500.ibs,
prometheus_mmm6030_v2.ibs, bga64.ibs,
mpc5534-324.ibs

[Package Model] sop Small Outline Package (SOP) ahct04.ibs
[Package Model] soic Small Outline Integrated Circuit (SOIC) |14949 v4.ibs
[Package Model] gfp Quad Flat Package (QFP) Cesame_v14.ibs
S12x_v2.ibs
[Package Model] dil Dual in line (DIL) ds90Iv049.ibs, NCP5603_v4.ibs

Table 3- 8: Examples of package declaration in the ibis file (IBIS files available in examples\ibis)

111.5.3.2 2D Package Viewer

The need for reconstructing the 2D aspect of the package is justified by the need to locate
pins (especially power supply and ground pins), and to provide accurate space coordinates
of lead and bonding wires for near-field scan prediction. The external aspect of the IC with
pin placement may be displayedbyac | i ck on t he Figuel3-3®Packageo
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- i~ T— T—
E 18IS Interface - Xilinx_Spartan6 LVCMOS33.ib2 — [E=REEl ™
Input text Parameters
[ - |10 Modsls | Infos | Packags
1 Package
[%4 iling Inc.
177 Type, BGA - B 05| |E Back
[RERYAY |BIS Models for SPARTAM-E I—I \—I
| Ping: 16 16
| Display pin names
[IBIS ver] 4.2 Wiew Top vi i i
[File name]  spartanblvcmos.ibs opvien v ¥ Display cooidinates
[File Re] —
[Date] 03723410 Locate pin ;| [INEENINEE M T
[Sowce]  Deiived from spice models, revll 21, using . i Draw
hspice 200712 Locate pins w 1 ping match this name
[Mates] Hilirwe IBIS file for SPARTAM-G /0 standards. View
Al models are prefiminary
The wersion of IBISCHE used is ibischkd, 12 3 4 5 B 7 8 3 1011 12 13 14 15 16
|bis models were generated using S2IBIS3. "
A
[Digclaimer]  The data in this file is derived from SPICE simulations using
rnadsling informeation extracted from the target process. ‘while B
a great deal of care has been taken to provide information
that is accurate, this model is considered preliminary as it C
has not been verified by actual silicon measurement. Treat the o
data in this model as preliminary until actual siicon
werification is performed, E
[Copyright]  Copyright 2009, 2010, Ziling Inc., &ll ights reserved F
|
[ G
| Component SPARTAN-6 u
[
|
[Componiert]  SPARTAN- !
[Manufacturer] Hiin: Inc. ¢
[Package]
| L
| Spartanf Package Parasitics
| Date: 7/27/2009 1)
| Revised 3/23/2010 u
|
| R_pka values characterized at DC P
|
|1F utilizing the package typ, min, max data in your simulations A
| uncomment the R_pka, L_pka and C_pka lines for the desired package.
| Be sure to comment out al the unused lines in this section. T
|
}Nﬂotg ;hat del.ai\ed and ’t..l"y cquplad .pkg fi!es vf\H be.avgilabje l_or . . -
[ oo | [ ooew] | Advanced SPICE and 215 |

Figure 3- 34: Package viewer (examples\ibis\ Xilinx_Spartan6_LVCMOS33.ibs)

The yellow color corresponds to general purpose 1/Os, the VDD supply pins are drawn in red,
and the VSS pins in blue. Non-connected pins are drawn in gray. This 2D view gives details
on the supply structure. It is also used by IC-EMC to compute the approximate position of a
package lead. Consideringt h e I[P IiL3P_0AD50 s e | e c tlist dLocata pint, AngX,Y]
position is assigned to the lead which appears as a black line in Figure 3- 34. A group of pins
(e.g. power supply pins) can also be located by selecting this group in the list "Locate pins".

111.5.3.3 3D package Viewer

The 3D-viewer is a visual assistant but do not include specific EMC features. The need for
reconstructing the 3D aspect of a package is justified by the two following items:

A Computeaccuratevalues for RL,C of the package based on the physical dimensions of leads
and bonding, if not provided in IBIS

A Provide accurate space coordisafier lead and bondingires for neasfield scan prediction

The 3D package viewer gives a three-dimensional interactive view of the package. To create
the 3D view, from the IBIS interface, click on the button "3D Draw". An example of 3D view of
the BGA package of the Spartan 6 FPGA is given in Figure 3- 35. You may change the

vi ewer 06s position thanks to cursors X,Y and Z.
position may be changed. The bonding, upper part of the package and the IC may be

removed from the drawing. Finally, you may see a particular pin in the pin lists "Locate" in the

| ower corner of the userds menu. The demo button

and the ftloseobutton closes the window.
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e —— T T — —— ]

3D package Viewer - Xilinx_Spartan6_LVCMOS33.ibs
Information
Ibis information
> pinsX: 16
>pinsY: 16
> 10s: 256
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X Y Z  Transp.
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Figure 3- 35 : 3D view of a BGA package (case study/tricore/infineon_tc1796_v2.ibs)

I11.5.4 Package modeling

Refer to the example presented in 111.8.3.1.

[11.6 Transient signal analysis

This example aims at presenting the resources to analyze time-domain properties of signals.
In this short case study, a complex signal is generated and its characteristics are studied.
The following sections describe the different steps used to generate the signal and extract its

characteristics.

[11.6.1 Signal generation

In this example, a chirp modulated signal is considered. This type of signal is used in radar
communications, but also in spread spectrum modulation (e.g. LoRa modulation). A chirp is a
pseudo-periodic signal which frequency-modulated around a central or carrier frequency.
The particularity is that the instantaneous frequency of the signal increases or decreases
with time. In this example, we consider a linear chirp, i.e. the instantaneous frequency
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changes with time linearly according to a constant parameter o called chirp rate. A general
expression of its waveform is defined by the following equation:

s{t) = Acosg(t) = ACO%P%C - %8 tp ng, ti [O;Tchirp] Equ. llI-5
e ¢ - u

where Fc is the central frequency, B is the bandwidth occupied by the signal and Tchir, the
duration of the chirp. The chirp rate is given by the equation below. If pO is positive, the
instantaneous frequency increases with time, otherwise it decreases.

m="° Equ. 111-6

chirp

The instantaneous frequency of such a signal is given by the equation below. It shows that
the instantaneous frequency is linearly dependent of time.
1 dglt) B

L =———2=F. - —+mt Equ. 1ll-7

inst 2p dt C 2 ,78 q
In digital chirp-based modulation, the transmitted is composed of a series of chirp.
Information is encoded either by sign of the chirp rate, or by a frequency offset added to the
instantaneous frequency (e.g. LoRa modulation).

IC-EMC proposes a tool dedicated to the generation of complex waveforms that can be
imported in SPICE schematics. Click on "Tools > PWL Source Generator" to open the
window of signal generation. This tool aims at generating the time-domain profile of signals in
SPICE compatible Piece-Wise Linear (PWL) format. The profile is defined by a series of
pairs of value (Ti, Vi) where the value of the source is Vi (in Volts or Amps) at time=Ti. At
intermediate values of time, the value of the source is interpolated. This profile can be saved
in a text file and then imported in a SPICE netlist to describe the transient waveform of a
voltage or current generator.

The window shown in Figure 3- 36 opens. In the area "Select the mathematical operation”,
select "Linear up/down chirp". In the central part of the screen, the parameters of the signal
can be modified:

A Samples and step: the number of pairs of value (Ti, Vi) of the PWL signal and the time step

between two pairs
Frequency E the nominal frequency of the chirp signal
Amplitude A and &fset: the amplitude and the offset of the chirp signal

> > > >

Chirp duration Thirp: the duration of one chirp
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Select the mathematical operation

Parameters
sinus at frequency 11 ‘I _
white noise amplitude A Samples 20000 l W |
gaussian noise amplitude A St 01
radar impulse frequency 1, duration T =p (s} :
sinus at frequency {1 x sinus 10.7MHz Frequency (MHz) : 100.0
exponent (T) .
Ultra-wide-band pulse rise 0.15ns, fall T Amplitude () 1.0
Electromagnetic pulse rise 1ns, fall T Offset (v) 0
Positive value of sinus at frequency f1
Randorm bit stream todulation parameters i _—
Triangle waveform at frequency f1
Hersheyklss at frequencyﬂ
Spread Spectrum Freguency Modulation Chirp rate (Hzfps): 1ef | .
Triangular pulse with random amplitude

Chirp duration (ps): 1

I

1.0000%sin(2*pi*100.0000*1e6*t+pi*100000000.00%sqr( 1e6 1) +0 - 0 50E 7 I0EE [1.5E.8) ZOEE Tine(s)

P/l signal generated.
Filename  examplasitransientyowl_chirp it

[ SavePwi T4l Close

Figure 3- 36 : PWL signal generator window ("Tools > PWL Source Generator")

Here, we select the parameters shown in Figure 3- 36: the central frequency is 100 MHz, the
chirp rate is 100 MHz/us and one chirp lasts 1 ps. Thus, the bandwidth occupied by the chirp
signal should be 100 MHz centered around 100 MHz. Here, the tool will generate 20000
points separated by 0.1 ns, so the total duration of the signal will be 2 ps, i.e. two chirp
duration.

Click on the button "Generate PWL" to display the waveform of the signal on the right part of

the window. Click on the button "Save PWL" to save the PWL signal in a .txt file. The file
pwl_chirp.txt has been saved in the directory "\examples\transient\". Click on the button
"Close" to quit the window.

111.6.2 Create the model

Create a new schematic. Place a voltage source, a ground reference and a voltage probe,
and save it. Double-click on the voltage symbol to edit its properties. Select Piece-Wise
Linear and import the text file "\examples\transient\pwl_chirp.txt" by clicking on the button

[]. Click on the button "OK" to validate and close the window.

B4 Symbol n°1 VL properties (965) | —— —
\/ Wsource |
Yoltage source parameters
DC parameters
Yalue V)
AC parameters
Amplitude (v): 1
~ Pwl pwl_chirp.txt
V1)) Fhase (degree) : 0
| Pulse parameters | Sine Parameters | Simple| Piece-Wise Linear
Described infile - pwl_chirp.bt E]
tran 1n 2u

Figure 3- 37 : Model for simulation of chirp signal (\examples\transient\chirp_signal.sch) and PWL
voltage source configuration
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Configure the transient simulation : click on "Insert > Insert Analysis Line" and set a stop time
of 10 ys and a step time of 1 ns.

111.6.3 Run SPICE simulation

Select LTSPICE as simulation in "File > Simulator". In "File > Simulator > Configurations",
you can select "Batch mode" to launch LTSPICE simulation automatically each time the

SPICE netlist is updated. Click on the button = to generate the SPICE netlist and launch
the SPICE simulation. At the end of the simulation, the result is recorded in a .raw file
(chirp_signal.raw).

111.6.4 Observe the time-domain waveform

Open the "Voltage vs. time" window by clicking in the menu "EMC > Voltage vs. time" or on

the button ID'L in the command bar. The window shown in Figure 3- 38 opens, showing the
transient evolution of the chirp signal. Two tabs appears on the right side of the screen:

A Parameters: import simulation and measurement results, select signals to be displayed and
display mode.

A Display: X/Y axes settings, show/hide curves, memorize curves

If the curve is not plotted, you can import the simulation result
(\examples\transient\chirp_signal.raw) by clicking on the button - in "Simulation Data" part.
The signals (voltage and current) recorded in the .raw file appear in the list "Signals". Select
the signal 'v(1)' and click on the button [ i S| 1 plot the chirp signal. The X and Y axes can

be set with the commands proposed in the tab "Display”. Zoom and curve memorization
commands are also available.
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Simulation result file
(.txt/ .raw)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Dbldbl. Dlll u. Dl Il(:ll I.U IUL .
: ; : S TN _ Add simu. V(t)
_________________ Meas. result file
’ I ‘ ‘ —(.tran)
| ‘ ’ ‘ H“ &1 Add meas. V(t)
I I ‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,
‘ ‘ | || | ‘ r Déisp\aymude )
display moda ;hi..d . | Quantity to
f \H\u ‘ I ‘ ‘ ‘\ \| |W e display
| “i Uilanea i"' Bsline " HH ‘ ‘ """""""""""""" S‘t"”‘pl‘d
‘ H ‘ “ ‘ ‘ B Signal Ava Stde ~
|| HHH ‘ ‘ ‘ | I ‘ | ‘ ) Sim. V(1] | 1.931m n,?n'l—l
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‘ HE‘ H HM ‘ H ‘ H H m ’H } ‘ JiN s
e L
@ s
| ABAGIaph ] A mens
Message 5 Open Emlssmn | (B specmenss
in 500,000 \Iﬁ&@ﬂk W|ndOW " i2 \
h h ' n N e i ’&CInse A
Select simulation signal: V(1) = _ stores305 Pt | oS 2 WINCDOW. Qpen Spectrogran
window

Figure 3- 38 : Simulated waveform of the chirp signal (\examples\transient\chirp_signal.sch)

Several characteristics or quantities of signals can be displayed, according to the selection
done in "Quantity" field:

A Amplitude: this is the default displayed qtign

A Rise /fall time: 10%00% rise and fall times

A Period and Frequency

A Duty cycle

A Jitter: phase jitter, period jitter or cyeie-cyle (C2C) jitter

These quantities can be displayed according to two different modes:
A "Time domain" mode: the evolution ofdlselected quantity is plotted in time domain

A "Probability density function" mode: an histogram showing the probability of occurrence of
the values taken by the selected quantity is plotted

I11.6.5 Analysis of the instantaneous frequency of the signal

Figure 3- 38 shows the transient evolution of the signal. Clearly, the signal is a sine wave
whose frequency increases regularly during 5 ps. However, the exact evolution of the signal
frequency is difficult to read accurately. To observe it, select "Frequency" in the "Quantity"
field. The result is shown in Figure 3- 39 and confirms that the instantaneous frequency of
the signal increases linearly from 5 MHz to 15 MHz for 5 ps periodically. The statistics of the
instantaneous frequency can be found in the first row of the table "Statistics": the average
frequency is about 10 MHz, while the minimum and maximum frequencies are nearly 50 and
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150 MHz. The statistics is determined from 198 occurrences of signal periods. This figure is
given in the last column of the table "Statistics".

E‘ Transient analysis = | B |
T B e e e S S % E\mulatmr! Data i -
Frequency (1) 2 iplesihansientschip_signal.raw I_I
H E Signals: -
11171 s | e R — v |l edd Simu
&
2L
: g Skiplnsl: 0
WOOM A Measurement Data
S S N— — — S O U— — — | —
130,00M | | | | 1 | | . . . - (P aad Mesg
R T A S A Display mode
:1 20.00M @ Time domain
H Probability density function
.HU'DUM Guantity
Frequencyl -
T e oo : : : | satetes
: Signial Avg Stdc ~
Sim -V[1]  108416M 273
------------------------------------------------------------------
: : : : : : : ‘ : . B
E E E E E E 3 3 3 | 1 Clear graph |]ITL..;.. Save graph
I : : : : [ co o 3 W Fer [ B specyiam
Tire: (5] Fourier Transform
i 200,00n 400,00n 500,00 500,00 | 1.20u 1.40u 1.60u 1.80u 2,| x Close
Select simulation signal: V(1) Store 88605 Points,

Figure 3- 39 : Evolution of the instantaneous frequency of the simulated chirp signal
(\examples\transient\chirp_signal.sch)

The distribution of the instantaneous frequency taken by the chirp signal can be plotted if you
select the box "Probability density function” in the field "Display mode", as shown in Figure 3-
40. The constructed histogram is centered around 100 MHz and shows the distribution of the
frequency of the occurrence of chirp signal period.
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Figure 3- 40 : Statistical distribution of the instantaneous frequency of the simulated chirp signal
(\examples\transient\chirp_signal.sch)

I11.6.6 Spectrogram

From the "Voltage vs. time" window, frequency analysis based on FFT can be done. Clicking

on the button Uk FFT gpens the "Emission Window' as described in 1il.1. A FFT of the full
signal is computed, so that the evolution of the instantaneous frequency of the chirp signal
cannot be displayed. A more interesting analysis of this signal is provided by a short-term
FFT (SFFT) which can be computed with the tool Spectrogram. It can be opened with the

button B specgram or from the menu "Tools > Spectrogram". This tool display a
representation of the signal in both time and frequency domains, as shown in Figure 3- 41.
The amplitude of the signal is plotted according to a color code in a X-Y surface, where X is
the time axis and Y the frequency axis. You can change the maximum displayed frequency
by selecting the option "Max. Freq. (MHz)". An parameter of the SFFT is the FFT resolution
Nreso. SFFT consists in performing successive FFT on Mg time block of Nreso points. The time
resolution of the SFFT is the duration of one time block. In this example, the maximum
frequency is set to 500 MHz and the FFT resolution is set to Nweso = 1024 points. As the
sampling period Te is 0.1 ns, the maximum frequency of the FFT is Fe = 1/Te =5 GHz. The
duration of one time block, i.e. the time resolution is thus (Nreso-1)XTE = 102.3 ns. We can
conclude that the lower the FFT resolution, the better the time resolution. However, reducing
the FFT resolution degrades the frequency resolution. The frequency resolution dF is
inversely proportional to the duration of one time block: dF = Fg/(Nreso-1) = 4.89 MHz. The
lower the FFT resolution, the worst the frequency resolution.

In the example shown in Figure 3- 41, we can observe that the frequency increases linearly
between 50 to 150 MHz for 1 ps.
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Figure 3- 41 : Spectrogram or SFFT of the simulated chirp signal
(\examples\transient\chirp_signal.sch)

[11.7 Plot an eye diagram

Eye diagram is a commonly used tool to assess the quality or the integrity of high-speed
digital signals (Ethernet, USB3, HDMI, PCle, etc). The transmission through transmission
lines may distort the signal waveform because of impedance mismatch, attenuation,
crosstalk with neighbour lines, simultaneous switching noise, etc. The amplitude and time
distortion of the signal may lead to bit misinterpretation by the receiver. Eye diagram helps
designers to view the signal impairments more easily, detect bandwidth limitation or the
presence of excessive overshoots.

The following sections aims at presenting how to plot the eye diagram of a digital signal and
analyse its integrity. The proposed example addresses a link between two SSTL15 I/O
buffers interconnected through a microstrip line. 1/0 buffers are described by macromodels
built from IBIS file information.

I11.7.1 Eye diagram

Figure 3- 42 describes the principle of the construction of the eye diagram of high-speed
digital signal. It is essential to underline that eye diagram measurements concern only digital
synchronous signals. Although eye diagrams apply for 2 or more level logic signal, only
binary signals are considered in IC-EMC and in the following sections.
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Let consider the transmission of a binary signal between a digital transmitter (TX) and a
digital receiver (RX) through a series of interconnects. The data transfer is synchronized on
the data clock rate Fcik. The construction of an eye diagram is based on a high bandwidth
sampling of the signal data stream and an accumulation of the measured samples in order to
superimpose all the states of the signal ('1' and '0' levels, transitions from '0' to '1' or '1' to
'0"). To obtain a stable picture, this sampling must be triggered on a clock which is
synchronous with the captured digital signals. Thus the sampling is triggered at the signal
binary data rate. Here, this clock signal is called the data clock.

Transmitted data stream Received data stream
at data rate = ;) Interconnects (PCB trace, at data rate = k)

connector, backplane)
NAMMIA —NAMMAM
TX RX
Transmitted Signal

sampling
Voltage

wmMQ f 8¢

Sampling ﬁ) t S i
triggered on data ! !

clock and sample i TC:sz 1>/Fcu< Time
superposition
| , Eye Diagram
Voltage ! i ) !
¢ ! Tok2, ! Teik T2,
1 - ]
YmQ f
YwnQ f
' ' ' Time

Figure 3- 42: Principle of the construction of an eye diagram

The display of an eye diagram is usually normalized for two clock periods and is centered on
one bit period in order to capture the rising and falling transitions of the signal. The
superposition of all the samples forms an eye, which gives the name to this diagram. A
properly constructed eye diagram should contain every possible bit sequence, from simple '0’
-'1'or '1' - '0' transitions to long sequences of '0' or '1'.

Eye diagram provides an easy way to control the quality of the signal. The more open the
eye is (horizontal and vertical aperture), the lower the likelihood that the receiver
misinterprets the incoming signal. Noise and time jitter introduce some closure of the eye
opening and increases the risk to confuse binary symbols (bit error rate (BER)). Moreover,
any transitions that pass through the center of the eye opening may cause bit errors.

However, eye diagram is not only a graphical representation to make qualitative
assessments of signal integrity. Several indicators can be extracted to quantify the signal
integrity. Figure 3- 43 describes the signal integrity indicators extracted from the eye
diagram's tool of IC-EMC. There are two types of indicators:

A Amplitude or vertical indicators:
1. Level '0'and Level '1": average value of the '0' and '1' levels in tHgD4® region
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2. Eye amplitude: difference between Level '1' and Level '0'

3. Eye height or vertical aperture = (Levet3kil) - (Level '0-3xCo), where 3xi; and o

are the standard deviations of sample distribution around Level '1' and Level '0" in the
40-60% region. It is an indicator of the vertical eye opening.

4. Eye crossing level: the amplitude of the transition crossiigts

5. Eye crossing percentage = 100x(Eye crossing lelveVvel '0")/(Level '1- Level '0"). It

gives an indication of pulse symmetry.

Signal to Noise Ratio (SNRJatio of the desired signal levétye amplitude}o the
level of noiseplus distortion. SNR = (Level '1- Level '0")/( 01+ (o). The higher the
SNR is, the lower the amplitude distortion.

A Time or horizontal indicators:

7.

8.

9.

Jitter: the time deviation from the ideal timing of a bit evérg. a transition) and its
actual realization. Jitter is computed as the time varianceeofising and falling
transitions at the crossing points. InEBAC, only the pealto-peak jitter is computed.

Eye width or horizontal aperture = (Right cross. point tirBel) + (Left cross. point
time - 3x0r), where U+ and On are the time variancesf the rising and falling
transitions at crossing points right and left. It is an indicator of the horizontal eye
opening.

Rise and fall times: 10 to 90 % rise or fall times.
voitage

[ é@gl ———a

amplitude |7

[ $&5)

Eye

Time

region

Figure 3- 43: Signal integrity indicators extracted from eye diagram

I11.7.2 Load the example: DDR3 memory link

In order to illustrate the creation of an eye diagram, we consider a DDR3 memory link as
example. Open the example in "examples\transient\ DDR3_link_400MHz.sch" by clicking on
"File > Open".

In the next part, we will modify this schematic diagram to plot the eye diagram.

The schematic presented in Figure 3- 44 models a connection between a DDR3 driver
(DDR3 TX) and a DDR3 receiver (DDR3 RX) through a microstrip line designed on a PCB.
DDR3 or DDDR3 SDRAM is actually a type of synchronous dynamic random access
memory. The
between a microprocessor and an external DDR3 SDRAM memory for example.

term DDR3 is used to talk about the interface. The schematic models a link
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vddTX VITR weldRX

DDR3 TX % DDR3IRX
50
+ T
microstrip DDR3
|

IN ouT
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_l_ BufferOut1 Bufferin1
w=0.12Tmm, [=50mm, h=02mm, FR4

_le\se 2.8n 7777_ 7777_

Vbinary

_tran 0.1n 100n Interconnect between a DDR3 driver and a DDR3 receiver through a microstrip line

Figure 3- 44: Model of a DDR3 memory link (\examples\transient\DDR3_link_400MHz.sch)

The microstrip line model is included in the subcircuit "microstrip DDR3.sym". It was created
based on the geometrical dimensions of the line by the tool "Tools > Interconnect
parameters” (refer to 111.9.1). The microstrip line is routed on a multilayer FR4 PCB. The
dimensions of the line are:

A width = 0.127 mm

A height to the reference plane = 0.2 mm
A copper thickness = 35 pm

A length =50 mm

The characteristic impedance computed by "Tools > Interconnect parameters" is nearly 80 q .
The DDR3 driver and receiver comply with the SSTL15 standard specified by JEDEC
Standard JESD79-3. It is a general-purpose 1.5V memory bus standard, which requires a
termination voltage of 0.75V and a termination resistor of 50 q. Output buffers are push-pull
types. The driver and receiver have been modeled from information contained in IBIS file. In
this example, the 1/0 buffer's models have been derived from IBIS file of a Spartan 6 FPGA
available in "examples\ibis\Xilinx_Spartan6_SSTL15.ibs". Macromodels have been
constructed to reproduce the characteristics given in IBIS file. The construction of such a
model is not addressed in this part. The instance of the driver is an "Output buffer”, its

symbol can be found in the symbol palette # . The macromodel associated to the buffer is
given by the subcircuit "\examples\ibis\lO_models\SSTL15_II_LR33 v3.sym". The "Output
buffer" symbol has 4 terminals: power supply references VDD and VSS, a logic input (0-1 V
signal) and the physical output. The instance of the receiver is an "Input buffer", its symbol

can be found in the symbol palette # . The macromodel associated to the buffer is given by
the subcircuit "\examples\ibis\lO_models\ SSTL15 IN_Typ_v2 .sym". The "Input buffer"
symbol has also 4 terminals: power supply references VDD and VSS, the physical input and
a logic output (0-1 V signal).

If you double-click on the driver or the receiver, the properties of the symbols can be edited,
as shown in Figure 3- 45. The field "I/O model" specified the subcircuit file containing the
macromodel of the I/O buffer. The fields "Resistance”, "Inductance”, "Capacitance" in the
"Package" part define the R, L, C stray elements associated to the package input or output
pin. For "Input buffer" symbol, the properties "High threshold" and "Low threshold" specify the
logical voltage threshold of the input buffer.
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VDD VDD
DDR3 TX DDR3 RX
+ +
Logic input Physical output Physical input — Logic output
signal signal
BufferOut1 Bufferin1
VSS VSS
« Output buffer » component « Input buffer » component
/0 Buffer 10 Buffer
10 odel: DAsimulCEMCYO_comportementale\SSTLIE_II_LR33_w3 sym D 10 model: DhsimulCEMCYO_comportemental s\SSTLTE_IN_Typ_w2.sym D
Output buffer Input buffer
High threshold {v):  0.85
Lo threshold (V) 066
Package Package
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Inductance (H) 477n Inductance (H): 42n
Capacitance (F) 2n Capacitance (F) 13p

Figure 3- 45: Properties of DDR3 driver (left) and receiver (right) (\examples\transient\
DDR3_link_400MHz.sch)

The resistor RT is a termination resistor which is connected to a 0.75 V termination voltage.
The logic input of the DDR3 driver is driven by a 5 ns periodic square waveform signal. It
simulates a 400 Mbits/s logic signal with regular '0'-'1' transitions. In this example, the
transient profile of the signal delivered by DDRS3 driver is simulated, thanks to the command
line ".tran 0.1n 100n". Three voltage probes have been placed: on the logic input of DDR3 TX
(node 4), at the output of the microstrip line (node 1) and at the logic output of DDR3 RX
(node 6).

In "File > Simulator", select WinSPICE and click on ¥ to generate the netlist and launch the

simulation. At the end of the simulation, click on the button B {6 observe the signals. In the
tab "Parameters", select the three signal to display and click on the button "Add Simu". In the
tab "Display”, you can adjust the scale to zoom on one or two binary periods, as shown in
Figure 3- 46. The blue and the green curves show the logic signal at the input of DDR3 TX
and DDR3 RX respectively. There is a delay of nearly 1.6 ns between both signals due to the
switching time of the SSTL15 output and input buffers and the transmission time through the
microstrip line. The red curve shows the simulated physical signal at the input of DDR3 RX.
The waveform of this signal has been affected by the characteristics of the line, the mismatch
between the line impedance and the termination impedance and the R,L,C stray elements of
DDR3 TX and DDR3 RX package. A more appropriate representation to analyse the effect of
the physical transmission to the signal integrity is offered by the eye diagram.
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Figure 3- 46: Transient simulation of a DDR3 memory link (\examples\transient\
DDR3_link_400MHz.sch)

I11.7.3 Eye diagram probe

An eye diagram probe must be placed on the schematic in order to plot an eye diagram
representation after a transient simulation. The eye diagram probe is found in the symbol

palette % In this part, the previous schematic will be modified to set-up the simulation for
eye diagram plotting.

Save the previous schematic as )
DDR3_link_400MHz_eye_diagram.sch" with "File >
Save as". Place an eye diagram probe on the S
schematic. This component has three terminals: "

A in: connect the signal that you want to analyse clk —

A clk: connect the data clock on this terminal

A ref: connect the ground o

Terminal "in" is connected to the output of the microstrip line. Terminal "ref" is connected to
the ground. In the previous schematic, no data clock source were present. We must create a
clock source which is synchronized on the binary signal transmitted by DDR3 TX. This
source must produce a rising transition at each binary transition of the signal connected on
terminal "in". Thus, a voltage source called "V_data_clock" is inserted on the schematic, with
the properties shown below. The period of the data clock source is set to the binary period,
i.e. 2.5 ns in order to be synchronous with the transmitted binary signal (400 Mbits/s). A
delay of 1.6 ns (field "TD") is introduced to compensate the delay between the signal
transmitted through the microstrip line and the data clock.
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Figure 3- 47: Prepare the simulation for eye diagram plotting - set the data clock source
(\examples\transient\ DDR3_link_400MHz_eye_diagram.sch)

Only one active eye diagram probe should be placed on the schematic. The other voltage
probes can remain active. The schematic should look like the diagram shown in Figure 3- 49.

I11.7.4 PRBS source

The model is not completely achieved to perform an eye diagram analysis. The source
connected to the input of DDR3 TX produces a regula r |l ogic sequence
explained before, a properly constructed eye diagram should contain every possible bit
sequence. A commonly used source for this purpose is called Pseudo-Random Binary
Sequence generator. It can produce a synchronous logic signal whose logic state change
randomly at each clock period. Such a source can be constructed in IC-EMC by generating a
Piece-Wise Linear (PWL) signal. Click on the menu "Tools > PWL Source Generator" and
select "Random bit stream (PRBS)" in the field "Select the mathematical operation”. Set the
parameters shown in Figure 3- 48.

"01C

E‘ Signal Generator

=

=

Select the mathematical operation

sinus at frequency f1

white noise amplitude A

gaussian noise amplitude A

radar impulse frequency f1, duration T
sinus at frequency f1 x sinus 10.7MHz
exponent (4T)

Ultra~wide-band pulse rise 0.10ns, fall T
Electramagnetic pulse rise 1ns, fall T
Positive value of sin uency {1
Bandom hit stream ( )

Triangle wawveform at frequency {1
Linear up/down chirg

Hershey kiss at frequency {1

Spread Spectrum Fregquency Modulation
Triangular pulse with random amplitude

Parameters
Samples :

Step (ns):
Frequency (tMHz)

01101010

PL signal generated.
Filename

\examplesitransientypwl_PRBS_DDR3 .t

High amplitude () :
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10o0a
01
400.0
1.0
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_ H.cose |
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T]

&

Tirne [5]

Figure 3- 48: Set a PRBS source synchronized at 400 MHz (\examples\transient\pwl_PRBS_ DDR3.txt
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The frequency is set to 400 MHz, i.e. the binary period is 2.5 ns. The step is 0.1 ns and
10000 samples will be generated, so that the total duration of the PWL signal will be 1 ps,
corresponding to 400 transmitted bits. Click on the button "Generate PWL" to see an
overview of the signal. Click on the button "Save PWL" to save the PWL file in the text file
"pwl_PRBS_DDR3.txt".

On the schematic, double-click on the voltage source Vbinary to edit its properties. Select
"Piece-Wise Linear" type and select the file " pwl_PRBS_DDRS3.txt" in the field "Described in
file". Finally, change the command line ".tran 0.1n 100 n" to ".tran 0.1n 1000n" to set a longer
simulation file. The longer the simulation is, the larger the number of transmitted bits and the
better the eye diagram plot.

_[ _ s

IN out

Bufferin1

@ BufferOut1 w=0.127mm, 1=50mm, h=0.2mm, FR4

Pwl pwl_PRBS_DDR3.txt
Vbinary

—

.tran 0.1n 1000n _‘_\
_pu\se 25n I

Interconnect between a DDR3 driver and a DDR3 receiver through a microstrip ling V_data_clock

A 400 Mbits/s digital signal is considered.

Eye diagram probe is placed at the output of the microstrip line to analyse the integrity of the transmitted signal.

Figure 3- 49: Schematic simulation for eye diagram plotting of the DDR3 memory link
(\examples\transient\ DDR3_link_400MHz_eye_diagram.sch)

l11.7.5 Plot the eye diagram

In "File > Simulator", select WinSPICE and click on ¥ to generate the netlist and launch the
simulation. At the end of the simulation, click on the menu "Tools > Eye Diagram" to open the
eye diagram window. Select the signal to analyse in the combo box "Input signal”, here v(1).

The, click on the button E=T plot the eye diagram. The result is presented in Figure 3-
50. As indicated in the message bar in the bottom of the window, the input signal has been
cut in 397 sections which have been superimposed to plot the eye diagram.

The field "Clock Freq (MHz)" indicates the data clock frequency extracted by the tool from
transient simulation result. The value can be slightly different of the specified value in the
source V_data_clock. To reduce this gap, reduce the PWL source step and transient
simulation step. However, the eye diagram plot should not change significantly.
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Figure 3- 50: Eye diagram of the DDR3 memory link (\examples\transient\
DDR3_link_400MHz_eye_diagram.sch)
The result shows an eye diagram with adequate horizontal and vertical apertures. However,
this model does not take into account the power delivery network of both driver and receiver,
which introduces non negligible inductance along the power supply network. Moreover, in a
real DDR3 memory link, several data lines switch simultaneously which may introduce power
significant power supply voltage drops. Moreover, crosstalk between adjacent lines could
introduce additional noise. All these effects may degrade the eye diagram apertures.

In order to compare design changes on signal integrity, quantitative criteria must be defined,
as those defined in Il1.7.1. When the eye diagram is extracted, eleven signal integrity criteria
are evaluated and displayed in the table "Signal integrity indicators", in the bottom right part
of the eye diagram window. For most of the criteria, average, standard deviation, minimum
and maximum values are determined. For example, in this example, the vertical opening of
the eye diagram (eye height) is evaluated to 1.183 V centered around nearly 0.75 V. The
SNR is evaluated to 27.63. The amplitude distortion is not too large to introduce significant
bit error risk. The horizontal opening of the eye (eye width) is evaluated to 2.09 ns or 0.83 UI.
Ul stands for 'Unit Interval', i.e. a time interval equal to the binary period. The peak-to-peak
value of the jitter is about 286 ns, i.e. 11 % of the binary period.

1.8 Near-field analysis

Over the last years, the near field scanner has become a popular tool to diagnose EMC
problems at PCB and IC levels. The measurement of the magnetic and electric fields near
the surface of IC or PCB gives access to the current and charge surface distribution
respectively, which can be helpful to understand the origin of EMC issues (conducted
emission, crosstalk, radiated emission). Moreover, the measurement of the near-field
emission offers a method to extrapolate the far-field emission.

In this short case study, a complex signal is generated and its characteristics are studied. An
example based on a power amplifier (PA) for a 3rd generation mobile platform is used. The
near-field scan measurement results are plotted with IC-EMC. Then, a near-field emission
model is derived from the ICEM model of the PA. Finally, its near-field emission is simulated
and compared with measurements.
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I11.8.1 Near-field scan measurement principles

The measurement of the electric or magnetic components in the near field is interesting for
EMC of ICs because it helps to locate transient current circulation as well as strong voltage
variations. Indeed, at very short distance from a conductor, it is possible to separate the
respective contributions of each part of this conductor. As distance from the conductor
increases, all of these contributions superimpose and only the global radiation from the
conductor can be measured.

A near field scan measurement method is described in the international standard IEC 61967-
3 [IEC61-3]. The typical measurement set-up with a near-field scanner is presented in Figure
3- 51. A miniature magnetic or electric antenna, called near-field probe, is placed very close
to the device under test to measure the electric and/or magnetic field in the reactive or near-
field area. The voltage induced across the near-field probe by the incoming field is measured
by a receiver. A spectrum analyzer is usually connected to measure the amplitude of the
induced voltage. The near-field probe is fixed to the arm of a 3D positioning system and its
position is moved and set accurately to one measurement point, following a predefined
pattern in the scan surface. For each position, the receiver captures the voltage induced
across the probe (the amplitude and/or the phase of the spectrum at several frequencies, or
the time domain waveform). This operation is repeated above each point of the predefined
pattern. At the end of the scan surface sweeping, a near-field map is reconstructed by a
postpr ocessing tool . The map highlights some fAhot
field is large.

Spectrum Analyzer

= Data
acquisition
~—= Scan table
1
Et Convtro\ . Emission map at
positioning one frequency
Measurement points
Stop
Y ste
Near field probe Ystop 9--0-°0--0--@
00 000 ¢
Q © @ 00 Q@
> o000 00
i a2
Z © © 06 606 0600
Y > Y Q--0--0--0--0 :
4 A start 4
Start Xstart Xstop X

Figure 3- 51: Principle of the measurement of near-field scan emission of an IC

The near-field probes act as a transducer of electric or magnetic field into a voltage. They
have various forms, but basically they consist of either small magnetic or short electric
dipoles which integrate the incoming field over their surface. Ideally, the probe size should be
infinitesimal in order to provide a local measurement and prevent disturbance from the
incoming field. The probe should be calibrated prior near-field measurements to convert the
measuring voltage into incoming electric or magnetic field.

[11.8.2 Plotting near-field scan measurement with IC-EMC

The circuit studied in this part is a power amplifier (PA) used for 3rd generation or UMTS
mobile platform. The PA amplifies the signals from the transceiver to the antenna. It is able to
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send RF modulated signals in the frequency range 1920-1980 MHz with a maximum power
of 0.25 W or 24 dBm. Three different near-field scan tests were performed above the PA with
magnetic field probes to measure the horizontal Hx and Hy components and the vertical Hz
component of the magnetic field. They consist in simple circular loop made at the end of a
semi-rigid coaxial cable. The scan were performed at an altitude of 1.1 mm above the PA
surface. The measurement area is 6.2 x 6.4 mm with X and Y steps of 0.2 mm. During these
measurements, the center frequency of the UMTS power amplifier was fixed to 1950 MHz.
More details about this case study can be found in [App_PA] and [Dup09].

Near-field scan measurement results were exported in a standard XML exchange file
[IECTR61]. The format of this file is described in Part VI. Click on the menu "EMC > Near-

field scan” or on the button k' to open the "Near-field scan" interface. A window opens, with
a black screen on the right for the display of measured or simulated near-field scan, and a
series of tabs and buttons for simulation configurations, display options and measurement

import. Click on the button & bdd Measure ) import a measurement file. In this example, three
measurement files are provided:

A \Scan_Hx_ PA 1950 1 5mB8ran_ Hx PA 1950 1 5mm_PA.xmimeasurement of the
component of the magnetic field

A \Scan K _PA 1950 1 5miScan_H PA_1950 1 5mnmPA.xmt measurement of the
component of the magnetic field at 1950 MHz

A \Scan_H_PA 1950 18mm\Scan_H_PA 1950 _18mm_PA.xml measurement of the
component of the magnetic field at 1950 MHz

Select the file Scan_Hz_PA 1950 1 8mm_PA.xm and the results shown in Figure 3- 52 is
displayed. It shows the distribution of the vertical component of the magnetic field (Hz)
produced above the PA at 1950 MHz. This distribution is superimposed to a picture of the
device under test. The color scale gives the amplitude of the magnetic field. The maximum
magnetic field reaches up to -32 dBA/m. As indicated by the red mark. The analysis of this
measurement results shows clearly that the magnetic emission is above the power output
and power supply pins of the PA [Dup09]. The color scale, the zoom and the alignment of the
measured scan on the background picture can be set in the tab "Display".
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Figure 3- 52: Example of near-field scan with IC-EMC (\case_study\pa_3G\
Scan_Hx_PA_1950_1 5mm\Scan_Hz_PA_1950_1_ 8mm_PA.xml)

The same screen is shared for simulation result display. Once the measurement result has
been imported, click on the button "Meas. scan" in the tab "Parameters" to display
measurement results. The information about the imported measurement file are summarized
in the tab "Information”.

[11.8.3 Simulating near-field emission with IC-EMC

[11.8.3.1 Principle of the simulation

Various methods exist to compute EM fields produced by conductors. Three-dimensional full
wave simulators are based on numerical methods that can adapt to any conductor geometry.
They are the most accurate but unfortunately the most time consuming methods. In contrast,
methods based on analytical formulations or geometry simplifications are very fast but they
are limited only to simple geometries. The choice of an electromagnetic field solving method
depends on the required accuracy level and the maximum simulation time. For example, at
an early design phase, exact models cannot be available and simple calculations are often
required to set some design budget. Full wave simulations can only be performed at design
end for optimization purposes.

Co-simulation tools including electrical and EM simulators are required to simulate both non-
linear responses and radiation of ICs. Figure 3- 53 describes the general simulation flow of
this type of tool. EM fields are extracted from voltages and currents crossing metal
interconnects of ICs. At IC level, package leads and bonding wires are the largest
interconnects. As most of electromagnetic solvers are based on frequency domain methods,
FFT algorithm is required.
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Figure 3- 53: General simulation flow for IC radiated emission prediction

IC-EMC proposes a co-simulation method to estimate near field emission from ICs. Circuit
simulations are handled by WinSPICE, Ngspice or LTSPICE. An EM simulator is offered by
IC-EMC to extract electrical and magnetic field at any point in (X,Y,Z) from currents and
voltages computed by SPICE simulation, and by means of some approximations concerning
the package and electromagnetic field formulations. The general flow used to achieve a
comparison between near-field measurement and simulated magnetic field emission is
proposed in Figure 3- 54. The main assumption is that package leads used for supply and
output signals are the main radiating elements.
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Figure 3- 54: Flow for comparing predicted and simulated magnetic field scans
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At package level, leads and bonding wires are considered as the main radiated elements so

that the package model is very important for the prediction of near field scan. IC-EMC uses

the current computed by WIinSPICE, Ngspice or LTSPICE to compute the resulting radiated

emission. A link must be made between the current and the radiated elements. Two methods

are used to model the radiating elements. In the first method, as the package leads and

bonding wires are mainly inductive at low frequency, this link is made with the inductances

whi ch model package | eads. These inductances <ca
inductances through which transient current flows, with attached geometrical coordinates.

Simple geometrical models are considered for the package. Leads and bonding wires are

modeled by one or several straight wires (Figure 3- 55).

Electrical model (ICEM)

1 . . 1
. .ibis xxx.ibs <~ _import IBIS:
: L1 file
I ST R—
1 =) I Package model
! / ' cons?ruction
«IRadiating inductances » | :
1 -
inductances related to the I !
: cirquit packﬁge : Leads
1 I ]
1 - < 1
1 Lo Y] N 1 i
R cmmmm-—--
.7 . Simplified

package model
=@ [nductance value
—

v g oo

m B Geometrical
information about
oot [ inductances

= Link with-IBIS file

« Radiating inductance » parameters

Figure 3- 55: Principles of simplified package model reconstruction and link to the electrical model
through #Aradiatingd inductances

This method assumes that the transient current circulates along electrically short
interconnect, so that the Acapacitive efédecto o
charge storage). This assumption is wvalid until
(quasi-static approximation). When package interconnects become electrically long, taking

into account the fcapacitive e febsentid, éspecidly forac k ag e
the prediction of electric field distribution in near-field. Indeed, a large part of electric field in

near-field area is linked to charge storage, which cannot be modeled by inductance.

A more realistic electrical modeling approach consists in modeling interconnect by distributed
RLC cells. IC-EMC proposes a second method for a more accurate prediction of near-field
emi ssion based on a component called fARadiated

Palette — . They are not described here. More information can be found in [App_NF].

The geometrical information of Aradiating induc!H
IBIS file (see part II.5). The package and die size information text are added in the [package

model] section of the IBIS file. The comment is mandatory to avoid parsing errors with

conventional IBIS readers. However, IC-EMC can | ocate O| pack_06 and 0]
the relevant information. The 2D and 3D views of the package may then be reconstructed, as

shown in Figure 3- 35.
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111.8.3.2 Near-field Prediction Steps

Assuming that the package bonding wires and leads are the main radiating elements, their
associated current must be computed, prior to magnetic field reconstruction (and also charge
storage for electric field reconstruction). Therefore, the simulation steps are as follows:

1. The IBIS file is loaded, from which the pin list, package dimension and type are
extracted

2. From the IBIS information, the package is reconstructed. Each lead is assigned a
position in space.

3. Selected inductances (mainly supply and IO inductances) are assigned to the
corresponding space coordinates (or select radiated interconnects).

4. The analog time-domain simulation is performed to determine all the currents flowing
in each declared package inductances.

5. The Fourier transform applied for each of these currents gives the magnitude I(f) for a
frequency chosen for scanning.

6. Theoretical formulations are used to compute the sum of H and E contributions at
each location of the space [x,y,z] in frequency domain.

7. A post-processing displays the resulting magnetic field at the user-defined distance
above the ground plane.

111.8.3.3 Formulations used to compute near-field emission

Formulations used by IC-EMC to compute electric and magnetic fields radiated by a package
are based on the thin wire approximation. They are computed in frequency domain. Each
lead of a package is meshed in small elementary thin wire crossed by a current constant
over all the lead. This assumption remain valid until the lead length is negligible in
comparison to the wavelength & (length < &/10). The electric and magnetic fields generated
by of each elementary wire are calculated from the equations reported in Figure 3- 56.
Parameters are the length of the current element |, the current amplitude 10 in the element
(A), and w=2p.f (rad/s). The magnetic current at the observation point is the sum (in complex
domain) of all elementary currents flowing in all leads.

C L/2 Cibr
A= 5% " dzf

@

T w o ),

1715 1 Li2 o it

F= * R(2——dz

N 410 @9r -L/2 r

<a/10 T v w
H=1ps A
y m
X E=- JI/IAJ- BF

Figure 3- 56: Electric and magnetic field formulations with the thin wire approximation

If the package lead is longer than /10, the package is split into elementary dipoles as shown
in Figure 3- 57. The electric and magnetic current at the observation point are the sum (in
complex domain) of all elementary currents flowing in the package leads.
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Figure 3- 57: Decomposition of package leads in elementary thin wires and contribution to the total
electric and magnetic fields

111.8.4 Near-Field Prediction

In this part, the different steps to load the model, run the simulation and compute the near-
field emission are presented.

111.8.4.1 Load the simulation model

The model of the PA for its near-field simulation is given in the file " \case_study\pa_3g\
PA scan_V_add_vertical_1950MHz.sch". The electrical schematic diagram is presented in
Figure 3- 58. It includes the supply network, the PDN of the PA, the pre-amplifier stage and
the power stage itself, connected to a 50 q through a transmission line. Note that the PA
itself is mainly a current source.

Preamplifier
. 0.3n
I ea'e !r(vadd dlelvdd dl%’_| VL ~
0rsn 05 _L L 2 0.6n 0.8
Lvcc2 R_Vce_skin_effect @ 50p @ R_Cout L_Pout L
¥ L cq 0Am| cp 0.6m c t_PA
o é |_Pre| ampli | PA
vdc=3.4
Mece
Ll -
Amplifier
0.2n 03n 02
LGND  LVss_diRves_die Line + antenna
e T,E stabilize  AKL AOULINGUI, E SICARD, w.uuruus
nna
Sean H7 PA 1‘}4[] 1 8mm PA_ic_emc.xml
Power amnlifiar near field model —
L(c) Freescale Toulouse
Analvsis
_scan 0.2E-3 1920e6 -TRAN 0.1N 100N

Figure 3- 58: The schematic diagram of Prometheus used for near-field scan prediction
(case_study\pa 3G\PA scan_V_8 1950MHz.sch)

The position of the package leads are deduced from the IBIS file. Normally, the IBIS file of
the PA is imported automatically when the schematic is opened thanks to the command line
".ibs .ibis prometheus_mmm6030_v2.ibs". If a warning message indicates that the IBIS file is
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not found, you can import it manually with the command "File > Load Ibis file" or with the
button =] in the command bar. Figure 3- 59 shows a 3D reconstruction of the PA package
visible in the IBIS interface (see part 111.5.3.3). The position of the different pins can be
highlighted.

30 package Viewer - prometheus_mmm6030_v2.ibs

 DiawlC
A Electical Infomation

(Mo electicalrfo] )

Scake

Locale

O oemo | X Ciose
Figure 3- 59: 3D view of the PA package (\case_study\pa_ 3G\ prometheus_mmm®6030_v2.ibs)

Figure 3- 60 details how the package lead inductances are assigned physical coordinates to
enable the IC-EMC simulator to compute the radiated field. You can define it manually by
typing the coordinates in the "Xstart", "Ystart", "Xstop", "Ystop", "Zstart" and "Zstop", or using
IBIS information by selecting a pin in the list "Select pin from the IBIS pin list". The Z
coordinate indicates the altitude of the dipoles above a plane reference which is supposed to
be the surface of the PCB on which the circuit is mounted.
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Figure 3- 60: The schematic diagram of Prometheus used for near-field scan prediction
(Scan_Hx_PA_1950_1 5mm\PA_scan_V_add_vertical 1950MHz.sch)

111.8.4.2 Preparing SPICE simulation

The near-field simulation is based on the transient waveform of currents and voltages across
radiated interconnects. A transient simulation is configured with the command line " .TRAN
0.1N 100N". It can be inserted according one of the two following methods:

A click on buttor & or in the"Edit > Text" menu, directly type the SPICE analysis command

A in the Insert menu, click ofinsert analysis lin . n iMerface dedicated to the configuration
of the SPICE simulation is opened and the analysis line is automatically inserted on the
schematic with thearrect syntax.

83



LA
LN

lll. Working with IC-EMC

Another command line is inserted on the schematic: " . scan 0.5e-3 1e8 2e8 2 3.5e-3 1.2e-3".
It contains directive for the near-field simulation tool. The parameters of the command line
will be described in part 111.8.4.4.

111.8.4.3 Run SPICE simulation

Select WIinSPICE as simulator in "File > Simulator". In the menu "File > Simulator >
Configurations”, select "Interactive mode" to launch SPICE simulation automatically after the

SPICE netlist generation ¥,

111.8.4.4 Near-field simulation

Open the "Near-field scan" interface by clicking on the button ¥ or in the menu "EMC > Near
field scan". The window shown in Figure 3- 61 opens. In the right part, the simulation
parameters and the display options can be configured. In the left part, the position of the
radiatng dipoles or interconnects and the simulated or measured E or H field are plotted in a
X-Y surface at a given altitude. Different components of the fields can be plotted (x, y, z,
tangential, total), either the amplitude (in dBV/m or dBA/m) or the phase (in degree). When
the window is opened, no simulation or measurement results have been loaded, so the
screen is black.

The default opened tab is "Parameters” for the configuration of the simulation and the
selection of frequency and field component to display. Clicking on the button "Far field"
computes the far-field emission in two vertical planes. The tab "Display" is dedicated for the
control of measurement or simulation result plot (zoom, scale color, scale adjustement...). In
the tab Dipole, the amplitudes of the excitation currents of the radiating dipoles at the
simulation frequency are listed. In the tab "Save", several options to save simulated scans in
a XML file are proposed. 2D graph of the near-field emission can be displayed if the button
"2D graph" is clicked.

The simulation options in the tab "Parameters" are preconfigured because of the command
line ".scan 0.5e-3 1e8 2e8 2 3.5e-3 1.2e-3" placed in the schematic diagram. The format of
this command line is:

.scan stepsta rt freq stop_ freqfreq _nbscan_ alt dipole_ alt
where:
A step is the scan step. In this example, the field is computed with a spatial resolution of 0.5 mm.

A start_freq, stop_freq and freq_nb define the frequency sweep between start_freq and stop_freq.
freq_nb @fines the number of frequency points of the simulation

A scan_alt defines the altitude of the scan plane, i.e. the distance above the reference plane
where the field values are computed

A dipole_alt is the default altitude of the radiated dipoles and inteextsif it is not defined.

We remind here that the reference plane is the surface of the PCB on which the circuit is
mounted. Depending on the selection of the option "Ground plane at z = 0", a perfect ground
plane can fill the reference plane.
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Figure 3- 61: Near-field scan interface

“Tlose window

(Scan_Hx_PA 1950 1 5mm\PA_scan_V_add_vertical_1950MHz.sch)

Before launching the computation, verify the parameters of the simulation: frequencies, scan

altitude, ground plane, scan step, position of dipoles. Click on the button

Simul. scan tg |aunch

the computation. It can take several minutes depending on the number of dipoles and

frequency points.
At the end of the computation, the total magnetic field (Htot in the combo

box "Display") at F

= 1920 MHz is plotted. In the tab "Display, the scale and the position of the scan are can be
adjusted. Figure 3- 62 presents the vertical component of the magnetic field Hz simulated at

1920 MHz.
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Figure 3- 62: Simulation of the vertical components of the magnetic field Hz simulated at 1920 MHz
(Scan_Hx_PA 1950 1 5mm\PA _scan_V_add_vertical_1950MHz.sch)

A comparison between measurements and simulations is presented in Figure 3- 63. The
differences are summarized in Table 3- 9.

Measure (dBA/mM)

-67.69d8

%ma
37.29dB_ e 5

- %/-40.4%5

L L 1 7‘ . L 1
- "
o
Simulationwith vertical current dipoles

Figure 3- 63: Comparison between measurements and simulations of the three components of the
magnetic field (Scan_Hx_PA 1950 1 5mm\PA _scan_V_add_vertical 1950MHz.sch)

Measurement Hx Hy Hz
-41 dBA/m -37 dBA/m -32 dBA/m
Simulation Hx Hy Hz
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-40 dBA/m -37 dBA/m -38 dBA/m

Table 3- 9: Comparison between measured and simulated peak magnetic field

[11.9 Interconnect modeling

Modeling Interconnect at package, PCB or system level is a very important task to predict
EMC issues. IC-EMC proposes several tools to evaluate stray R, L, C parameters and build
equivalent electrical models of basic types of electronic interconnects, at different levels:

A PCB traces and planes
A package
A cables
The following sections presents these tools through simple examples.

111.9.1 Modeling a microstrip line designed on a FR4 PCB

In this part, a SPICE compatible model of a microstrip line will be constructed in order to
simulate S parameters from its terminals. The geometry and the parameters of the line are
described in Figure 3- 64. The final model is available in the file
"\examples\basic\microstrip_S_parameters.sch". The following parts will guide you to build
the model step-by-step.

W Trace

Dielectricsubstrate “—>
Y

/ Yl

Reference
L Tl

plane v

Figure 3- 64: Geometry of the modeled microstrip line

The microstrip line is designed on a 0.2 mm thick FR4 substrate. The relative permittivity of
the substrate is (J = 4.5 and its loss tangent tan d = 0.02. The trace is made of 35 um thick
copper. The trace is 50 mm long and its width must be adjusted to match its characteristic
impedance Zoto50q. The model must be valid up to 20 GHz

111.9.1.1 Open the tool "Interconnect Parameters"

The tool "Interconnect Parameters” is dedicated to the modeling of PCB interconnects with

basic cross-section (e.g. microstrip line, coplanar waveguide, edge-coupled microstrip line,

Vi aé) and the construction oitk oethaumena'lTeist> el ect
Interconnect Parameters” to launch this tool. The following window appears, with microstrip

line as default configuration.
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Figure 3- 65: Description of "Tools > Interconnect Parameters™

In this tool, the cross-section and the material are supposed to be homogeneous. Modeling
an interconnect requires the definition of cross-section geometry, the interconnect length, the
material electrical properties (trace metal and dielectric insulator) and a maximum validity
frequency (some parameters are frequency dependent). Once these parameters have been
defined, the electrical characteristics of the interconnect can be extracted from closed-form
expressions or numerical computations, such as:

A perunit-length (pul) electrical parametersr, |, cand g
A characteristic impedance, odd and even impedance (for three conductor interconnects)
A wave velocity and propagation delay
A skin depth
Finally, SPICE compatible models can be derived from these computed elements.

111.9.1.2 Electrical parameter extraction

The microstrip line must be 50 q matched. In practical PCB design, the trace's width W is
adjusted to set the characteristic impedance. In Interconnect Parameters, fill the geometrical
dimensions and the material properties according to the description given in I11.9.1. Start with

a default value for the width, equal to 0.1 mm. Then, click on the button Lin® Model s 1,

compute the electrical characteristics of the line, which appear on the right side of the
screen. In this default configuration, the characteristic impedance is given by the term "Z0"

and is equal to 86 q..

Increase the width to reduce the characteristic impedance. It should be equal to 50 q when
the width is set to 0.347 mm, as shown in Figure 3- 66.
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Figure 3- 66: Adjustment of the trace's width to set the characteristic impedance of the microstrip line

The pul r,l,c,g parameters of the line are also computed. The pul inductance and inductance
of the lines are given by the terms "L11" and "C11". We can verify that the characteristic
impedance is equal to:

L
1 Equ. 11I-8

ZO
Cll

The pul resistance and conductance are actually frequency dependent (even if L11 is also
slightly frequency dependent due to skin effect). The term "Rdc" gives the pul resistance at
low frequency, when the skin effect is negligible i.e. when the lateral dimensions of the line
are smaller than the skin depth . For example, at 20 GHz, the skin depth is 0.5 pm so that
this effect cannot be neglected. The pul resistance tends to increase with frequency
according to a square-root relation. The term "Rac" gives the actual pul resistance at the
maximum validity frequency of the model (here 20 GHz). The frequency evolution of the skin

depth and Rac can be saved in a .z file by clicking on the button Bump Rl

Similarly, the term "G" gives the conductance associated to dielectric substrate losses at the
maximum validity frequency of the model.

111.9.1.3 Extraction of a SPICE compatible model

From the pul parameters, a SPICE compatible model can be derived. A short section of a
transmission line can be modeled by a lumped RLCG model. The model remains valid as
long as the length of the sectionis| ess than &/ 20 or a/ 10,
associated with the highest frequency of the signal conducted along the line. Thus, the full
model of the line consists of a distribution of this RLCG network.

In Figure 3- 66, the last line of the right part of the screen !=#/10[=20.00GHz]= D.82mm gives the
maximum length of a line section which can be modeled by a single RLCG network up to 20
GHz. As the microstrip line is 50 mm long, 50/0.82 = 61 RLCG networks are required to
model the microstrip line up to 20 GHz.

89

wher e



LA
LN

lll. Working with IC-EMC

Before generating the SPICE model, several options may be chosen. They are visible on the
lower left part of the this screen ("SPICE Model Generation"):

A

Include losses: if the option is not selected, only the DC resistance of the line is taken into
account, the skin effect and dielectric losses are negle@his assumption is usually valid

with practical PCB traces up to several hundreds of MHz. Above several GHz, losses should
be taken into account, especially for signal integrity simulation

Nearfield analysis: if this option is selected, geometricabrdnates are assigned to each
RLCG network of the model in order to simulate the electric and magnetic field emission

produced by currents circulating along the line (refer to I1.8).

A Create subcircuit: if this option is selected, the SPICE model is saved subcircuit.
Otherwise, RLCG networks are placed directly on the schematic.

For the studied microstrip line, check "Include losses" to include frequency dependent losses

in the model, and leave "Near-field analysis" unchecked. Initially, we let the option "Create

subcricuit” unchecked. Click on the button 3%SPFICEMadel 1 generate automatically the

equivalent model of the line. Then click on the button OK to close the window. A large
number of RLCG networks have been placed on the schematic, as shown in . Click on the

button to see all the RLCG networks. 62 RLCG networks have been placed.

|
I
62 RLCG networks#acedon theschematic - 1
1
1
1

Zoom on the first RLCG networks

Figure 3- 67: Electrical model of the microstrip line valid up to 20 GHz

The advantage of this model display is that the content of the model is visible explicitly.
However, at high frequency, the number of RLCG cells may become large sufficiently to
make it unreadable. Therefore, it is better to select the option "'Create subcircuit".

Remove all the RLCG networks placed on the schematic with the symbol . Then open the
"Interconnect Parameters” tool and fill all the fields as in Figure 3- 66. Check the option
"Create subcircuit". A field "Save subcircuit as:" appears to specify the name of the subcircuit
file. Click on the button  to select the directory and the file name. The subcircuit is saved in
.sym file. The microstrip line model has been saved in

"\example\basic\microstrip_20GHz.sym". Finally, click on the button = =FIcEMadel ¢4 saye the
SPICE model in the .sym file. This time, no model is placed automatically on the schematic.
Click on OK to close the window.
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