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1. INTRODUCTION

Common made chokes (CMCs) are widely used to filter out
interference components in electronic circuits. These
components specifically target noise signals that appear on
line pairs with the same amplitude and phase relative to the
reference ground. Accurately modeling the behavior of CMCs
is crucial for understanding the component in detail.
Furthermore, the transfer of the model and its functional
simulation into practice must be understood in order to
achieve their effective integration into complex systems and
for enabling targeted optimization of their filtering
performance.

This paper presents a simulation of a common mode choke
and compares the results with real-world measurements.

Additionally, it explores unconventional applications of CMCs,

expanding the potential use cases for these components.
Notably, the parasitic properties of CMCs are also leveraged
as functional elements within certain circuit designs,
demonstrating their versatility beyond traditional

WE

2. LTSPICE SIMULATION OF CMCs

CMCs are passive components that generate a high
impedance in a certain frequency range to reduce the
propagation of unwanted signals (typically electromagnetic
noise). The structure of the CMC is the same as that of a
wound coil: There is a core of ferromagnetic material, and
several wires wound on this core. Figure 1 shows the basic
structure of a CMC.

The CMCs in detail differ not only in the number of turns and
the design, but also in the type of core chosen for specific
applications. The core material has a poor quality factor above
a few tens of MHz, i.e. it is chosen so that it causes as many
losses as possible above a certain frequency range; Iron
powder cores are active at low frequencies (fc < 3 MHz,
typically below 500 kHz), Manganese-Zinc cores work at
higher frequencies (between 200 kHz and 30 MHz), and
Nickel-Zinc cores are suitable for even higher frequencies

(fc > 10 MHz up to several hundred MHz).

Bifilar and sectional winding styles impact the performance
and behavior of the choke, particularly in electromagnetic
compatibility (EMC) and filtering applications.
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Figure 1. Basic structure of a CMC. Left hand side: Bifilar winding style, right hand side: Sectional winding style.
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In bifilar winding style, two wires (or more) are wound
together closely in parallel on the core (left in Figure 1). Bifilar
winding provides excellent magnetic coupling between the
windings, which enhances the inductance for common-mode
currents. Since the wires are wound together, the design is
compact and easy to manufacture. The chokes are effective
at blocking high-frequency common-made noise due to the
high coupling and resulting inductance. The close coupling
cancels the inductance for differential-mode currents, making
it less effective at suppressing differential-mode noise. The
proximity of the wires increases interwinding capacitance,
which can degrade performance at very high frequencies.

In sectional winding style (inductor on the right in Figure 1),

the windings are separated into different sections on the core.

The wires are wound in physically distinct layers or areas,
with spacing between them. The separation of windings
lowers interwinding capacitance, improving high-frequency
performance. Due to less coupling, the choke provides some
differential-mode inductance, aiding in suppressing
differential-mode noise. The separation can improve heat
dissipation. The inductance for common-mode currents is
lower compared to bifilar winding. Sectional winding often
results in a larger choke, as the windings are spaced out.

CMCs are combined with capacitors to form complex filter
circuits to achieve the highest possible insertion loss and thus

filter effect. How these circuits work, where the weaknesses
and strengths lie and how impedance ratios of the system
have to be taken into account can best be explained with a
simulation, which was carried out below with LTspice.

2.1 Simulation of the CMC WE-CMDC as part of a
filter

In the following analysis using LTspice, the common mode
attenuation and the differential mode attenuation are
considered separately. The simulation circuit diagram without
choke is shown in Figure 2. The common mode interference
signal source (CM) generates a signal with an amplitude of 1V
at a frequency of 5 MHz and is coupled into the circuit via two
200 pF capacitors. The useful signal, the differential mode
signal (DM), has an AC voltage amplitude of 1V at a frequency
of 500 kHz and an additional DC voltage amplitude of 10V,
for better visualization in the diagram. Both signals can be
viewed at the load Rs.

To illustrate how the CM choke acts as part of a filter, the
component is considered under different functional states in
the time and frequency domain.

The measurements in Figure 3 clearly show that when a
single choke (Ls) with capacitor (Cio) is implemented in one of
the two paths, there is no attenuation of the signals with
respect to ground, which is the CM signal.

No filter
No filter

| -options plotwinsize = 0 Generator * Load
i .optios numdgt = 8
H c1/ TPO1
. .param Load_stray cap=100p
i ] y
i .param Series_choke 1000u 200p
: DM
i .tran 0 1.2m 1m 10n 7+

T smE(10 1 500k)

TPO3 R3

: | e [ |-
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; +M 1 kS

] v
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— TP02, like TPO1
— TPO03, 5 MHz noise signal

Figure 2: Circuit diagram without CM choke. TPo; to TPos show the respective voltages.
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Figure 3: Visualization of the amplitudes of the measuring points in the time and frequency domain (Ls = 1000 uH, Co/C17 = 100 pF).
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Both the time and frequency domains are shown; in the time
domain, the offset of the signals in the choke path due to the
DC voltage can be seen. The time domain shows the 500 kHz
and 5 MHz spectral lines at the various measurement points.
The levels at the measuring points do not differ in amplitude.

Figure 4 shows that only the differential signal is strongly
attenuated in its AC voltage amplitude (TPos, blue).

As the CM interference signal is on both paths, i.e. V+ and V-,
both paths must also be provided with filter components to
attenuate the interference in relation to ground. For this
reason, an unbalanced filter (e.g. LC low-pass filter) cannot be
used here. Two chokes were used in the setup in Figure 5.

------------------------------------------------------------------------------------------------------------------

There is a clear attenuation of the interference signal by
approx. 30 dB, but the useful signal is also strongly
attenuated, as the diagram clearly shows in the time domain.
Therefore, the concept of current compensation must be
introduced in order not to attenuate the DM signal.

In @a common-mode choke, the windings act in such a way
that the magnetic fields of the currents in differential mode
cancel each other out, while they add up in common mode.
The current in differential mode flows through the windings in
opposite directions, whereby the magnetic fields generated
ideally compensate each other completely. As a result, the
inductance for differential currents approaches zero, which
does not attenuate the normal signal flow. With common
mode currents, the currents flow in the same direction
through both windings, whereby the magnetic fields are
added together, and a high inductance is created.

With Differential Mode Filter

+
>
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Figure 4. Visualization of the amplitudes of the measuring points behind the filter in the time domain, (Lz = 1000 pH, Co/Ci7 = 100 pF).
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Figure 5: Filter with two chokes (L, L2), Both DM and CM signals are attenuated. TPos/TPos show the differential-mode attenuation (signal at
500 kHz), TPo1/TPoz and TPo3/TPos show the common mode attenuation (“noise” at 5 MHz).
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This high inductance provides a high impedance for
high-frequency common mode interference and effectively
attenuates it.

The decisive factor for high common mode attenuation is a
high inductive coupling of the two coils, the so-called mutual
inductance. This is the phenomenon whereby a change in
current in one circuit induces a voltage in a neighboring circuit
due to the magnetic field generated by the current, asina
transformer. The degree of coupling between the two circuits
is quantified by the mutual inductance M, which depends on
factors such as the number of turns in the coils, their relative
orientation/position, the distance between them and the
magnetic properties of the medium. The mutual coupling
factor K quantifies the coupling between the two windings of
the choke. Itis defined as:

M
Li-L

K =

where:
M is the mutual inductance between the windings.
L1 and L are the self-inductances of the windings.

K ranges from O (no coupling) to 1 (perfect coupling); if the
coupling factor K is 1, the mutual coupling of the two
inductors is 100%. Typical coupling factors for common mode
chokes are between 0.80 and 0.95. The effect of the mutual
inductance was used in Figure 6. It clearly shows that the
useful signal at 500 kHz is no longer attenuated, but the CM
interference signal at 5 MHz is reduced by approx. 40 dB

However, the attenuation in the current system is strongly
dependent on the load impedance. To achieve sufficient
attenuation even for high-impedance CM loads, such as
peripheral cables (— monopole antenna with high impedance
in the event of mismatch), the output of the filter must be low
impedance in terms of RF technology. For this reason,
additional capacitors, so called Y-capacitors, are implemented
at the output of the CM choke. This results in a
frequency-dependent voltage divider, as shown in Figure 7.
As now the filter is a frequency-dependent voltage divider,
the divider principle makes the filter independent of the load
impedance.
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The set up in Figure 7 shows that the DM signal is hardly
attenuated at all, whereas the CM signal is reduced by over
70 dB due to the addition of the Y-capacitors. As can be seen,
the implementation of the Y-capacitors has only a minor
effect on the attenuation of the wanted signal, as the value of
the capacitor (here 100 nF) only loads the wanted signal with
half its capacitance. Of course, it must be mentioned here
that, firstly, the useful and interference signals are far apart in
terms of frequency and that no differential-mode inductance
is implemented here, which is explained next.

As mentioned before, the mutual coupling factor K quantifies
the coupling between the two windings of the choke. On the
other hand, the mutual coupling factor K of a CM choke not
only indicates the strength of coupling between windings, but
also reflects the level of stray inductance. A special "trick” can
be used for additional differential mode attenuation. When
the mutual coupling factor is reduced, a leakage inductance
(stray inductance) is created which can be used as part of the
DM inductance and thus as a DM filter; again, with an
additional capacitor (X-capacitor) connected in parallel to the
load. In many cases, the Y-capacitors, which add up to half
their value as an X-capacitor, are already sufficient. A high K
means strong coupling and minimal stray inductance, which
reduces the choke's impedance to DM currents, lowering its
DM attenuation. A lower K corresponds to higher stray
inductance, increasing DM impedance and improving DM
noise suppression. However, a high K'is critical for maximizing
CM attenuation, as it increases the choke's impedance to CM
currents. The design must balance K to manage the trade-off
between CM and DM attenuation or use additional
components to address DM noise such as SMD ferrite beads,
to increase the attenuation in high frequency range, but to
minimize the influence of attenuation on useful signals in the
lower frequency range. However, the statement is fully
applicable to sectional winding, where K can be adjusted to
balance CM and DM attenuation. For bifilar winding, K is
inherently high, so the trade-off does not apply in the same
way. Instead, additional measures like ferrite beads are
needed for DM attenuation.
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Figure 6: Filter with two inductors in mutual inductive coupling. The signals of TPy and TPo2 overlap in time domain, the signal of TPz is behind

the signal of TPos in the graph.
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Figure 7: Common mode choke filter with additional Y-capacitors (Czz Cz3). The signals of TPos and TPos overlap in time domain, the signal of TPos

Is behind the signal of TPos in the graph.
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Figure 8 shows the influence of the coupling factor K on the over the frequency is used. In practice, however, the course of

attenuation of the DM attenuation, for better visualization the  the complex permeability over the frequency and thus the

CM source level was set to O. non-linearity of the inductance over the frequency must be

Figure 8 shows that even a small reduction in the K-factor
can have a major effect on the attenuation of the differential
signal. In the present simulation, an inductor without the
non-linear behavior of the ferrite material on the impedance

taken into account. Furthermore, the parasitic parameters,
such as the parasitic capacitances of the windings, must be
considered. The first step in acquiring these parameters is to
determine the equivalent circuit diagram of the CM choke.

With Common Mode Filter and ‘CM-Capacitors’ 5 MHz Noise

Generator K3 Load
{ .step param X list 0.8 0.9 0.95 0.98 0.99 0.995 0.998 1
-param Series_choke 1000u (.‘].lﬂ /\%‘%\ i
: I : . 3 €22
! tran 0 1.2m 1m 200p \ {Series_choke} :
: DM4 ' llﬂ :
. ) TPO1 :
SINE(10 1 500k :
R15 |C1 :
SINE(D 1 5000k) K2 L6 L7 {X} 0 T :
R14 : 470p
1 = :
c19 ' L7 d c23
I el 113 I
200p | {Series_choke} in

10.2V 4

9.9V +

9.6V

9.3V +

8.7V

8.4V

8.1V

7.8V -

X =800 m (Step: 1/8)
X =900 m (Step: 2/8)
X =950 m (Step: 3/8)
X =980 m (Step: 4/8)
X =990 m (Step: 5/8)
X =995 m (Step: 6/8)
X =998 m (Step: 7/8)
X=1 (Step: 8/8)

7.5V T T
0.0 ps 0.8 ps 1.6 ps

Figure 8: Influence of the K-factor to the DM attenuation.

ANP146a | 2025/08/05
WURTH ELEKTRONIK eiSos

2.4 ps

9|26
www.we-online.com



APPLICATION NOTE

ANP146 | Theoretical Insights and Practical Applications of the WE-CMDC Series
Common Mode Chokes

2.2 Measurement and calculation of the parameters When developing the equivalent circuit diagram of a CMC, the
for the equivalent circuit diagram of the CMC. parameters of the equivalent circuit diagram are mainly

. o ) ) determined by measurements, which are carried out in three
The equivalent circuit diagram of the choke is required not tons. Fi 5 chows th Jalent circuit di d
only for the simulation of the CMC but also for understanding SLEPS. FIBUTE = SNOWS the equivalent circult clagram use

the component if the filter insertion loss is to be considered here.

taking into account the real properties. Data can be taken The selected common-mode choke is the WE-CMDC, Order
from the data sheet, but some parameters must also be Code: 744238132, the data sheet shows the following
measured and calculated. The following is a summary. parameters that can be used to further determine the missing

values (Figure 10).

I:IDC1 CPAR1 RDC3

L, Rioss:
L,
R
Roc, L0552 Rocs
o— ¢ ——0O
Conrz
||

Figure 9: The equivalent circuit diagram of the CM choke used here. The equivalent loss resistance (R.oss.x), in has been converted here from a
parallel circuit to a series circurt.
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Electrical characteristics, WE-CMDC, 10.4 pH, 744238132

Impedance L. L, Roctr Rocz Ioc
Test Freq.
Order Code (Q) (pH) (mQ) (A)
- (MHz)
min. typ. ref. max. max.
744238132 910 1300 100 10.40 25.0 2.50
Common Mode Impedance in 50 Q System
7.0 pH — 4OpH — 226 H
Common Mode 5.4 pH 7.9 pH — 17.0pH — 19.0 pH
Measuring circuit: ]
10,000
m— -
e — -
— -//._-— §\
<) 1,000 o T ‘sﬁ -
g P B | = e
< P s e T
g = = B—
5 /r |—L = "] -
L=
— | T
00 . -
e
=
10
1
! 10 Frequency (MHz) 1 1000
Impedance Maximum
Differential Mode Impedance in 50 Q System
terential Mod 7.0 pH === 4OpH === 226H
Differential Mode
Measuring circuit: 5.4 pH 7.9 pH == 17.0H == 190pH
100,000
L -
10,000 BA PN -
2 v i — =
. P ,'; s \‘\\lt\\ i
=} , HPIvs Nl
] L~ Py ." -~ o A N
5 1,000 - | AN i B S
o A -y
a —— = o g e e e ==
E == a:E =Tt - <}
L4 P & =i N
P D A e [ RNk
_—" L o | T //’ -4" “‘
100 e _Egz——_— =
= = =] _|;1—'_o
rd P = >
fest 180 MHz o =T
- ‘/__‘I_ -
- —
-~ —
-
Linear range
of impedance L
! 10 Frequency (MHz) 10 1000
Figure 10: Electrical parameters from data sheet, CM choke WE-CMDC, 744238132,
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The choke has an inductance per winding of 10.40 pH, the
inductance was measured at a frequency of 100 MHz. At this
frequency, a scalar impedance in the range of 910 — 1300 Q is
specified. The DC resistance, i.e. the copper resistance of a
winding, is a maximum of 25 mQ.

The blue curve in the upper diagram in Figure 10 shows the
CM impedance, which corresponds to the impedance of a
winding (L1 or L2) with the ferrite core, as the windings are
connected in parallel in the same winding direction. The
maximum of the curve (dark blue) is at approx. 100 MHz, the
resonance is not very pronounced. A direct linear increase in
impedance from 1 MHz is not recognizable, i.e. the ferrite
material has a lossy permeable part over the entire frequency
range, which leads to the flat curved shape of the curve. The
lower diagram in Figure 10 shows the DM impedance. Up to
approx. 50 MHz the impedance increase is linear. The diagram
also shows a resonant frequency at approx. 180 MHz. The
resonant frequency is pronounced, it is caused by the parasitic
coupling capacitances of the windings.

In the next step, the impedance of the primary coil is
measured, and the ferrite loss resistance and the parasitic
winding capacitance are determined. The basic measurement
setup and the corresponding equivalent circuit diagram are
shown in Figure 11.

Impedance
Analyzer

100 Hz - 50 MHz

Figure 11: Schematic measurement setup for determining the
parameters for the equivalent circuit diagram of the CM choke.

The inductance Lo, including the leakage inductance Ls, the
resistance Ro, which corresponds to the ferrite loss, and the
leakage capacitance Co of the winding are measured. Ro and
Co are the total values of the primary and secondary coils. Lo is
the sum of the magnetic fluxes generated by the primary and
secondary coils. The inductance appears to double, but the
primary and secondary coils are connected in parallel, so the
result remains Lo.

The result of the impedance measurement is shown in
Figure 12. To determine the inductance, an area of the
impedance curve is selected, that is as linear as possible.

Frequency Trace 1 Trace 2
1MHz | 983350 76.197°
10MHz | 556.2180 40.689°
Delta C2-C1 9MHz | 457.8830Q | -35.507°
100 kO 100°
13 Ohm at 82 deg
I
| 80°
10kQ
I
I 60°
1k0 '
5 ! .
2 | 40 g
= ©
& 1000 ' g
] I 200 g
= I =
| §
& 100 i 0 3
a I E
E I 20 W
= 10 i o
] o
g I 400 F
= I
100 mQ |
I -60°
I
10m0 i .
-80
I
I
1ma L -100°
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz
Frequency
Figure 12: CM impedance of the coil in the frequency range between 100 Hz and 50 MHz, red: impedance, blue: phase.
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In this area, the phase shift of the impedance should be over
80°, as this indicates a dominant inductance and capacitive
and ohmic losses are negligible. This ensures that the
inductance is calculated based on a realistic model. If the
inductance were calculated in a range with significant loss
components (phase components below 80°), larger
deviations could occur, as the loss resistance falsifies the
measurement.

The diagram in Figure 12 shows that at 100 kHz the
impedance is approx. 12 Q at a phase angle of 82°. This
results in the following calculation:

Zat 100 kHz: 13 ,8=82°

With
Z= /R2+(2-n-f-L)2 (2)

and

XL )

tan@:E with X, =2 -m-f-L (3)

and

XL
= 4
2-m-f (“)
results in:

Resistance R: 1.67 Q —- Ro=3.34Q
Inductive Reactance Xi: 11.88 Q
Inductance Lo: 18.91 pH

To calculate the leakage inductance, the impedance of the
primary coil can be measured with the secondary coil
short-circuited. Due to the magnetic coupling, Ls is the sum of
the leakage inductances of the primary and secondary coils. If
the secondary coil is short-circuited, the magnetically coupled
Lo is short-circuited from the primary coil's point of view and
the residual leakage inductance Ls can be measured. The
schematic measurement setup is shown in Figure 13.

Lq is the total inductance, consisting of leakage inductance
and the inductance Lb, which acts on the common mode
interference.

This results in the following formula:

Lo =Lss + Lo (5)

Figure 14 shows the measurement protocol for calculating
the leakage inductance.

The following calculations are obtained with Z= 1.3 Q and
6 =76 at 100 kHz:

Resistance (R) is calculated using R = Z - cos()

Inductive Reactance (X1} is calculated using: XL = Z - sin(6)
Inductance (L) is related to XL by: L = X(/(2 - 1t - f)

T
= 1.326 radians (6)

76
9=76D—>9rad= W

R=27-cos(B) =1.3" cos(1.326)
(7)
R=13-0.241=0.31Q

X, =Z-sin(@) =13 sin(1.326)
(8)
X, =13-0968=1260Q

Lo=Le1+ L1

4 \

When K< 1

Coil 2

Impedance Ls
Analyzer

100 Hz - 50 MHz

Figure 13: Schematic measurement setup for determining the leakage inductance.
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Figure 14: Measurement protocol for calculating the leakage inductance. Red: Impedance, blue: Phase.
X 1.26 C 1 a1
2-n-f  2-3.1416- 100000 2 m-fH2 L
(9)
1.26
= ——— =201pH
628318 and

Results:

Resistance (R): 0.31Q

Inductive Reactance (X.): 1.26 Q

Inductance (Ls): 2.01 pH, which is the stray or leakage
inductance, measured at 100 kHz.

The parasitic capacitance is determined at the resonance
point of the choke, which is above the frequency of 50 MHz.
For this purpose, the insertion loss is measured as shown in
Figure 15 using an RF network analyzer.

Three different signal levels were measured in order to take
into account any shifts caused by the influence of the ferrite
material.

The curves in Figure 15 all show a resonance at 241.77 MHz.
The stray capacitance can now be calculated as follows.

With

. 1

0~ T[m (10)
and
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Co=2-Cs;Ls=2pH

There is:
Co = 1.26 pF (including all measurement stray effects as well).

The next, very important parameter of a CM choke is the
coupling coefficient K or the mutual inductance M. As
mentioned before, the coupling coefficient K of a CM choke is
a measure of how effectively the magnetic fields of its two
windings are coupled. Ideally, for a CM choke, K should be
close to 1, meaning the magnetic flux generated by one
winding is almost entirely linked with the other winding. This
high coupling ensures effective suppression of CM noise while
allowing differential signals to pass with minimal interference.
But in this case as there will be no stray inductance for
filtering DM signal harmonics or noise, an additional
inductance must be added. Thus, if the coupling coefficient K
is reduced the stray inductance might be useful to reduce the
DM noise which of course then must be in the frequency
range above the useful signal.
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0.0 Ref 0dBm Att 20 dB M1 241.77093 MHz  -56.30 dBm
Log ' M2 241.77093 MHz -48.37 dBm
10dB ' '
-10.0| —— >M3 241.77093 MHz -39.25 dBm
Free -20.0 B S
ol
B e 8
“| -20dBm h 3/ | S
~40.0 \\ \/ / FAR
10 dBm N\ 2/
-50.0 Wiy dF
A View 0 dBm = ‘_\‘_r'
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B View -70.0
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-80.0
C View
P-PK -90.0
-100.0 2
Start 1 MHz Center 500.5 MHz Stop 1 GHz
®RBW 100 kHz VBW 100 kHz Span 999 MHz SWT 1.239s
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Figure 15: Insertion loss of the DM impedance with three different signal/measurement levels.

The following relationship exists for the parameters K and M:
Coupling coefficient K = (Lo — Ls)/Lo

Mutual inductance M =K Lo

Lo = 1891 pH

Ls=2.01pH

This results in the following values:

Coupling coefficient K = 0.89

Mutual inductance M = 16.9 pH

The measurement of the copper resistance Roc at direct
current is still missing, which is surprisingly difficult, as this
measurement of a very small resistance value depends on the
ambient temperature and the test object contact (despite
Kelvin terminals). Ultimately, the value was measured under
controlled conditions; the setup and measurement results are
shown in Figure 16. As the primary and secondary coils have
the same number of turns, the measured value also applies to
the secondary coil. The value determined for the copper
resistance Roc of a winding including the connections is

23 mQ.
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Coil 1

mQ Meter

Figure 16: Schematic measurement setup for determining the copper

resistance of the windings.

Overall, this results in the following equivalent circuit diagram
for the CM inductance (Figure 17).
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Roc/2

Rpc/2

Roc/2

Roc/2

Figure 17: Eguivalent circuit diagram of the CM choke WE-CMDC, order code: 744238132.

The influence of the parameters Co and K on the filter

properties are shown below. The circuit diagram shown in

With Common Mode Filter Equivalent Circuit and * DM-Capacitor’

.options plotwinsize = 0
.optios numdgt =8

.param Series_choke 18.91u
.ac lin 10000 100k 300MEG

.step param X0.1p 1p 0.2p €= 0.1 ... 1 pF

Generator: Differential Source without CM-Noise Source

<

0dB
-10dB {
-20dB
-30dB
-40 dB
-50 dB
-60 dB
-70 dB
-80 dB
-0 dB
-100 dB
-110dB
-120dB
-130 dB

-140 dB

G

R14
100

DM4
AC1

i mp2

R,=3.340
Lo = 18.91 pH
Ls=2.01pH
Co=1.26 pF
Roc = 23 mQ)
K=0.89

M =16.9 [_IH

Figure 18 is used to show the influence of the parasitic

capacitance Co of the CMC.

Variable parasitic capacitances C,, C,

© Common Mode Choke

Rl

\;
10.15m

i Mp3

10.15m

L L]
— T

al's A
{Series_choke} 3.34

12 R6
AN Ay

1. d
Series_choke} 3.34

\igyr over the frequency, C, (C,, C,) variable

03p

Jon ™
3  DM-Filter
R/S\, | mps Capacitor
10.15m
Lo
: ~R1
KL1120.85 @
— | Vour <10
220p
R4
AP MP5
10.15m
=]
BE™
=~

0.1|:|I

20 MHz

40 MHz

60 MHz

80 MHz

100 MHz

120 MHz

140 MHz

160 MHz 180 MHz

Figure 18: Circuit diagram and output voltage (Vour) of the filter to show the influence of Co. As this is a simulation, no capacitive stray effects
aue to measurement set-up are included.
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The parasitic capacitance in the windings of this inductor
arises from the proximity of adjacent turns of the windings,
leading to unintended capacitive coupling. This coupling forms
a parallel resonance with the inductance of the windings,
creating a self-resonant frequency which is clearly visible in
Figure 18. Below the self-resonant frequency, the inductor
exhibits primarily inductive behavior, providing effective
common-mode noise attenuation. However, as the frequency
approaches the self-resonant frequency, the parasitic
capacitance causes the inductor's impedance to drop
significantly. At frequencies above the self-resonant
frequency, the inductor's impedance becomes capacitive,
reducing its effectiveness in attenuating CM noise. This shift
adversely affects the insertion loss, particularly at higher
frequencies, where the inductor no longer provides significant
attenuation. As can be seen in Figure 18, even small values of
parasitic capacitance such as 0.3 pF lead to strong resonance
effects at a frequency in the range of around 115 MHz. This
pronounced parallel resonance has a high Q factor. For this
reason, the presence of parasitic capacitances can introduce
unwanted resonances into the circuit, potentially amplifying
certain noise frequencies instead of suppressing them, and
easily coupling into neighboring circuits. To mitigate these
effects, careful design practices are used, such as selecting
the proper inductor, minimizing coupling at the PCB, damping
resonances with additional losses like resistors, and adding
differential mode SMD ferrites that are lossy in this frequency
range. These measures help minimize parasitic capacitance
and extend the effective operating frequency range of the
inductor.
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The circuit diagram shown in Figure 19 is used to show the
influence of the coupling factor K, resp. the Mutual inductance
M of the CMC over the DM voltage Vour. A high coupling
factor, close to 1, indicates strong magnetic coupling,
meaning that most of the flux generated by one winding links
with the other.

This enhances the inductance seen by CM currents, improving
the inductor's ability to attenuate CM noise. Consequently,
the resonant frequency for CM noise is lowered due to the
increased effective inductance.

The resonant frequency is primarily influenced by the leakage
inductance and the parasitic capacitance. Thus, as shown in
Figure 19, a higher coupling factor reduces leakage
inductance, which in turn raises the resonant frequency. With
a higher K, the inductor provides better CM noise attenuation
across a broader frequency range before reaching resonance.

Additionally, the insertion loss for CM noise improves because
the inductor remains effective at higher frequencies.
Conversely, if Kis low, the leakage inductance increases,
lowering the resonant frequency and potentially reducing the
effective frequency range for noise suppression. This may
also resultin a lower insertion loss at higher frequencies.

In practical applications, a CMC needs to be selected which
balances high coupling for effective noise suppression with a
proper selected leakage inductance to prevent unintended
impacts on DM signals.
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With Common Mode Filter Equivalent Circuit and * DM-Capacitor’
.options plotwinsize =0

.optios numdgt = 8

.param Series_choke 18.91u

.ac lin 10000 100k 200MEG
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Figure 19: Circuit diagram and output voltage (Vour) of the filter to show the influence of M (K).
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3. FILTER APPLICATIONS

The following section presents practical examples that
demonstrate the use of CM chokes. These applications are
straightforward and highlight the benefits of CM chokes when
their design and parameter selection are carefully optimized.

3.1 Common Mode Filter

Figure 20 shows the schematic of a simple CM filter. To show
the effects of selecting different values of the WE-CMDC
series the insertion loss was measured.

The filter is built on a breadboard with a GND layer; the GND
layer was omitted in the area of the CM choke in order to keep
the capacitive coupling small. The input signal is a differential
signal with an impedance of 50 Q to ground, i.e. 100 Q

differential impedance. The output was fed to the oscilloscope
via a differential probe with 1 MQ differential input
impedance. Figure 21 shows the DM attenuation.

The double logarithmic diagram in Figure 21 shows that the
differential attenuation is low for all selected values up to
approx. 5 MHz. Beyond this frequency rage, the attenuation
depends not only on the selected inductance value, but also
on the behavior of the imaginary part of the permeability p* of
the ferrite material. Of course, the filter with the higher
inductance also shows a higher attenuation, but the
non-linearity, especially the kink at approx. 35 MHz, is due to
the ferrite material. Above 35 MHz, the attenuation increases
significantly for all 4 filters, as the ferrite material comes
closer to its resonant frequency and thus its higher

cmC, C,, C;: 470 pF, NPO, Order Code: 885012007086
O A\ AN ¢ I o C5: 150 pF, NPO, Order Code: 885012077083
IN ——— C; T ouT
om I o CMC,, used values:
[ C 4,0 pH - Order Code: 744238301
7.0 pH - Order Code: 744238701
10.4 pH - Order Code: 744238132
22.6 pH - Order Code: 744238302
JEE I | | ) P s
| | = :
5 L W R O e 22

Figure 20: Schematic and setup of a CM filter, using different common mode chokes of the WE-CMDC series. “IN” is the side on which the

measurement signal (in practice the interference signal) was applied.

Differential Input Signal (red) Vour

100V -

40V

1.0V

0.1V

\
|

'ch1* 500mV - - ‘Ch2 - 500mV “1H 200ms ‘A Ch1 & 0.00

200ns

T

1.00V 1+v0.00000 5

Output Signal Vg, over Frequency, CMDC different values

—— 22.6 pH

0.01Vv
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Figure 21: DM attenuation of the filter, shown in Figure 20.
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impedance range where not only p', but also p" increases
significantly.

Mutual inductance (M) decreases with frequency as the
ferrite's real permeability (1') drops, increasing Lstray and DM
attenuation. The ferrite’s imaginary permeability (p")
increases at higher frequencies, introducing resistive losses
that further enhance DM attenuation. Although Lstray behaves
like an air-core inductor, its value is influenced by the
frequency-dependent coupling (M) with the core material. As
aresult, DM attenuation depends on the ferrite material
because its permeability variations affect both Lstray and
resistive losses across the frequency range.

The CM attenuation is shown in Figure 22. A higher
inductance leads to a higher impedance, the markers each
show the 3 dB cut-off frequency. All chokes show no
pronounced resonances, in the range around 80 MHz there is
a weak parallel resonance due to the design. In the range
between 200 MHz and 300 MHz the impedance turns the
chokes into the capacitive range, the impedance increases.
This range is also determined by the measurement assembly
and can vary depending on the layout and setup.

Nevertheless, in the 50 Q system of the network analyzer,
with all inductance values, the setup enables at least an
insertion loss of 40 dB at 100 MHz, with the 22.6 pH choke
over 50 dB.

Common Mode Attenuation

3.2 Coupled Filter for noise reduction in
DC-DC converters

Noise on the outputs of DC-DC converters can originate from
several sources, including high-frequency switching
transients, conducted and radiated electromagnetic
interference (EMI), and ripple voltage due to imperfect
filtering. The switching process in pulse-width modulation or
pulse-frequency modulation converters generates
high-frequency noise that can couple into sensitive circuits.
Insufficient filtering or improper PCB layout can exacerbate
these noise issues, leading to signal integrity problems. When
this noise propagates into circuits, it can cause malfunctioning
of analog and digital components, leading to instability,
erroneous data processing, or degraded performance. High
ripple voltage can interfere with precision analog circuits,
introducing offset and reducing accuracy in sensor readings or
ADC conversions. In RF systems, noise from DC-DC
converters can increase phase noise, reducing overall system
sensitivity. For high-speed digital systems, excessive noise
can result in timing errors and communication failures.

Ref 0dBm Att 20dB > M1 500 kHz -21.29 dBm
Log 0.0 M2 2672595 MFz 72435 dBm
10d8
-10.0 M4 128321 MHz -24.32 dBm
M5 | 594.009kHz -24.31dBm
0 dB Reference
Fe  -200) L -
5 (Marker M1 @ -21.29 dB)
LgPwr
Cont  -30.0
-40.0
-50.0
-60.0
B view 00
P-PK
-80.0
-90.0
P-PK .100.0 .
Start 500 kHz GCenter 500.25 MHz Stop 1 GHz
RBW 10kHz  VBW 10 kHz Span 999.5 MHz SWT 81.06s

Figure 22: CM attenuation of different chokes in the range from 500 kHz to 1 GHz, measured in the 50 (2-system with a network analyzer.
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An additional filter, which is constructed from a CM choke in a
special switching mode, can effectively reduce residual
interference, Figure 23 shows the circuit diagram.

1 Loa
Vin O—r—uuny O Vour
LYY Y \__
2 2 — Y
—
GND O O GND

L,:22.6 pH, WE CMDC 744 238 302

C,:220 pyF WE WCAP-PT5H
Polymer Capacitor 870 235 374 004

C,: 100 pF WE WCAP-PT5H
Polymer Capacitor 870 235 373 001

Figure 23: DC-Line filter for additional noise attenuation with WE-
CMDC as a coupled inductor. “Vin” is the side on which the

measurement signal (in practice the interference signal) was applied.

V,y 1 MHz, 1.0 V4; from 50 Q source
Vour 5.12 m Vg at 1:1 probe

R

ch1Sp-Sp
00V

P-PK

B View

~H 400ns ‘A Chl J 0.00V
. [70.00000 5

AView -

P-PK -

By coupling the second winding to ground, an additional
reduction in noise can be achieved. One parameter for a high
attenuation is of course the inductance of L+, another is the
mutual coupling factor, which should be in the range below
0.9 as the stray inductance determines the attenuation. The
higher the capacitance of C4, the lower the frequency range
that can be attenuated. A typical value is 220 pF, which can
be used to filter into the kHz range. The ESR of the capacitor
should be low, which is why a polymer capacitor was used.
Some measurement signals to illustrate the effectiveness are
shown in Figure 24.

The signal attenuation at 1 MHz is approx. 73 dB; if capacitor
C+ is removed, the attenuation is reduced by approx. 6 dB.
This reduction in attenuation is practically constant from
200 kHz up to 30 MHz.

Insertion loss with/without capacitor C,
in 50 Q network analyzer system

Figure 24: Signal attenuation and insertion loss of the filter with coupled inductor.
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3.3 Oscillator with very low distortion

If you turn the CM inductor by 90 degrees in the circuit, you
get a signal transformer. Of course, the CM choke was not
manufactured for this application, but the “usefulness” of the
component for this application can easily be checked.

Figure 25 shows the transfer characteristic of the 22.6 pH
choke over frequency.

Of course, the signal transformer can only be used in a
frequency range in which the transmission characteristics are
goad, i.e. the linearity is high, and the losses are lowest.
According to Figure 25, this is the range between approx.

80 kHz and 2 MHz.

The following application shows the use of the CMC choke as
a signal transformer in a Meissen oscillator. The Meissen

Log
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Free
LgPwr
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L1a L1b [] RL A View

P-PK

P-PK

CView

K < 1 > Attenuation PpK

K" - Losses -100.0

-20.0
-30.0
-40.0

-50.0/

B View -
-80.0

-90.0

oscillator circuit generates sinusoidal oscillation. It consists of

an amplifier (e.g. a transistor) and a signal transformer (two

coupled coils), which serve as a frequency-determining

element. The positive feedback to generate oscillation is

realized by the inductive coupling between the coils of the

transformer. The oscillation frequency is determined by the

inductance of the transformer and the capacitances in the

circuit. The oscillator is easy to set up and offers a stable

oscillation generation with a high output amplitude. The

frequency can be easily adjusted by changing the inductance

or capacitance. As the output at Cz is not decoupled, any

capacitive load at C2 changes the resonant frequency. R3

decouples the resonant circuit and thus mitigates the effects

of capacitive loads on the resonant frequency.

Figure 26 shows the schematic, the set-up and the output

signal of the circuit.

0.0
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-10dBm
-20dBm

-11.16 dBm
-2.57.dBm

Start 10 kHz

®RBW 1 kHz

VBW 1 kHz

Center 5.005 MHz
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Figure 25: Transfer characteristic of the CM choke if used as a signal transformer with the turn ratio 7:7 (Na:/Ve).

* Resistive decoupled output

* — Cioap shifts resonance

frequency

Figure 26: Schematic and the output signal of the Meissen oscillator.
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With a supply voltage of 15V, the output voltage is 10 Vpp into
a 1 MQ oscilloscope probe. The output signal has a frequency
of 1 MHz, and the spectrogram shows that the harmonics of
the signal are in the noise, thus having a distance to the
fundamental signal of more than 60 dB. This makes the circuit
very interesting for applications where high signal purity is
required.

3.4 Primary DC-filter, common- and differential mode

The last application in this article is the use of WE-CMDC in a
DCinput filter, i.e. the classic common mode choke. However,
transient and reverse polarity protection are also taken into
account in this application (Figure 27).

What is important here is a low-offset-interference,
low-impedance connection to the primary ground (SGND) for
the effectiveness of the "Y-capacitors" to effectively
attenuate the CM interference. It is also important to ensure
that the transition from SGND to GND on the secondary side

of the CM choke is done at a controlled connection on the
metal housing. For a detailed description, please refer to the
reference design RDO41.

4. CONCLUSION

It has been shown that a CMC choke with a ferrite core is an
effective measure for suppressing CM interference in
electrical and electronic circuits. However, it is important to
understand that inductance is not the only parameter that
needs to be considered in terms of signal characteristics. The
frequency-dependent permeability of the ferrite material and
the parasitic capacitance of the choke change the
characteristics. Careful selection of the choke, taking into
account the frequency of use and the specific application, is
therefore crucial. The application areas of a CMC may well go
beyond the typical areas such as EMC filters in power supply
units. Nevertheless, optimal design requires consideration of
all electrical and mechanical properties to ensure effective
function.
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Figure 27: Schematics of a DC-filter with CM and DM attenuation.
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A APPENDIX

Finally, Figure 28 in the Appendix provides a comprehensive
overview of typical inductors used in signal applications. The
focus is primarily on common-mode chokes, complemented
by SMD ferrites and hinged ferrite series. This comparison
aims to help the user better understand the key differences,
advantages, and specific applications of each component,
enabling more informed and effective selection.

Designation CMDC CNSW Scc SL2 CBF, RFI, PBF STAR, AFB,
SAFB

Function Common mode | Common mode | Common mode | Common mode | Ferrite bead Ferrite sleeve
choke choke choke choke

Figure example i

& | N @ & |

Preferred Filtering DC Signal data Filtering DC Choke for For attenuating | For attenuating

application power supply lines, also for power supply signal and data | differential common mode
paths in the high transfer paths in the lines interference interference in
low voltage rates (HDMI, low voltage signals in the the high-
range USB 3.X) range high-frequency | frequency

range. range on
cables.

Advantages Low parasitic High High Very wide value | Targeted Can be
capacitance, symmetry, low | inductance range between | frequency- subsequently
ferrite loss losses values, high 10 pH and selective assembled on
R < typ. 5 MHz leakage 20 mH measures are cables.

inductance available possible due to
the very wide
range of values.

Key feature Resonance Low loss below | Very high High Differentiation | Easy to
frequency the resonant insertion loss symmetry, low | between assemble,
typically frequency possible losses, low reactive and effectiveness
> 100 MHz, stray field due resistive can be verified
high rated to toroidal core | effective range | quickly.
current possible, even

for high
currents.

To note Leakage Low rated Resonant Careful Pay attention Effect depends
inductance high | current, low frequency selection of to bias current | on cable type,
in relation to leakage starts in the suitable choke saturation and | mechanical
winding inductance, less | range of required influence of the | fixing to cable
inductance. suitable for typically useful signal. necessary.

power supply 30 MHz, higher
applications. parasitic
capacitance.

Figure 28: Overview of typical Inductors for Signal Applications: Common-Mode Chokes, SMD Ferrites, and Hinged Ferrite Series.
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IMPORTANT NOTICE

The Application Note is based on our knowledge and experience of
typical requirements concerning these areas. It serves as general
guidance and should not be construed as a commitment for the
suitability for customer applications by W(rth Elektronik eiSos GmbH
& Co. KG. The information in the Application Note is subject to change
without notice. This document and parts thereof must not be
reproduced or copied without written permission, and contents
thereof must not be imparted to a third party nor be used for any
unauthorized purpose.

Wirth Elektronik eiSos GmbH & Co. KG and its subsidiaries and
affiliates (WE) are not liable for application assistance of any kind.
Customers may use WE's assistance and product recommendations
for their applications and design. The responsibility for the applicability
and use of WE Products in a particular customer design is always
solely within the authority of the customer. Due to this fact it is up to
the customer to evaluate and investigate, where appropriate, and
decide whether the device with the specific product characteristics
described in the product specification is valid and suitable for the
respective customer application or not.

The technical specifications are stated in the current data sheet of the
products. Therefore the customers shall use the data sheets and are
cautioned to verify that data sheets are current. The current data
sheets can be downloaded at www.we-online.com. Customers shall
strictly observe any product-specific notes, cautions and warnings.
WE reserves the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and
services.

WE DOES NOT WARRANT OR REPRESENT THAT ANY LICENSE,
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EITHER EXPRESS OR IMPLIED, IS GRANTED UNDER ANY PATENT
RIGHT, COPYRIGHT, MASK WORK RIGHT, OR OTHER INTELLECTUAL
PROPERTY RIGHT RELATING TO ANY COMBINATION, MACHINE, OR
PROCESS IN WHICH WE PRODUCTS OR SERVICES ARE USED.
INFORMATION PUBLISHED BY WE REGARDING THIRD-PARTY
PRODUCTS OR SERVICES DOES NOT CONSTITUTE A LICENSE FROM
WE TO USE SUCH PRODUCTS OR SERVICES OR A WARRANTY OR
ENDORSEMENT THEREOF.

WE products are not authorized for use in safety-critical applications,
or where a failure of the product is reasonably expected to cause
severe personal injury or death. Moreover, WE products are neither
designed nor intended for use in areas such as military, aerospace,
aviation, nuclear control, submarine, transportation (automotive
control, train control, ship control), transportation signal, disaster
prevention, medical, public information network etc. Customers shall
inform WE about the intent of such usage before design-in stage. In
certain customer applications requiring a very high level of safety and
in which the malfunction or failure of an electronic component could
endanger human life or health, customers must ensure that they have
all necessary expertise in the safety and regulatory ramifications of
their applications. Customers acknowledge and agree that they are
solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of WE products
in such safety-critical applications, notwithstanding any applications-
related information or support that may be provided by WE.
CUSTOMERS SHALL INDEMNIFY WE AGAINST ANY DAMAGES
ARISING OUT OF THE USE OF WE PRODUCTS IN SUCH SAFETY-
CRITICAL APPLICATION.
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