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• Overview and Key Points

• Schematic in Detail

• PCB in Detail

• Calculations

• Time Domain Measurements

• Redexpert & LT Spice Simulations

• EMC Measurements from the Lab

• EMC Measurements from the workbench

2/21/2024
AUTHOR / DATE
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Objective of the Good and Bad Layout

• Single Point PGND vs. big PGND Loop

• Correct vs. Wrong Capacitor Position

• Same Semiconductors, different Passives

• Shielded Choke vs. Unshielded Choke

• Alu-Electrolyte vs. Polymer Caps

• Filter @ I/Os vs. No Filter at all

• Ferrite in the Power Loop of a DCDC

Keypoints

2/21/2024
AUTHOR / DATE

Good Design

Bad Design
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PCB Overview

AUTHOR / DATE

Switch S1 Switch S2

TP18
TP13

TP16

TP18

TP12 TP14

TP7
TP5

TP8
TP11

TP9 TP4
TP6TP10

TP17 TP3

Overview Testpoints Overview Jumpers

JP2
JP6
JP4

Bode

Bode

JP1
JP5
JP5

2/21/2024
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Setup
Use the new FAE or Ohmic load (48ohm@12Wmax.)

2/21/2024
AUTHOR / DATE

DM / CM Splitter

5µH LISN

19Vin max.

Oscilloscope
with FFT

24Vout/0.5A 



8

Splitter/Combiner for DM/CM 
Setup: RTA4004 / 5µH LISN / CM&DM Splitter

2/21/2024
AUTHOR / DATE
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Measure CM and DM separatly
Currents through LISN

𝑽𝟏 = 𝟓𝟎Ω(𝒊𝒅𝒎 + 𝒊𝒄𝒎)

𝑽𝟐 = 𝟓𝟎Ω(−𝒊𝒅𝒎 + 𝒊𝒄𝒎)

𝑽𝒅𝒎 = 𝟓𝟎Ω𝒊𝒅𝒎 = 𝟎, 𝟓(𝑽𝟏 − 𝑽𝟐)

𝑽𝒄𝒎 = 𝟓𝟎Ω𝒊𝒄𝒎 = 𝟎, 𝟓(𝑽𝟏 + 𝑽𝟐)

 Differential Mode

 Common Mode

21.02.2024
AUTHOR / DATE
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Example BOOST DCDC
EMI Overview

2/21/2024
AUTHOR / DATE

Source of Differential Mode Source of Common Mode 

High dI/dt

𝑈𝐷𝑀 = 𝐿𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 ∙
𝑑𝐼

𝑑𝑡
𝐼𝐶𝑀 = 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 ∙

𝑑𝑉

𝑑𝑡

Source/LISN
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Example Buck DCDC
EMI Overview

21.02.2024

„HOT NODE“
High dV/dt

Source of Differential Mode Source of Common Mode 

High dI/dt

Source/LISN

𝑈𝐷𝑀 = 𝐿𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 ∙
𝑑𝐼

𝑑𝑡
𝐼𝐶𝑀 = 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 ∙

𝑑𝑉

𝑑𝑡

AUTHOR / DATE
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Single Point Power GND for Buck / Boost / SEPIC etc.
Layout Key Points

21.02.2024
AUTHOR / DATE
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Noise Transmission Modes

 Noise and useful signal use the same paths

 Earth is not affected

 Noise uses both lines in same direction

 Earth is used a return path

Differential Mode Common Mode

2/21/2024
AUTHOR / DATE

Source Load Source Load

WE eiSos
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Schematic Bad Design
19V  24V/0,5A

High 
∆I/∆t

High 
∆V/∆t

2/21/2024
AUTHOR / DATE
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PCB Layout Bad Design

CinCout

ChokeDiode

FET

2/21/2024
AUTHOR / DATE
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Redexpert Alu-Elko Cap Selection for Fsw 600kHz

220µF  Z = 98mΩ &   ESR = 93mΩ @   600kHz

2/21/2024
AUTHOR / DATE



17

Conducted EMI Calculation with 220µF Elko Cin

Limit CISPR32 Class B is 46dBµV  approx. 30dB Damping is necessary

Triangular approximation(differntail mode only):

𝐷 =
𝑈𝑜𝑢𝑡 − 𝑈𝑖𝑛 + 𝑈𝑑

𝑈𝑜𝑢𝑡 + 𝑈𝑑
=
24𝑉 − 19𝑉 + 0,5𝑉

24𝑉 + 0,5𝑉
= 0,224

∆𝐼 =
𝑈𝑖𝑛

𝐿 ∙ 𝑓𝑠𝑤
∙ 𝐷 =

19𝑉

33µ𝐻 ∙ 600𝑘𝐻𝑧
∙ 0,224 = 0,21𝐴

𝐼𝑐𝑖𝑛 600𝑘𝐻𝑧 =
∆𝐼

2 ∙ 𝜋2 ∙ 𝐷 ∙ (1 − 𝐷)
∙ sin 𝜋 ∙ 𝐷 =

0,21𝐴

2 ∙ 𝜋2 ∙ 0,224 ∙ 1 − 0,224
∙ sin 𝜋 ∙ 0,224 = 56𝑚𝐴

𝑈𝑐𝑖𝑛(600𝑘𝐻𝑧) = 𝑍𝑐𝑖𝑛(600𝑘𝐻𝑧) ∙ 𝐼𝑐𝑖𝑛 600𝑘𝐻𝑧 = 98𝑚Ω ∙ 56𝑚𝐴 = 5,49𝑚𝑉

5,49𝑚𝑉 → 20 log
5,49𝑚𝑉

1µ𝑉
= 74,8𝑑𝐵µ𝑉 − 6𝑑𝐵µ𝑉 𝐿𝐼𝑆𝑁 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑖𝑣𝑖𝑑𝑒𝑟 = 68,8𝑑𝐵µ𝑉

2/21/2024
AUTHOR / DATE
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Verification of the triangular approximation BAD Design

69dBµV as calculated

Measure DM noise on input with DM/CM splitter

2/21/2024
AUTHOR / DATE
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LT Spice Boost BAD Simulation 
Simple Model to double check the calculation

21.02.2024
AUTHOR / DATE
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Simulated DM Noise with LT Spice
FFT Plot of the LISN DM Channel

21.02.2024
AUTHOR / DATE
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Schematic Good Design
19V  24V/0,5A

High 
∆I/∆t

High 
∆V/∆t

2/21/2024
AUTHOR / DATE
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PCB Layout Good Design

CoutCin

DiodeChoke

2/21/2024
AUTHOR / DATE



23

Redexpert Polymer Cap Selection for Fsw 600kHz

47µF   Z = 14mΩ &   ESR = 13mΩ @   600kHz

2/21/2024
AUTHOR / DATE
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Conducted EMI Calculation with 47µF Polymer Cin

Limit CISPR32 Class B is 46dBµV  approx. 15dB Damping is necessary

Triangular approximation(differential mode only):

𝐷 =
𝑈𝑜𝑢𝑡 − 𝑈𝑖𝑛 + 𝑈𝑑

𝑈𝑜𝑢𝑡 + 𝑈𝑑
=
24𝑉 − 19𝑉 + 0,5𝑉

24𝑉 + 0,5𝑉
= 0,224

∆𝐼 =
𝑈𝑖𝑛

𝐿 ∙ 𝑓𝑠𝑤
∙ 𝐷 =

19𝑉

33µ𝐻 ∙ 600𝑘𝐻𝑧
∙ 0,224 = 0,21𝐴

𝐼𝑐𝑖𝑛 600𝑘𝐻𝑧 =
∆𝐼

2 ∙ 𝜋2 ∙ 𝐷 ∙ (1 − 𝐷)
∙ sin 𝜋 ∙ 𝐷 =

0,21𝐴

2 ∙ 𝜋2 ∙ 0,224 ∙ 1 − 0,224
∙ sin 𝜋 ∙ 0,224 = 56𝑚𝐴

𝑈𝑐𝑖𝑛(600𝑘𝐻𝑧) = 𝑍𝑐𝑖𝑛(600𝑘𝐻𝑧) ∙ 𝐼𝑐𝑖𝑛 600𝑘𝐻𝑧 = 14𝑚Ω ∙ 56𝑚𝐴 = 784µ𝑉

784µ𝑉 → 20 log
784µ𝑉

1µ𝑉
= 57,9𝑑𝐵µ𝑉 − 6𝑑𝐵µ𝑉 𝐿𝐼𝑆𝑁 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑖𝑣𝑖𝑑𝑒𝑟 = 51,9𝑑𝐵µ𝑉

2/21/2024
AUTHOR / DATE
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Verification of the triangular approximation GOOD Design

52dBµV as calculated

DM noise on input

2/21/2024
AUTHOR / DATE
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LT Spice Boost GOOD Simulation 
Simple Model to double check the calculation

21.02.2024
AUTHOR / DATE
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Simulated DM Noise with LT Spice
FFT Plot of the LISN DM Channel

21.02.2024
AUTHOR / DATE
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Redexpert Power Inductor Selection
Fully shielded high performance inductor WE-LHMI

2/21/2024
AUTHOR / DATE
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Filter Simulation Redexpert
Designing an DCDC input filter

2/21/2024
AUTHOR / DATE
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Filter Simulation Redexpert Summary
Good choice to filter the range from 150kHz to 30MHz

2/21/2024
AUTHOR / DATE
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Filter Simulation Differential Mode in LT Spice
LC Filter with/without damping Cap + GND Vias

2/21/2024
AUTHOR / DATE
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Filter Simulation Differential Mode in LT Spice
LC Filter with/without damping Cap + GND Vias

2/21/2024
AUTHOR / DATE

Input Filter + 
damping Cap 

Input Filter 
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Filter Simulation Differential Mode in LT Spice
All filter components on input & output + GND Vias

2/21/2024
AUTHOR / DATE
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Filter Simulation Differential Mode in LT Spice
All filter components on input & output + GND Vias

2/21/2024
AUTHOR / DATE

Output Filter
Input Filter 
LC + CMC + 

MLCC

Input Filter 
LC only
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Why is Inputfilter damping maybe necessary?

 The input capacitor is part of the input filter and forms 
an oscillating circuit together with the filter choke 
and/or the line inductance

 A regulated DC/DC converter behaves like a 
"negative" resistor at the input:

 PIN ~ POUT = const.
 VIN↑ → IIN↓  VIN ↓→ IIN ↑

2/21/2024
AUTHOR / DATE

CIN

VINVSup

-RIN

UIN
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Why is Inputfilter damping maybe necessary?

 Correction factor in the loop gain of the control loop 
due to the input filter:
 Middlebrook‘s Extra-Element Theorem

theoretical background

2/21/2024
AUTHOR / DATE

𝐇(𝐬) = 𝑯𝐙𝐎𝐔𝐓=𝟎
(𝒔) ∙

𝟏 +
𝐙𝐎𝐔𝐓
𝐙𝐍

𝟏 +
𝐙𝐎𝐔𝐓
𝐙𝐃

Goal → 
1+

ZOUT
ZN

1+
ZOUT
ZD

≈ 1 = 0dB

→ 𝐙𝐎𝐔𝐓 ≪ 𝐙𝐍 and 𝐙𝐎𝐔𝐓 < 𝐙𝐃

rule of thumb: 𝐙𝐎𝐔𝐓 < 1/10th  of 𝐙𝐍

where:
H (s): 
transfer function with filter

HZOUT=0 (s): 
transfer function without filter

ZOUT:
Output impedance of the LC filter 

ZN: 
Input impedance of the converter with constant output voltage 
(static input impedance )

ZD: 
Input impedance of the converter with a constant duty cycle
(open loop input impedance)
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DC

DC

ZIn

EMI 

Input

Filter

ZOut RLDC
Risk

Of

instability

Why is Inputfilter damping maybe necessary?
Output impedance of input filter must be lower than DCDC input impedance over a certain frequency range

2/21/2024
AUTHOR / DATE

6.8µH

47µF 47µF
 DCDC input

impdance
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Influence of Lf + Cin

 L_filter & Cin (not C_filter!!)form a resonance 
overshoot at f0

 Resonance overshoots are caused by parasitic 
component effects

 ESR and RDC of C and L reduce these peaks

 Magnitude depends on Q

 Filter output impedance is highest at f0

 If the output impedance of the LC filter exceeds the 
input impedance of the converter, the system 
becomes unstable

The filter inductor forms with Cin a impedance overshoot at the corner frequency of this LC filter

2/21/2024
AUTHOR / DATE

frequency

g
a

in

frequency

im
p

e
d

a
n

c
e

f0

f0

ideal filter

real 

non damped

filter

ideal filter

non

damped

filterfilter

with

ESR&RDC

Q → ∞
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Damping of the Impedance Peak at LC Corner frequency
Calculate the required damping capacitor and resistor (or ESR)

2/21/2024
AUTHOR / DATE

6.8µH

47µF
220µF

47µF
220m

𝑅𝑑𝑎𝑚𝑝 =
𝐿𝑓𝑖𝑙𝑡𝑒𝑟

𝐶𝑖𝑛
=

6,8µ𝐻

47µ𝐹
= 0.38Ω

𝑛 = 4 𝑔𝑜𝑜𝑑 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 −→ 𝐶𝑑𝑎𝑚𝑝 = 4 ∙ 𝐶𝑖𝑛 = 4 ∙ 47µ𝐹 = 188µ𝐹 −→ 𝟐𝟐𝟎µ𝑭 𝑐ℎ𝑜𝑠𝑒𝑛
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Choose Cdamp with Redexpert
Choose a cap between 150mΩ to 300mΩ ESR @ 8,9kHz corner frequency for propper damping

2/21/2024
AUTHOR / DATE
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Input Filter Stability Simulation
With damping cap and 6,8µH filter choke

2/21/2024
AUTHOR / DATE

Static Input 
Impedance

Open Loop Input 
Impedance
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Input Filter Stability Simulation
With damping capacitor and 6,8µH filter choke

2/21/2024
AUTHOR / DATE

ZN: Static Input 
Impedance

ZD: Open Loop 
Input Impedance

Input Filter 
Impedance
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Input Filter Stability Simulation
No Damping capacitor and bigger filter inductance value of 22uH

21.02.2024
AUTHOR / DATE
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Input Filter Stability Simulation
No damping capacitor and bigger filter inductance value of 22uH/225mΩ(Rdc)

21.02.2024

Static Input 
Impedance

Open Loop Input 
Impedance

Input Filter 
Impedance

AUTHOR / DATE



45

Input Filter Stability Simulation
No damping capacitor and bigger filter inductance value of 22uH/25mΩ(Rdc)

21.02.2024

Static Input 
Impedance

Open Loop Input 
Impedance

Input Filter 
Impedance

AUTHOR / DATE
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Input Filter Stability Simulation
No damping capacitor and bigger filter inductance value of 47uH/25mΩ(Rdc)

2/21/2024
AUTHOR / DATE

Static Input 
Impedance

Open Loop Input 
Impedance

Input Filter 
Impedance
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How to test DCDC Stability ?

Stable Vout during load step Unstable Vout during load step

Take a look at Vout and perform a max. load step during min. Vin

2/21/2024
AUTHOR / DATE
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Time Domain Measurements

Bad Design Vin Ripple/Noise:  758mVpp Good Design Vin Ripple/Noise:  34mVpp

PCB Test Points  

2/21/2024
AUTHOR / DATE

Test 
Point 12

Test 
Point 11
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Time Domain Measurements

Bad Design Vout Ripple/Noise:  1374mVpp Good Design Vout Ripple/Noise:  8mVpp

PCB Test Points  

2/21/2024
AUTHOR / DATE

Test 
Point 14

Test 
Point 5
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Time Domain Measurements

Bad Design Good Design no Ferrite Good Design with Ferrite 

Switch Node Voltage

2/21/2024
AUTHOR / DATE

Test 
Point 13

Test 
Point 3

Test Point 
N/A
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Time Domain Measurements

Bad Design Vgs MOSFET Good Design Vgs MOSFET

FET Gate Source Voltage

2/21/2024
AUTHOR / DATE
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Time Domain Measurements

Bad Design Feedback Noise:  1078mVpp Good Design Feedback Noise:  137mVpp

Feedback PIN4 RF Voltage

2/21/2024
AUTHOR / DATE
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Time Domain Measurements

Bad Design I Vcc Pin Noise:  1496mVpp Good Design IC Vcc Pin Noise:  138mVpp

Vcc PIN9 RF Voltage

2/21/2024
AUTHOR / DATE
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EMC Test Lab
CISPR25 Conducted Emission

5µH LISN

50Ω
Termination

2/21/2024
AUTHOR / DATE
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EMC Test Lab

Bad Design; CISPR25 Class 5 and CISPR32 Class B Limit Lines

CISPR25 Conducted Emission

2/21/2024
AUTHOR / DATE
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EMC Measurement

Rohde & Schwarz EMI Debug Software + RTA4004

FAE Equipment Bad Design

2/21/2024
AUTHOR / DATE
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EMC Test Lab

Good Design all Filter; CISPR25 Class 5 and CISPR32 Class B Limit Lines

CISPR25 Conducted Emission

2/21/2024
AUTHOR / DATE



58

EMC Measurement

Rohde & Schwarz EMI Debug Software + RTA4004

FAE Equipment Good Design

2/21/2024
AUTHOR / DATE
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EMC Test Lab
CISPR32 Radiated Emission

2/21/2024
AUTHOR / DATE
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EMC Test Lab

Bad Design

CISPR32 Radiated Emission

2/21/2024
AUTHOR / DATE
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EMC Measurement Conducted 1GHz
FAE Equipment Bad Design CM

2/21/2024
AUTHOR / DATE
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Near Field 30MHz (H-Field Probe - Small Loop – Power Inductor)
Bad vs. Good

2/21/2024
AUTHOR / DATE
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Near Field 30MHz (H-Field Probe - Small Loop – Power Inductor)
Bad vs. Good

2/21/2024
AUTHOR / DATE
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Near Field 1GHz (H-Field Probe - Big Loop)
Bad vs. Good

2/21/2024
AUTHOR / DATE
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Near Field 1GHz (H-Field Probe - Big Loop)
Bad vs. Good

2/21/2024
AUTHOR / DATE
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Near Field 1GHz (H-Field Probe - Small Loop - Schottky Diode)
Bad vs. Good

2/21/2024
AUTHOR / DATE
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Near Field 1GHz (H-Field Probe - Small Loop - Schottky Diode)
Bad vs. Good

2/21/2024
AUTHOR / DATE



68

EMC Test Lab

Good Design: No Filters and no Chip Bead Ferrite after Schottky Diode

CISPR32 Radiated Emission

Schottky Reverse Recovery ca. 
250MHz = 3-5ns

21.02.2024
AUTHOR / DATE
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Schottky Diode Reverse Recovery Current

The softer the recovery, the lower the RF EMI noise but the higher the losses „Qrr“ in the diode

Recovery time „tb“ is critical due to possible oscillations

2/21/2024
AUTHOR / DATE
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Redexpert
Chip Bead Selection @ 0,5A Iout and 250MHz  Reactance XL under 10MHz as low as possible!

Z = 164Ω / R = 93 Ω @   250MHz

2/21/2024
AUTHOR / DATE

𝐿 =
𝑋𝐿

2 ∙ 𝜋 ∙ 𝑓
=

7Ω

2𝜋10𝑀𝐻𝑧
= 11𝑛𝐻
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EMC Test Lab

Good Design: No Filters but with Chip Bead Ferrite after Schottky Diode

CISPR32 Radiated Emission

21.02.2024

Alternative: Schottky with less Reverse Recovery and/or RC Snubber!

AUTHOR / DATE
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Redexpert
SL5 CMC Selection

Z = Over 1kΩ from 1MHz to 150MHz 

2/21/2024
AUTHOR / DATE
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EMC Test Lab

Good Design: With all Filters and Chip Bead Ferrite after Schottky Diode

CISPR32 Radiated Emission

2/21/2024
AUTHOR / DATE
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EMC Measurement 1GHz
FAE Equipment Good Design CM

2/21/2024
AUTHOR / DATE
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Regulation Loop RTA4004 Measurement
Measurement Setup

2/21/2024
AUTHOR / DATE
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Regulation Loop Bode Plot Simulation 
0dB crossing at around 6kHz(Simulation TI Webbench)

21.02.2024
AUTHOR / DATE
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Regulation Loop - RTA4004 Measurement
Measurement Setup

2/21/2024
AUTHOR / DATE
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Loop Bad Design - RTA4004 Measurement
Measurement Setup

2/21/2024
AUTHOR / DATE
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Loop Bad Design - LTSpice - Average model

2/21/2024
AUTHOR / DATE
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Loop Bad Design - RTA4004 Measurement vs. LTSpice Simulation

2/21/2024
AUTHOR / DATE
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in the measurement
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high ripple
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Plant Bad Design - RTA4004 Measurement
Measurement Setup

2/21/2024
AUTHOR / DATE
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Plant Bad Design - RTA4004 Measurement vs. LTSpice Simulation

2/21/2024
AUTHOR / DATE
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to a higher cross over 
frequency



83

Compensator Bad Design - RTA4004 Measurement
Measurement Setup

2/21/2024
AUTHOR / DATE
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Compensator Bad Design - RTA4004 Measurement vs. LTSpice Simulation

2/21/2024
AUTHOR / DATE
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Load Step Bad Design - LTSpice - Average model

2/21/2024
AUTHOR / DATE
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Load step Bad Design - RTA4004 Measurement vs. LTSpice Simulation

2/21/2024
AUTHOR / DATE
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the measurement due to the higher 
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Loop Good Design RTA4004 Measurement
Measurement Setup
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Loop Good Design - LTSpice - Average model
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Loop Good Design - RTA4004 Measurement vs. LTSpice Simulation
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Fx ≈ 4kHz

Phase margin ≈ 51°

Gain margin ≈ 20dB
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Plant Good Design - RTA4004 Measurement
Measurement Setup
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Plant Good Design - RTA4004 Measurement vs. LTSpice Simulation
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 The output filter 
affects the plant 
in measurement 
and simulation

𝑓r,Out,𝑓𝑖𝑙𝑡𝑒𝑟 =
1

2𝜋∙ 𝐿4∙𝐶11
=

1

2𝜋∙ 10µ𝐻∙47µ𝐹
≈ 7,3𝑘𝐻𝑧

𝑓ESR =
1

2𝜋∙𝐸𝑆𝑅Fx∙𝐶out
=

1

2𝜋∙22𝑚Ω∙220µ𝐹
≈ 32,9𝑘𝐻𝑧

 Added phase loss in 
the real plant

 ESR Zero not visible 
in the real plant
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Compensator Good Design - RTA4004 Measurement
Measurement Setup
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Compensator Good Design - RTA4004 Measurement vs. LTSpice Simulation
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transconductance amplifier 
less affected  than in the 
bad design 
 smaller control 

deviation
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Load step Good Design - RTA4004 Measurement vs. LTSpice Simulation
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Load step Bad Design - RTA4004 Measurement vs. LTSpice Simulation
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 a little bump due to the 
lower phase margin than in 
the bad design

 smaller control deviation 
than in the bad design
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