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Outlines

• AGENDA
– Morning : 10.00 am – 1.00 pm: Exercises on basic 

notions for susceptibility of ICs 
– Afternoon: 2.00 pm – 5.30 pm: Advanced problem

• OBJECTIVES 
– Presentation of the basic concepts of conducted 

susceptibility modeling and simulation at circuit 
level through a practical training 

• PRE REQUISITES
– Basic knowledge in CMOS technology, MOS 

models and electromagnetic compatibility
– Basic experience with SPICE simulator
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Outlines

• Covered topics

– Basic notions about IC conducted susceptibility

– Identification of the origins of susceptibility 
issues at IC level

– Main coupling paths of EMI in ICs

– Typical circuit failures due to EMI

– Modeling of immunity measurement test bench

– Evaluating the impact of circuit power distribution  
network on noise coupling

– Susceptibility modeling and simulation at IC level
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IC-EMC

• All the notions will be illustrated with IC-EMC

4

– IC-EMC is a friendly and free PC tool for 
modeling and simulating EMC at IC level.

– The tool is linked with the shareware 
WinSPICE derived from SPICE Berkeley 
for analog simulation (www.winspice.com) 

– Download IC-EMC and the user manual 
http://www.ic-emc.org

– Version used for the training: IC-EMC 2.1
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Getting started

• http://www.ic-emc.org

5

• Download the 
package icemc.zip

• Unzip in “C:/TEMP”
• Open “/system”, 

double click “ic-
emc.exe” to launch 
IC-EMC
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Symbol palette

Schematic capture 
interface

IC-EMC simulation tools

Simulation 
command

IC-EMC main screen
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IC-EMC Simulation flow

IC-EMC schematic 
Editor (.sch)

IC-EMC model 
libraries

WinSPICE compatible 
netlist generation (.cir)

WinSPICE simulation

IC-EMC Post-processing 
tools (emission, impedance, 

S-parameters, immunity)

Measurement import

Output file generation
7
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Most important icons

Open schematic (.sch) Build SPICE netlist (.cir)

Save schematic (.sch) Spectrum analysis

Delete symbols Near field emission simu.

Copy symbols Immunity simulation

Move symbols Time domain analysis

Rotate symbols Impedance simulation

Flip symbols S parameter simulation

Add Text line Ibis file editor

Add a line Parametric analysis

View electrical net Symbol palette

Insert library file (.lib) View all schematic
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WinSPICE simulation

� Click on WinSPICE.exe

� Click File/Open to open a circuit netlist 
(.cir) generated by ic-emc.

� IC-EMC main commands (text line):

Simulation command Command line Parameters

Transient simulation .tran 0.1n 100n step + stop time

DC simulation .DC Vdd 0 5 0.1 source + start + stop + step

Small signal freq. 
analysis

.AC DEC 100 1MEG 1G sampling + nb points + start + 
stop

9
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I.  Exercises

• Building blocks of IC susceptibility model

Susceptibility test 
bench

Conducted 
EMI

IC pins

Integrated 
circuit

Internal 
coupling 

path

Internal 
behaviour 

description

Internal 
noise source

Failure ?

Radiated 
disturbances

Printed circuit 
board

Neighbor 
electronic system

Filtering / 
decoupling
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I.  Exercises

• Basic notions for EMC of IC modeling 
presented through the following exercises:

– Ex 1. Conducted susceptibility basics
– Ex 2. Simulation of susceptibility level

– Ex 3. Definition of susceptibility criterion
– Ex 4. Construction of circuit PDN

11
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I.  Exercises

• Exercise 1.  Conducted susceptibility basics

Victim circuit

Electronic equipment

Cables

PCB

Radiated 
disturbances

Induced conducted 
disturbances

Vs

Zs

Zc, Td ZL

Equivalent 
Thevenin generator 
of RF disturbances

Cables, PCB lines

Input impedance of 
victim circuit

12
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• Exercise 1.  RF source generator

13

I.  Exercises

– Create the schematic

– AC simulation

– Simulate the output generator voltage vs. load impedance
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• Exercise 1.  RF source generator
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I.  Exercises

50 � output 
impedance

What does this 
figure mean ?

– Example of RF synthesizer used in conducted susceptibility test.

– What is the output voltage when the RF source generator is 

loaded by a 50 � resistance? By a 100 � resistance?
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• Exercise 1.  Forward wave

I.  Exercises
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Vs

Zs
Zc, Td

ZL

X=0 X=l

– Some definitions …

I(x)

V(x)Zin

How determining voltage 
and current long the line ?

( )
( ) xjxj

C

xjxj
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eVeVxV
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+=
ˆˆˆ

ˆˆˆ
Let consider a sinusoidal source and a lossless line:

Phasor: ( ) ( )( )tjexVtxV wˆRe, =

Voltage and current along the line result from the superposition

of the forward V+ and backward V- voltage wave.
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• Exercise 1.  Forward wave

I.  Exercises

16

– Reflection coefficient
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Reflection coefficient at the line input:
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• Exercise 1.  Forward wave

I.  Exercises
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– Voltage and current along the line can be deduced from the 

forward voltage and the reflection coefficient.

( ) ( )( )
( ) ( )( )xeVxIZ

xeVxV
xj

C

xj

G-=

G+=
-+

-+

ˆ1ˆˆ

ˆ1ˆˆ

b

b

– Voltage at line input and at the load

( ) ( )( )
( ) ( )( )leVlV

VV
lj G+=

G+=
-+

+

ˆ1ˆˆ
0ˆ1ˆ0ˆ

b

Useful for conducted 
susceptibility
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• Exercise 1.  Forward wave

I.  Exercises
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– With IC-EMC and WinSPICE, how can I compute V+, V- and � ?
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Insert coupler symbol

Insert S parameter port
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• Exercise 1. Forward wave

I.  Exercises
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– Compute the theoretical value of the forward and backward voltage 

and the input reflection coefficient for RL = 50 � and 100 � .

– Compare with IC-EMC simulation.
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• Exercise 1. Forward wave

I.  Exercises
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– Link between forward voltage and RF generator open circuit 

voltage Vs

( )
( ) ( ) Sin

inS
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ZVV
V

+G+
=

G+
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– If matching condition ensured at the RF generator output (Zs = Zc)
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• Exercise 1. Forward wave

I.  Exercises
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– Compute the theoretical value of the forward voltage, and voltage 

across the load impedance for Rs = 50 � and 100 � .

– Compare with IC-EMC simulation.
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• Exercise 1. Forward power

I.  Exercises
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– In conducted susceptibility tests, the forward wave is 

usually given in RMS power measured on a 50 � load.
CZ

V
P

2ˆ

2
1

+

+ =

– Compute the theoretical value of the forward power and the power

delivered to the load (in dBm).

– Compare with IC-EMC simulation.
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• Exercise 1.  Direct Power Injection set-up 
(IEC 62132-3)

I.  Exercises

23

Integrated 
circuit

Bias tee

DC supply or low frequency 
signal generator

RF 
generator

Power 
Amplifier

Directional 
coupler

Power 
meter

Conducted 
disturbance

Failure 
detection

Forward and 
reflected power

Bus
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• Exercise 2.  Simulation of 
susceptibility level

I.  Exercises

– An out-band RF disturbance is 

conducted to an analog input 

through a 1 nF DPI capacitor.

– Equivalent model: parallel 1 K�

resistor and a 22 pF capacitor.

– Susceptibility criterion : input 

noise < 100 mV from 10 MHz to 

1 GHz. 24
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I.  Exercises

• Exercise 2. Simulation of susceptibility level

End susceptibility 
level extraction

1st step
2nd step

Start transient simulation

F = Fmin

P = Pmin

Increase P 
until P = Pmax

Save voltage 
waveform V(t)

F = Fmax ?

End transient simulation

Increase F

yes
no

Start susceptibility 
level extraction

F = Fmin

T = tmin

Analyze V(t) 

Failure ?

Increase t

T = tmax?

Extract P forw @ tNo failure 
Pforw = Pmax

Increase F

F = Fmax ?

yes

yes

no

no

no
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I.  Exercises

• Exercise 2. Simulation of susceptibility level

–Launch Susceptibility tool

–Configure the RF disturbance and 

launch SPICE simulation

–Configure the voltage criterion and 
extract susceptibility threshold

–Display the susceptibility threshold

26
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Frequency 
(MHz)

Forward 
power (dBm)

I.  Exercises

• Exercise 2. Simulation of susceptibility level

Influence of impedance of 
disturbed node ? 27
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– Standard cell inverter in CMOS 65 nm (import lib\spice.lib)
– Design the inverter and add a load capacitance = 10 fF
– Add a sinus source on the input to model EMI coupling

Vdd =1.2 V

Tr = Tf = 50 ps

T = 1 ns

28

EMI

What is the noise tolerance of this 
gate to EMI-induced noise ?
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– First type of failure: static error.
– How much noise to induce this failure ?
– Plot the input-output inverter characteristic.

Input (V)

Output (V)

29
0 1.2

1.2
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– Time domain simulation
– Change EMI amplitude and observe the degradation of 

output signal
– Adjust scales (Autofit and zoom on time axis)

30
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– Vdd and Vt evolution with CMOS technology evolution
– Impact on noise tolerance ?

(technological option = general purpose low leakage)

0

1

2

3

4

5

6

600 350 250 180 130 90 65 45

Technological node (µm)

V
ol

ta
ge

 (
V

)

VDD

Vt

31
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• Exercise 3. Definition of susceptibility criterion
– Second type of failure: EMI-induced jitter.
– Set the transient simulation duration to 50 ns
– Change EMI amplitude and observe the period jitter 

(use Voltage vs. Time/Signal Analysis)

32

I.  Exercises
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I.  Exercises

EMI amplitude (V)

Period jitter (ps)

• Exercise 3. Definition of susceptibility criterion
– Relation between EMI amplitude and jitter ?
– What is the maximum affordable amount of EMI-

induced noise?
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I.  Exercises

– High side switch (model 
MP035HV). 

– The output is loaded by a 
200 � load. 

– Susceptibility of the buffer 
is tested with conducted 
injection on power supply.

Susceptibility criterion ?

• Exercise 3. Definition of susceptibility criterion
– Effect of EMI in analog circuits

RFI
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– Injection on the power supply
– Add a 100 MHz RFI sinus signal with  2 V amplitude

Describe the failure
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I.  Exercises

• Exercise 3. Definition of susceptibility criterion
– Failure due to rectification effect.
– Equation of drain current based on MOS Model 1:

( ) ( )DSTGS VVV .1
2

 Ids 2 l
b

+-=

Square function � Non 
linear behavior

( )

4
.

cos
2

11

2

0

0

2
0

0
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DSDS

T

TemiGS

T

DSDS

V
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T

I

b
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EMI-induced DC offset
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I.  Exercises

• Exercise 4. Construction of circuit PDN

Vdd
Vss

– Digital circuit designed in CMOS 
0.25 µm

– 10 Kgates, Die surface = 1mm²
– 1 power supply pair (Vdd = 2.5 V)
– Circuit mounted in a QFP100 

package.

Build the equivalent model of circuit power 
distribution network.
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I.  Exercises

• Exercise 4. Construction of circuit PDN

0.7 mm

0.22 mm

25 µm

4.5 mm

7.5 mm
2.5 mm

– Evaluation of package parasitic

– Equivalent RLC model ?
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I.  Exercises

• Exercise 4. Construction of circuit PDN

– Use Tools/Interconnects Parameters to evaluate R, L, C 
associated to package pins. 

– Empirical estimation:
• Lead : L = 0.5 nH/mm and C = 0.1 pF/mm 
• Bonding : L = 1 nH/mm
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I.  Exercises

• Exercise 4. Construction of circuit PDN

– Accurate extraction of electrical interconnects based on 3D 
geometrical model and numerical solver. 

– Launch Tool/Advanced Package Model  tool and import 
misc\package_model\qfp100.geo

Propose an equivalent model of the supply pair ?
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I.  Exercises

• Exercise 4. Construction of circuit PDN

– CMOS process info.
– Info layer metal 3

Metal 1

Metal 2

Metal 3

Metal 4

Substrate

PolySi

Passivation layer

Metal Al

Height to 
substrate

3 µm

Typ. width 50 µm

Thickness 0.7 µm

– Typical capacity per 
gate: 7 fF/gate
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II.  Advanced problem

• Immunity model of a digital core

42

– Consider the following digital circuit:
• CMOS 0.25 µm technology
• The circuit is supplied under 2.5 V by a 

dedicated power supply pairs
• The IC is mounted in a 96-pin QFP package

• The circuit is soldered on a 150×150 mm FR4 
printed circuit board, with 2 internal power 
supply and ground planes.

• A DPI test is performed on the Vdd pin between 
1 MHz and 1 GHz.

Build a model to predict the susceptibility of the circuit 
to conducted disturbances coupled on Vdd pin.
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II.  Advanced problems

• Immunity model of a digital core
– Test board detail:

IC

Vdd

1 µH 
inductance

6.8 nF 
capacitance

DPI 
connector

Test board

To power 
plane Track

– A 100 nF dfecoupling capacitor 
near Vdd pin.

– Track characteristics: microstrip
line, length = 16 mm, width = 0.7 
mm, height = 0.4 mm

– Power and ground plane 
separation = 0.7 mm

– Eight 100 nF capacitors 
connected between power and 
ground planes.

– Characteristic of capacitance: 
X7R, ESR = 0.07 ohms, ESL = 
0.6 nH.

100 nF
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II.  Advanced problems

• Immunity model of a digital core
– Data:

• S11_core.s1p: S parameter measurement from Vdd pin
• S11_core_Cdec.s1p: S parameter measurement from track input, 

100 nF capacitance connected
• S11_core_no_Cdec.s1p: S parameter measurement from track 

input, 100 nF capacitance disconnected
• S11_Inductance.s1p: characterization of 1 µH inductance
• Immunity_core_Failure.tab: DPI measurement results, criterion = 

functional failure of the core
• Immunity_core_025V.tab: DPI measurement results, criterion = 

0.25 voltage fluctuation on Vdd core.
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Thank you for your attention


