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EMC TERMS AND DEFINITIONS
Conducted Emissions and Immunity
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Presenter Notes
Presentation Notes
Emission
Conducted emissions. Conducted emissions are measured at cables that are
connected to the equipment under test (EUT). For commercial and industrial
electrical/electronic equipment, it is distinguished between different emission
aspects:
RF conducted emissions. Goal: prevent connected cables from radiating and
avoid the interference of connected equipment. The frequency range of the
RF emission measurements for commercial and industrial products goes from
150 kHz to 30MHz (CISPR 32 [2], FCC 47 CFR Part 15 [3]). However, the
frequency range depends on the industry and may be as wide as from 30Hz to
40 GHz for defense and military products (MIL-STD-461G [13]).

• EMP. Goal: protection against electromagnetic pulses (EMP). An EMP is an
instantaneous, intense energy field, which can be caused by a nuclear explosion
or other pulse-generating devices. If this explosion happens at a high altitude, it
is called a HEMP. EMPs are a topic for defense and military applications and not
for commercial and industrial products.


Radiated magnetic field immunity. Goal: functional immunity to magnetic
disturbances at mains power frequencies 50 Hz and 60 Hz (IEC 61000-4-8 [10])
or at wireless charging/inductive power transfer frequencies 9 kHz and 26MHz
(IEC 61000-4-39 [7]).
 ESD. Goal: immunity to static electricity discharges, from operators directly and
from personnel to adjacent objects. Test voltages vary from 1 kV to 15 kV (IEC
61000-4-2 [5]).
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NOISE CATEGORIES 
DM and CM noise path
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CONDUCTED EMISSION
Basic Set-up
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NOISE CATEGORIES 
DM and CM noise path
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MEASURING THE NOISE
DMN and CMN Splitter
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𝑈𝑈DM =
𝑈𝑈L,RF − 𝑈𝑈N,RF

2

𝑈𝑈CM =
𝑈𝑈L,RF + 𝑈𝑈N,RF

2
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MEASURING THE NOISE
Current Clamp
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EMI DEBUGGING

 The target is to diagnose early on the circuit to avoid future issues (similar to a 
medical check-up for preventive health care)

 Uncontrolled environment
 Relative measurement, not absolute (Normative)
 Try to use tools already existing in the lab (not dedicated equipment)

 Objective of EMI Debugging

IDENTIFY & LOCALIZE sources and frequencies

FLYBACK DEMO
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Rohde & Schwarz. (n.d.). EMI Debugging – Electronics Testing Solutions. Retrieved April 28, 2025, from https://www.rohde-
schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html

https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
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EMI PRE-COMPLIANCE TESTING

  The target is to test as close to full compliance as 
possible

 => avoid loss of time & money due to 
failing during the full compliance test

 but at a cost factor that is below the full 
compliance level

 no specific set of rules for pre-compliance

  The idea is that 
  Every test done before full compliance testing 

reduces the risk
  The closer to full compliance, the better (pre-

certification)

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025



11

EMI COMPLIANCE TESTING

  The target is certification of DUT / EUT

  Well-defined scenarios, standards define requirements, 
i.e., on
 Test Environment (i.e. Chamber)
 Test Equipment (i.e. EMI Receiver)
 Test Setup (i.e. Receiver/Antenna/Position of DUT & 

cables)
 Test Conditions (i.e. QPK Detector, min. measurement 

time)
 Absolute measurements (normative)

FLYBACK DEMO
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Rohde & Schwarz. (n.d.). EMI Debugging – Electronics Testing Solutions. Retrieved April 28, 2025, from https://www.rohde-
schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html

https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
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EMI TESTING CYCLE
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Rohde & Schwarz. (n.d.). EMI Debugging – Electronics Testing Solutions. Retrieved April 28, 2025, from https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-
debugging/depuracion-de-emi_253442.html

https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
https://www.rohde-schwarz.com/lat/soluciones/electronics-testing/emc-testing/emi-debugging/depuracion-de-emi_253442.html
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COUPLING MECHANISMS 
AND COMPONENTS HF 
RESPONSE
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COUPLING PATHS
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Keller, R. B. (2022). Design for Electromagnetic Compatibility--In a Nutshell. Springer Nature.

Presenter Notes
Presentation Notes
One of the most important concepts to understand in EMC is the concept of
coupling paths. To start off, let’s see what parts are involved when electromagnetic
interference (EMI) happens and why focusing on coupling paths is so important:
1. Source. In the real world, there are sources of unwanted electric or electromagnetic
noise. For EMC immunity tests, the noise sources are well defined with the
goal that these sources should be as close as possible to the real world (e.g., ESD
generators, burst generators, surge generators, and antennas).
2. Coupling path. The noise needs a path from the source to the victim. This path
is called the coupling path or coupling channel.
3. Victim. The victim is the receiver or receptor of the noise, which could cause
interference.

Reduce the noise level of the noise source.
• Emission testing. When testing for radiated emissions of a product (meaning:
the EUT is the source of noise), the noise level can be reduced by adding filters
and shields to the EUT, controlling the signal transients (rise-/fall-time), or
performing a complete redesign (e.g., change from single-ended to differential
signaling).
• Immunity testing. The applicable EMC product standard specifies the noise
level of the noise source for EMC immunity tests. Therefore, there is no option
to reduce the noise level for EMC immunity tests

Make changes to the coupling path. The coupling path is where an EMC
engineer usually has to focus on if a product fails an EMC test. With well considered
changes to the coupling path, emissions can be reduced and immunity
increased (e.g., improving ground connections, adding filters and shields to
cables and PCBs)

1. Conductive coupling (common impedance coupling)
2. Capacitive coupling (electric field coupling)
3. Inductive coupling (magnetic field coupling)
Inductive coupling can occur if there is a mutual inductance M [H] between two
or more circuits. The field of concern for the inductive coupling is the magnetic. Thus, inductive coupling is a near-field coupling (near-field; see Sect. 8.3),
which means that the noise source and the victim, which receives the noise, are
closely located to each other
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CMC
CM & DM Insertion Loss
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Keller, R. B. (2022). Design for Electromagnetic Compatibility--In a Nutshell. Springer Nature.

Presenter Notes
Presentation Notes
Lets talked about the tools we have to reduce conducted emissions, the widely know Common mode choke, as it names says attenuates the common mode noise using the same principle of the current clamp, allowing common mode noise to couple into the core and burning this energy as heat. However CMC not only helps reduce the CMN it also helps reduce DMN due to its stray inductance that can be consider as inductor in series that can introduce an insertion loss for DM currents.
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REDEXPERT: Stray inductance 

FLYBACK DEMO

CMC

EXTERNAL | WE-R&S  | 2025

 Stray inductance of the CMC:

Frequency
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

Im
pe

da
nc

e

10 Ω

100 Ω

1 kΩ

10 kΩ

Differential Mode Impedance

𝐿𝐿s,cmc = 𝐿𝐿dm =
𝑍𝑍dm

2𝜋𝜋 � 𝑓𝑓 =
633Ω

2𝜋𝜋 � 10𝑀𝑀𝑀𝑀𝑀𝑀 ≈ 10µ𝐻𝐻

744822222
WE-CMB S
2,2mH 2A

Presenter Notes
Presentation Notes
The leakage inductance can be calculated using REDEXPERT via the DM Impedance. For some CMC series (WE-FCLP, WE-LPCC) the leakage inductance is also specified directly in the datasheet.
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CHOOSING A CMC
Bifilar vs sectional

FLYBACK DEMO
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CABLE FERRITES
Common mode noise

 1 turn vs multiple turns
 Adding 2x more turns does not always mean 

increasing the impedance by 2x since you are 
essentially adding more turns on an inductor. 

 This increases the inductance, which actually 
shifts the self-resonant frequency lower in 
frequency while also increasing the impedance. 

 This is why for most applications the maximum 
           recommended number of turns is 2-3.

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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Y CAPACITORS
Common mode noise

 Y capacitors filter common mode noise 
 Need to meet special safety criteria since they are connected to 

protective earth (PE). 
 Y1 Double or Reinforced Insulation 
 0-500V rated voltage 
 8 kV peak impulse voltage 

 Y2 
 Basic or supplementary insulation 
 150-500V rated voltage 
 5 kV peak impulse voltage 

 Y4 
 Basic or supplementary insulation 
 0-150V 
 2.5 kV peak impulse voltage 

 Y class capacitors can only be substituted by Y class capacitors of the 
same or higher voltage rating! 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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INDUCTOR
Impedance Response

FLYBACK DEMO
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Presenter Notes
Presentation Notes
Besides the CMC we have other tools that can help us reduce the noise, we have inductors that their impedance increase over the frequency. This will helps us blocking the noise



21

CAPACITOR
Impedance Response

FLYBACK DEMO
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Presenter Notes
Presentation Notes
And the we have capacitor which impedance decreses over the frequency this will help us bypass the noise
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X CAPACITORS

 X capacitors are meant to filter 
differential noise. 

 Need to meet special safety 
criteria since they are connected 
to between line and neutral. 

 X1 - Peak Impulse 4 kV 
 X2 – Peak Impulse 2.5 kV 
 X class capacitors can be 

substituted by Y class capacitors 
of the same or higher voltage 
rating. 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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SUMMARY OF THE HIGH-FREQUENCY RESPONSE
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Keller, R. B. (2022). Design for Electromagnetic Compatibility--In a Nutshell. Springer Nature.
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FILTERS
Filter Summary

FLYBACK DEMO
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Common Mode Filters

Common Mode Chokes

Y-Capacitors Cable Ferrites

Differential Filters

X-CapacitorsPCB Ferrites

Inductors

Presenter Notes
Presentation Notes
Differential-Mode Filters
Differential-mode noise filters are filters between a power or signal line and its return
current line (see Fig. 15.12). Typical differential-mode noise filter components are:
• X-Capacitors. See Fig. 15.14 and Sect. 11.3 on page 157.
• Inductors. See Sect. 11.4 on page 164.
• PCB mount ferrite beads. See Sect. 11.5.2 on page 171.

Common-Mode Filters
Common-mode noise filters have the purpose to attenuate common-mode noise. An
example of a common-mode filter is given in Fig. 15.13. Typical common-mode
noise filter components are:
• Y-capacitors. See Fig. 15.14 and Sect. 11.3 on page 157.
• Common-mode chokes. See Sect. 11.6 on page 173.
• Cable mount ferrite beads. See Sect. 11.5.1 on page 169.
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DESIGN FOR EMC

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

(DAU). 1993. Committed life cycle costs against time. Fort Belvoir, VA. Defense 
Acquisition University

Presenter Notes
Presentation Notes
EMC concept. You need to define an EMC concept at the very beginning of the
development project (before the first hardware is designed). This EMC concept
should especially define the following points:
– Grounding. Define a grounding concept for the product (system grounding),
the subsystems of the product (intrasystem grounding), and PCBAs (boardlevel
grounding).
– Shielding. Define if and how to shield sensitive circuits and cables (intrasystem
and external cables). Define the bonding of the shields.
– Filtering. Define if and how cables and wires (intrasystem and external
cables) have to be filtered. Especially consider ESD, EFT, and surge for cables
that leave your product. RF-filtering should be considered for every cable.



FLYBACK DEMO

Vidal Gonzalez
Product Definition Engineer
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TECHNICAL SPECIFICATION

 DC/DC Flyback-Converter CCM (Forced Continuous Conduction Mode)
 Uin = 24V (19-30V)
 Uout = 5V
 Iout,max = 5A (25W)
 fsw ≈ 300kHz
 Efficiency ≈ 90%

 IC: ADP1071-2 (Analog Devices)
 with synchronous rectifier

 Transformer: 749119550

 MOSFETs in TO220-package

Link to documentation / Link to 3D-model 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes

The flyback demonstration board is designed to demonstrate various measures to comply with conducted emission limits. Only for safety reasons it is designed as a isolated low voltage DC/DC converter. An industry standard input voltage range (19-30V) and output voltage was chosen. 
Conducted noise is usually evaluated for an AC connection (110/230VAC) only. Nevertheless, the effects that can be achieved apply equally to an isolated AC/DC flyback converter.
The y-capacitors and the CMC could also be used in an AC/DC converter. But the safety requirements and the dielectric strength of these components are not necessary for this DC/DC converter.

The primary-side MOSFET T2 is screwed onto the PE plane (reference ground). This simulates a typical thermal connection for heat transfer to the metal housing (Which is quite problematic from an EMC point of view). In fact, a thermal connection to the PCB is not required for power loss reasons.

The IC ADP1071-2 used provides an integrated galvanic isolation (iCoupler), which enables a very compact design. Thanks to the integrated synchronous rectifier functionality, a high level of efficiency is achieved despite the high output current of 5A.
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BOARD OVERVIEW
Jumper location

FLYBACK DEMO
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J11/J10 

J7 
J6

J3 

J9 

J5 
J1 J12 

J8 

Switch S1 
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TEST#1: SCHEMATIC
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Switch node voltage

Input capacitor current

Input capacitor voltage

Presenter Notes
Presentation Notes
Notice: 
The CMC and the X capacitor (C12) ensure defined source impedance in this experiment. This prevents the source impedance from affecting the input capacitor voltage ripple measurement. Alternatively, the DUT could be operated on a LISN.
In both cases it should be ensured that the power supply is galvanically isolated from the oscilloscope.


The galvanic isolation of the converter is removed via J11. The output voltage ripple could also be measured simultaneously with a 4-channel oscilloscope
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SWT NODE

FLYBACK DEMO
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Max Voltage 125.1V
DeltaV 48.21 V
Frequency 9.933 Mhz

Presenter Notes
Presentation Notes
The oscillation at the switch node when the MOSFET is switched off is effectively damped by the activated RCD snubber. This oscillation is caused by a parasitic resonant circuit that results from the leakage inductance of the transformer and the output capacitance of the switching MOSFET.
In this case there is an oscillation frequency of approx. 10MHz. If you look very closely, you can see that the frequency is not constant over the period.
The positive half-cycle is narrower than the negative. This has to do with the voltage dependency of the MOSFET’s output capacitance.
The voltage plateau (approx. 50V) results from the input voltage (19/24V) and the flyback voltage (Uout x n = 5V * 5,33)  from the secondary side.
The first very high voltage peak (>120V) is caused by the sudden demagnetization of the stray inductance when switching off.
When the RCD snubber is disabled (J8 open), the TVS diode D2 protects the MOSFET from over-voltage
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SWT NODE SNUBBER

FLYBACK DEMO
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Presenter Notes
Presentation Notes
The voltage overshoot happens because the transformer's leakage inductance releases its stored energy suddenly when the switch opens, causing a high-voltage spike across the switch.
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CAPACITOR CURRENT 

FLYBACK DEMO
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Max Current 2.18A
Delta I 796.3mA
Frequency 10 Mhz
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TEST#1: WAVEFORMS - INPUT CAPACITOR CURRENT
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Presenter Notes
Presentation Notes
The input capacitor current curve is measured indirectly with a current transformer (TR2). Due a turns ratio of 1:100 and a burden resistance of 100 ohms, 1V represents 1A.
The input capacitor carries almost all of the AC current generated by the switching operations.
This trapezoidal current curve results in a flyback converter working in CCM (continuous conduction mode).

Both the switch node voltage and the input capacitor current are the main causes for the conducted emissions
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TEST#1: BACKGROUND 
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 The stray inductance of the transformer and the output capacitance COSS of the MOSFET (Infineon - 
IPP320N20) create a resonance circuit:

COSS ≈ 200pF?
COSS depending on VDS
 Spread spectrum

𝐿𝐿S,Tr ≈ 0,4µ𝐻𝐻

Presenter Notes
Presentation Notes
Here it is shown how to determine the parasitic parameters that lead to the switch node oscillation. 

The leakage inductance of the transformer can be determined with an LCR meter by short-circuiting all secondary windings.

The datasheet of the MOSFET shows, how the output capacitance (COSS) depends on the drain-source voltage. The voltage range covered by the oscillation has been drawn.
Therefore, the capacitance effective for the oscillation cannot be determined exactly.
In other words, the voltage dependence leads to a spread spectrum of the noise caused.
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Theory

FLYBACK DEMO

TEST#1: BACKGROUND 
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 The stray inductance of the transformer and the output capacitance of the MOSFET create a resonance 
circuit (Thomson's equation of oscillation):

𝐿𝐿parasitic ≈ 𝐿𝐿S,Tr = 0,4µ𝐻𝐻

𝐶𝐶parasitic ≈ 𝐶𝐶OSS

→ 𝑓𝑓ring ≈
1

2𝜋𝜋 � 𝐿𝐿S,Tr � 𝐶𝐶OSS

→ 𝐶𝐶OSS ≈
1

2𝜋𝜋𝑓𝑓ring
2 � 𝐿𝐿S,Tr

=
1

2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 2 � 0,4µ𝐻𝐻 ≈ 633𝑝𝑝𝑝𝑝

 The output capacitance of the MOSFET in this case is highly voltage dependent (not constant):

Presenter Notes
Presentation Notes
However, the average capacitance can be determined backwards from the oscillation equation (Thomson's equation) with knowledge of the resonance oscillation and the leakage inductance.
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TEST#2: BOARD CONFIGURATION
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Input capacitor current
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TEST#2: FFT OF INPUT CAPACITOR CURRENT
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𝐼𝐼𝐶𝐶,𝑖𝑖𝑖𝑖(300𝑘𝑘𝑘𝑘𝑘𝑘) ≈ 1.1𝐴𝐴

𝐼𝐼𝐶𝐶,𝑖𝑖𝑖𝑖(900𝑘𝑘𝑘𝑘𝑘𝑘) ≈ 0,190𝐴𝐴

𝒌𝒌 = 𝟏𝟏

𝒌𝒌 = 𝟑𝟑

Presenter Notes
Presentation Notes
The trapezoidal input capacitor current curve can be displayed as spectrum in the frequency domain using the oscilloscope’s FFT function. The first harmonic clearly dominates with 0,94A, followed by the 3rd harmonic with 0,26A.
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REDEXPERT: Impedance

FLYBACK DEMO

TEST#2: BACKGROUND - EMI

EXTERNAL | WE-R&S  | 2025

Noise is generated by the voltage drop across the impedance of the input capacitor 
caused by the capacitor current
 Impedance of the input capacitor:

Frequency
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz

Im
pe

da
nc

e

1 mΩ

10 mΩ

100 mΩ

1 Ω

10 Ω

100 Ω

1 kΩ

Impedance / Frequency

�𝑈𝑈𝐶𝐶,𝑖𝑖𝑖𝑖(300𝑘𝑘𝑘𝑘𝑘𝑘) = 𝑍𝑍𝐶𝐶,𝑖𝑖𝑖𝑖(300𝑘𝑘𝑘𝑘𝑘𝑘) � 𝐼𝐼𝐶𝐶,𝑖𝑖𝑖𝑖(300𝑘𝑘𝑘𝑘𝑘𝑘)
= 9,42𝑚𝑚Ω � 0,94𝐴𝐴 ≈ 8,85𝑚𝑚𝑚𝑚

𝒌𝒌 = 𝟏𝟏:

8,85𝑚𝑚𝑚𝑚 ≙ 20 � log
8,85𝑚𝑚𝑚𝑚
1µ𝑉𝑉 ≈ 79𝑑𝑑𝑑𝑑𝑑𝑑𝑑

�𝑈𝑈𝐶𝐶,𝑖𝑖𝑖𝑖(900𝑘𝑘𝑘𝑘𝑘𝑘) = 𝑍𝑍𝐶𝐶,𝑖𝑖𝑖𝑖(900𝑘𝑘𝑘𝑘𝑘𝑘) � 𝐼𝐼𝐶𝐶,𝑖𝑖𝑖𝑖(900𝑘𝑘𝑘𝑘𝑘𝑘)
= 33,8𝑚𝑚Ω � 0,26𝐴𝐴 ≈ 8,79𝑚𝑚𝑚𝑚

𝒌𝒌 = 𝟑𝟑:

8,79𝑚𝑚𝑚𝑚 ≙ 20 � log
8,79𝑚𝑚𝑚𝑚
1µ𝑉𝑉 ≈ 79𝑑𝑑𝑑𝑑𝑑𝑑𝑑

870135675003
WCAP-PTHT
100µF 35V

Presenter Notes
Presentation Notes
The resulting noise voltage level can be calculated according to Ohm's law from the RMS current spectrum and the impedance curve of the input capacitor supplied by REDEXPERT.
In order to get a feeling for the limits, the conversion is made in dBµV
You can see that the input capacitor has a very low impedance at the dominant 1st harmonic. So it has been carefully chosen during the design process. 





41

TEST#2-3: BACKGROUND - EMI
Theory: Conducted emissions measurement - Symmetrical LISN

FLYBACK DEMO
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50Ω

50Ω

NRF

iC,in(t)

Cin=C5

LISN Flyback Converter

Noise Current Noise Voltage

+

+

-
-

MaT/eiSos

UL,RF

UN,RF

in

uC,in,AC(t)

UC, ,AC

𝑈𝑈L,RF = 𝑈𝑈N,RF =
𝑈𝑈C,in,AC

2

20 � log
1
2 ≈ −6𝑑𝑑𝑑𝑑

𝒌𝒌 = 𝟏𝟏:
�𝑈𝑈𝐿𝐿,𝑅𝑅𝑅𝑅(300𝑘𝑘𝑘𝑘𝑘𝑘) = �𝑈𝑈𝐶𝐶,𝑖𝑖𝑖𝑖(300𝑘𝑘𝑘𝑘𝑘𝑘) − 6𝑑𝑑𝑑𝑑

= 79𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 6𝑑𝑑𝑑𝑑 = 𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕

𝒌𝒌 = 𝟑𝟑:
�𝑈𝑈𝐿𝐿,𝑅𝑅𝑅𝑅(900𝑘𝑘𝑘𝑘𝑘𝑘) = �𝑈𝑈𝐶𝐶,𝑖𝑖𝑖𝑖(900𝑘𝑘𝑘𝑘𝑘𝑘) − 6𝑑𝑑𝑑𝑑

= 79𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 6𝑑𝑑𝑑𝑑 = 𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕

Presenter Notes
Presentation Notes
The limits ​​defined in the standard apply to measuring the noise with a defined LISN (Line Impedance Stabilization Network). 
The LISN ensures a defined source impedance and that the DUT can be supplied with power without measuring noise from that power supply itself.
In addition the LISN divert (AC-coupling) noise from the DUT to the EMI receiver (spectrum analyzer, oscilloscope)

Since the limit is defined for one channel (LRF and NRF) and the LISN is symmetrical, the noise level at the input capacitor is divided by 2 through the LISN.
On the voltage-normalized decibel scale, this corresponds to a subtraction of 6dB.
This means when measuring conducted emissions, a noise level of 73dBµV can be expected for the first and third harmonic.
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TEST#3: BOARD CONFIGURATION

EXTERNAL | WE-R&S  | 2025



43 FLYBACK DEMO

TEST#3: CMN CONDUCTED EMISSIONS – LINE
NO FILTERS

EXTERNAL | WE-R&S  | 2025

87dBµV
80.6dBµV

Presenter Notes
Presentation Notes
The limit value is exceeded by 50dB at approx. 10MHz. 


But why are the noise levels so much higher than expected? (Answer on the next slides)
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DMN CONDUCTED EMISSIONS – LINE
No filters

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025



45 FLYBACK DEMO

TEST#4: SCHEMATIC

EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes

The RCD snubber is activated via J8.




46 FLYBACK DEMO

TEST#5: SCHEMATIC

EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
The y-capacitors C1 and C29 between the primary and secondary side are activated by Jumper J1 and J10.



47 FLYBACK DEMO

TEST#5: BOARD CONFIGURATION

EXTERNAL | WE-R&S  | 2025
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CMN CONDUCTED EMISSIONS
Snubber

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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DMN CONDUCTED EMISSIONS
Snubber

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025



50 FLYBACK DEMO

TEST#5: BOARD CONFIGURATION

EXTERNAL | WE-R&S  | 2025
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CMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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DMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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TEST#5: BACKGROUND - LINE INDUCTANCE

𝐿𝐿PE ≈ 0,8µ𝐻𝐻 Measurement: 1) Line inductance PE - 0,8m

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes


To the background:
The line inductance can be measured with an LCR meter. For the PE cable, this results in 0,8µH.

Line inductance measured with LCR-meter LCR45@200kHz.
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TEST#5: BACKGROUND - LINE INDUCTANCE

𝐿𝐿cm,L+N ≈ 0.25𝐻𝐻

Measurement: 1) CM line inductance L+N (+/-) - 0,25m

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
Line (+) and neutral (-) work as a twisted pair  together. The parallel connection (CM inductance) also results in an inductance of approx. 0,8µH

Line inductance measured with LCR-meter LCR45@200kHz.




55 FLYBACK DEMO

TEST#5: BACKGROUND - GROUND CAPACITANCE CE

EXTERNAL | WE-R&S  | 2025

C1

C29

C14

Presenter Notes
Presentation Notes
You can see which capacitors (C1, C29 and C14) act to the reference ground in the schematic.
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Theory: Effective ground capacitance in common mode

FLYBACK DEMO

TEST#5: BACKGROUND - GROUND CAPACITANCE CE

EXTERNAL | WE-R&S  | 2025

C1

C29 C14

CIN COUT

PE
GND2GND

VIN VOUT

CE

C1

C29 C14

PE
GND2GND

CIN,COUT >> C1,C29,C14
and

AC coupling by capacitor
≙

1
𝐶𝐶E

≈
1

𝐶𝐶1 + 𝐶𝐶29
+

1
𝐶𝐶14

Presenter Notes
Presentation Notes
Because Cin and Cout are much larger than the y-capacitors, they act as a short circuit for common mode HF noise. This results in a parallel circuit of C1 and C29. An this parallel connection is in series with C14.
 
CE = total reference ground capacitance for common mode noise
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Theory

FLYBACK DEMO

TEST#5: BACKGROUND - CM-FILTERING

EXTERNAL | WE-R&S  | 2025

 1) The line inductance and the reference ground capacitance act as common mode filter
 Reference ground capacitance CE:

1
𝐶𝐶E

≈
1

𝐶𝐶1 + 𝐶𝐶29
+

1
𝐶𝐶14

→ 𝐶𝐶E ≈
𝐶𝐶1 + 𝐶𝐶29 � 𝐶𝐶14
𝐶𝐶1 + 𝐶𝐶29 + 𝐶𝐶14

=
4,7𝑛𝑛𝑛𝑛 + 4,7𝑛𝑛𝑛𝑛 � 1𝑛𝑛𝑛𝑛

4,7𝑛𝑛𝑛𝑛 + 4,7𝑛𝑛𝑛𝑛 + 1𝑛𝑛𝑛𝑛 ≈ 0,904𝑛𝑛𝑛𝑛

 Line inductance Lline:
Rule of thumb: 

1
µ𝐻𝐻
𝑚𝑚 � 0,8𝑚𝑚 → 0,8µ𝐻𝐻

→ 𝐿𝐿line = 𝐿𝐿PE + 𝐿𝐿cm,L+N = 0,25µ𝐻𝐻 + 0,5µ𝐻𝐻 = 0.75µ𝐻𝐻

Presenter Notes
Presentation Notes

In summary, this results in a reference ground capacitance of approx. 1nF and a line inductance of 1,6µH.
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TEST#5: BACKGROUND - CM-FILTERING

 The line inductance and the reference ground 
capacitance act as a common mode filter for free

 corner frequency of the common mode filter 
(Thomson's equation of oscillation): 

𝑓𝑓0,cm =
1

2𝜋𝜋 � 𝐿𝐿line � 𝐶𝐶E
=

1
2𝜋𝜋 � 0.75µ𝐻𝐻 � 0,904𝑛𝑛𝑛𝑛

≈ 4,2𝑀𝑀𝑀𝑀𝑀𝑀

Gain Plot 2nd Order LC Filter Theory

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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(𝑑𝑑𝑑𝑑)

Presenter Notes
Presentation Notes
So there is already a CM filter. The resonance frequency can be calculated using Thomson's equation of oscillation
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TEST#5: BOARD CONFIGURATION

EXTERNAL | WE-R&S  | 2025
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DMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR + Ycaps

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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TEST#5: BACKGROUND - SWITCH NODE CAPACITANCE

EXTERNAL | WE-R&S  | 2025

CPS

CDE

Presenter Notes
Presentation Notes
But that still doesn't explain why there is already an improvement of about 10dB below the corner frequency. You have to look at the parasitic capacitances in detail.
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TEST#5: BACKGROUND - SWITCH NODE CAPACITANCE

𝐶𝐶PS ≈ 50𝑝𝑝𝑝𝑝 𝐶𝐶DE ≈ 20𝑝𝑝𝑝𝑝

Measurement: 2) Parasitic capacitance

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
These two parasitic capacitances can also be measured with an LCR meter. The interwinding capacitance CPS is about 50pF. And the parasitic capacitance between the cooling tap of the MOSFET and the PE frame is around 20pF.

Capacitance measured with LCR-meter LCR45@200kHz.
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Theory

FLYBACK DEMO

TEST#5: BACKGROUND - LOWER NOISE LEVEL FROM SWITCHING FREQUENCY

EXTERNAL | WE-R&S  | 2025

 2) The effective switch node capacitance is reduced
 Capacitance between Drain of MOSFET T2 und reference ground:

𝐶𝐶DE ≈ 20𝑝𝑝𝑝𝑝

 Capacitance between primary und secondary winding of the transformer
𝐶𝐶PS ≈ 50𝑝𝑝𝑝𝑝

 CM noise caused by the interwinding capacitance of the transformer is fed back directly 
through C1 and C29 (primary to secondary y-capacitors)

Presenter Notes
Presentation Notes
CM noise caused by the interwinding capacitance of the transformer is fed back directly through C1 and C29.
This nearly eliminates the interwinding capacitance as a CM noise source. 



64

Theory

FLYBACK DEMO

TEST#5: BACKGROUND - LOWER NOISE LEVEL FROM SWITCHING FREQUENCY

EXTERNAL | WE-R&S  | 2025

 2) The effective parasitic capacitance between switch node and reference ground is reduced
 The CM noise is reduced as the effective parasitic capacitance is reduced

𝐴𝐴cm = 20 � log
𝐶𝐶DE + 𝐶𝐶PS

𝐶𝐶DE
= 20 � log

20𝑝𝑝𝑝𝑝 + 50𝑝𝑝𝑝𝑝
20𝑝𝑝𝑝𝑝 ≈ 10,9𝑑𝑑𝑑𝑑

Presenter Notes
Presentation Notes
The ratio of the effective parasitic capacitance gives information about the reduction of the CM noise. Expressed in dB it is about 11dB.  And this measure works over the entire frequency range as seen before in insertion loss plot. The slight deviation from the measurement is due to the fact that some CM noise (approx. 1/10th) is still flowing through C14. 
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TEST#6: SCHEMATIC

EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes

A CMC (2,2mH/2A) is added and the y-capacitors C2 and C15 are activated via jumpers J3 and J9 for Test 6. 
It is a single stage CM filter.
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TEST#6: BOARD CONFIGURATION

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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CMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR + Ycaps + MnZn CMC

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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DMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR + Ycaps + MnZn CMC

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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CALCULATING Y CAPACITOR VALUE

 𝑓𝑓𝐶𝐶𝐶𝐶 = 1
2𝜋𝜋 𝐿𝐿𝐶𝐶𝐶𝐶�𝐶𝐶𝑦𝑦

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

 𝐶𝐶𝑦𝑦 = 1
(2𝜋𝜋�𝑓𝑓𝐶𝐶𝐶𝐶)2�𝐿𝐿𝐶𝐶𝐶𝐶

= 1
(2𝜋𝜋�25𝑘𝑘𝑘𝑘𝑘𝑘)2�10𝑚𝑚𝑚𝑚

 𝐶𝐶𝑦𝑦 = 4.1𝑛𝑛𝑛𝑛 Since there are two Ycaps 
Divide by 2. so each capacitor should be around 2.05 nF
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LEAKAGE CURRENT

 Current flowing from Line to Protective Earth due 
to capacitance since it is AC voltage. 

 Leakage current according to IEC 60939-3 
“Passive Filter Units” 

 𝐼𝐼𝐿𝐿𝐾𝐾 = 2𝜋𝜋 × 𝐹𝐹𝑟𝑟 × 𝑈𝑈𝑟𝑟 × 𝐶𝐶𝑦𝑦
  𝐼𝐼𝐿𝐿𝐾𝐾 is the leakage current 
 𝐹𝐹𝑟𝑟 is the rated frequency 
 𝑈𝑈𝑟𝑟 is the rated voltage 
 𝐶𝐶𝑦𝑦 is the nominal capacitance 

 Leakage current according to IEC 60601-1-11 
“Medical Electrical Equipment” 

 Normal condition 100 μA 
 Single fault condition 500 μA 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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HOW TO CHOOSE A CMC? 

 Choose practical values for what you can buy off the shelf 
 Custom parts aren’t typically needed unless you have unique design criteria or 

unique safety requirements. 
 Choose a cutoff frequency less than 1 decade below your noise frequency. 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

𝐿𝐿 = 𝑍𝑍
2𝜋𝜋�𝑓𝑓 = 1000Ω

2𝜋𝜋 �300𝑘𝑘𝑘𝑘𝑘𝑘
= ≈ 530𝜇𝜇𝐻𝐻𝑓𝑓 =

1
2𝜋𝜋 𝐿𝐿 � 𝐶𝐶
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TEST#6: QUIZ

 Does the CMC have an influence on the differential mode noise? 
(without the x-capacitor)

 A: No, a CMC works in common mode, as the name suggests

 B: Yes, there is a differential mode filter effect 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
Now again a question to the audience. 
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TEST#6: QUIZ

 Does the CMC have an influence on the differential mode noise? 
(without the x-capacitor)

 A: No, a CMC works in common mode, as the name suggests

 B: Yes, there is a differential mode filter effect 

Answer

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
Hence the amazing answer is:
“Yes, there is a differential mode filter effect“
But where does the filter effect come from?
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TEST#6: BACKGROUND - DM-FILTERING

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

CMC
D6

Presenter Notes
Presentation Notes
The stray inductance of the CMC and the junction capacitance of D6 (input protection TVSP) act as a differential mode filter (LC-filter) for free
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REDEXPERT: Stray inductance 

FLYBACK DEMO

TEST#6: BACKGROUND - DM-FILTERING

EXTERNAL | WE-R&S  | 2025

The stray inductance of the CMC and the junction capacitance of D6 (input protection 
TVS) act as differential mode filter (LC-filter) for free
 Stray inductance of the CMC:

Frequency
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

Im
pe

da
nc

e

10 Ω

100 Ω

1 kΩ

10 kΩ

Differential Mode Impedance

𝐿𝐿s,cmc = 𝐿𝐿dm =
𝑍𝑍dm

2𝜋𝜋 � 𝑓𝑓 =
633Ω

2𝜋𝜋 � 10𝑀𝑀𝑀𝑀𝑀𝑀 ≈ 10µ𝐻𝐻

744822222
WE-CMB S
2,2mH 2A

Presenter Notes
Presentation Notes
The leakage inductance can be calculated using REDEXPERT via the DM Impedance. For some CMC series (WE-FCLP, WE-LPCC) the leakage inductance is also specified directly in the datasheet.
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Measurement: Stray inductance 

FLYBACK DEMO

TEST#6: BACKGROUND - DM-FILTERING

EXTERNAL | WE-R&S  | 2025

The stray inductance of the CMC and the junction capacitance of D6 (TVSP) act as 
differential mode filter (LC-filter) for free
 Stray inductance of the CMC (744822222 - 2.2mH/2A CMB Type S):

𝐿𝐿s,cmc ≈ 10µ𝐻𝐻

Presenter Notes
Presentation Notes
Second method:
The leakage inductance can be measured relatively easily with an LCR meter.  
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Datasheet: Junction capacitance 

FLYBACK DEMO

TEST#6: BACKGROUND - DM-FILTERING

EXTERNAL | WE-R&S  | 2025

The stray inductance of the CMC and the junction capacitance of D6 (TVSP) act as 
differential mode filter (LC-filter) for free
 Junction capacitance of TVSP D6 (824551301 - TVSP 30V/3kW DO-214AB):

𝐶𝐶J,D6 ≈ 400𝑝𝑝𝑝𝑝 𝑓𝑓0,dm =
1

2𝜋𝜋 � 𝐿𝐿s,cmc � 𝐶𝐶J,D6
=

1
2𝜋𝜋 � 10µ𝐻𝐻 � 400𝑝𝑝𝑝𝑝

≈ 2,5𝑀𝑀𝑀𝑀𝑀𝑀

Presenter Notes
Presentation Notes
The junction capacitance can be read from the data sheet of the TVSP diode. However, as we have already seen, the resulting DM filter effect is not enough for the low frequencies. An x-capacitor is mandatory.






78

REDEXPERT: Common mode impedance

FLYBACK DEMO

TEST#7: BACKGROUND - CM-FILTER

EXTERNAL | WE-R&S  | 2025

The attenuation of the CM filter is limited by the natural resonance of the CMC

Frequency
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

Im
pe

da
nc

e

10 Ω

100 Ω

1 kΩ

10 kΩ

Common Mode Impedance

𝐴𝐴cm,max = log
𝑓𝑓res,cmc
𝑓𝑓0,cm

� 40𝑑𝑑𝑑𝑑

𝐴𝐴cm,max = log
900𝑘𝑘𝑘𝑘𝑘𝑘
33,4𝑘𝑘𝑘𝑘𝑘𝑘 � 40𝑑𝑑𝑑𝑑 ≈ 57𝑑𝑑𝑑𝑑

744822222
WE-CMB S
2,2mH 2A

Presenter Notes
Presentation Notes
However, the CM filter has a second corner frequency (double zero) that limits the maximum filter effect. This corresponds to the natural resonance frequency of the CMC, which can be determined in the REDEXPERT.
Even for high frequencies, an attenuation of 57 dB cannot be exceeded by this CMC (neglecting the line inductance) and the y-capacitors. Thus, the natural resonance frequency of the CMC is also an important selection criterion.
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CMC COMPARISON
MnZn vs NiZn vs Nanocrystline

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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TEST# 7 E) H) K) - CMC COMPARISON: BACKGROUND - COMMON MODE - 100KHZ - 1MHZ

 CMC Core material:
 MnZn/MnZn
 NiZn
 Nanocrystalline

REDEXPERT: Common Mode Impedance

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025

Frequency
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

Im
pe

da
nc

e

1 Ω

10 Ω

100 Ω

1 k Ω

10 kΩ

Common Mode Impedance

744822222
WE-CMB S

2.20 mH 2.00 A

744822301
WE-CMB S

1.00 mH 3.00 A

7448023005
WE-CMBNC S
5 mH 3.00 A

744842311
WE-CMB NiZn S
110 µH 3.00 A



81 FLYBACK DEMO

TEST#7: SCHEMATIC

EXTERNAL | WE-R&S  | 2025

Presenter Notes
Presentation Notes
For test 7, the x-capacitor C12 is activated via jumper J5.
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TEST#7: BOARD CONFIGURATION

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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CMN CONDUCTED EMISSIONS
Snubber + Ycaps XFMR + Ycaps + MnZn CMC + X cap

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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REDEXPERT: Capacitance / DC-Bias

FLYBACK DEMO

TEST#7: BACKGROUND - DM-FILTER

EXTERNAL | WE-R&S  | 2025

The DM filter results from the stray inductance of the CMC and the x-capacitor
 stray inductance of the CMC ≈10µH 
 x-capacitors C12/Cx: 4,7µF/50V-1210-MLCC

5µF

0 V 10 V 20 V 30 V 40 V 50 V 60 V
DC-bias Voltage

0 µF

1µF

2µF 

3µF 

4µF

Ca
pa

ci
ta

nc
e

Capacitance / DC-Bias Voltage

𝐶𝐶x ≈ 3,68µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
885012209048

X7R 1210
4,7µF 50V

Presenter Notes
Presentation Notes
In this case an MLCC is used as x-capacitor. The DC bias effect should be taken into account when calculating the filter. 
Again, REDEXPERT is a great help.
With a 24V input voltage, a remaining capacity of 3.68µF can be determined. 
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Theorie

FLYBACK DEMO

TEST#7: BACKGROUND - DM-FILTER

EXTERNAL | WE-R&S  | 2025

The DM filter results from the stray inductance of the CMC and the x-capacitor:
  stray inductance of the CMC ≈10µH 
 x-capacitors C12/Cx: 4,7µF/50V-1210-MLCC

𝑓𝑓0,dm =
1

2𝜋𝜋 � 𝐿𝐿S,cm � 𝐶𝐶x
=

1
2𝜋𝜋 � 10µ𝐻𝐻 � 3,68µ𝐹𝐹

≈ 26,2𝑘𝑘𝑘𝑘𝑘𝑘

𝐴𝐴dm,f,sw = log
𝑓𝑓sw
𝑓𝑓0,dm

� 40𝑑𝑑𝑑𝑑 = log
300𝑘𝑘𝑘𝑘𝑘𝑘
26,2𝑘𝑘𝑘𝑘𝑘𝑘 � 40𝑑𝑑𝑑𝑑 ≈ 42,3𝑑𝑑𝑑𝑑

Presenter Notes
Presentation Notes
With this value, the DM filter corner frequency can be determined with 26,2KHz. Thus the distance to the switching frequency of 300KHZ is a little more than a decade. Which also arithmetically leads to an expected damping of approx. 42dB
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X CAPACITORS

 X capacitors are meant to filter 
differential noise. 

 Need to meet special safety 
criteria since they are connected 
to between line and neutral. 

 X1 - Peak Impulse 4 kV 
 X2 – Peak Impulse 2.5 kV 
 X class capacitors can be 

substituted by Y class capacitors 
of the same or higher voltage 
rating. 

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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READING MATERIAL
Design for Electromagnetic Compatibility--In a Nutshell

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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THANK YOU!

FLYBACK DEMO
EXTERNAL | WE-R&S  | 2025
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