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1 Executive Summary

This application note describes how to derive a wideband model of an EMC filter by using the

Bode 100 vector network analyzer. In the application note “RFI Power Inlet Filter Insertion Loss
Measurement” [1] (OMICRON Lab, 2016) the common mode and differential mode insertion loss of
an EMC filter is measured. In this application note, the same EMC filter is modeled and simulated.

2 EMC Filter Components

To derive a model that fits the reality, the impedance of all the single components of the EMC inlet
filter are measured. Therefore, the filter is disassembled.

Figure 1: RFI power inlet filter Figure 2: RFI power inlet filter, without housing
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The following image shows the schematic diagram of the EMC filter.

° Lo
Cx RP — CMC

O — § AT I

PE = Cy2

0 T 0

M

Figure 4: RFI Power Inlet Filter schematics

3 Simulation Model

To achieve an accurate simulation of the EMC filter, accurate behavior models of the used
components were used. Note that the behavior model does not necessarily equal the physical model.

3.1 Common Mode Choke Model

The used model is described in [2] (Stevanovi¢ & Skibin , 2010) and [3] (Stevanovi¢, Skibin, Masti, &
Laitinen, 2013). This model includes the common mode and the differential mode behavior of the
common mode choke in one single model.

I 1 I 1
| S— —
Rd1 Re1
Il IL
1 1]
P Cd Cc P3
— 1

I R W P o Lo
R I b e T

— O
P2 Rw?2 P4
Il Il
]| |1}
Cd2 Cc2
I 1 I 1
| S— | | IS—
Rd2 Rc2

Figure 5: Common Mode Choke Model

Rwn represents the resistance of the copper winding. Two times C represents the inter-winding
capacitance (capacitance between the windings). The green section represents the differential mode
part and the red section the common-mode part. Rp, and Rcn represent the loss of the core. Cp, and
Ccn are the intra-winding capacitance (distributed capacitance of the winding). Lp is the differential
mode inductance and Lc is the common-mode inductance. kp is the differential mode coupling factor
(-1) and kc the common-mode coupling factor (+1).
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3.2 Capacitor Model

The X and Y capacitors are modeled with the following simple equivalent series circuit.

]|
O 1 YV ]
C L R

Figure 6: Capacitor series equivalent circuit

3.3 BALUN Transformers

The BALUN transformers used for the measurement are modeled as center-tapped transformers. The
voltage transformation ratio for both secondary windings is Vsn/Ve = 0,5.

g Ea
O S O
T1
I
=
O 2
Lk Eh

Figure 7: BALUN Transformer
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4 Measurement and Parameter Calculation

4.1 Measurement Setup

The Bode 100 Vector Network Analyzer with the B-WIC impedance adapter is used. The connection
of the B-WIC impedance adapter is shown in the following picture.

Figure 8: Bode 100 and B-WIC Setup

The measurements were performed in the “Impedance Adapter” measurement-mode of the Bode
Analyzer Suite and the frequency range was set from 100 Hz to 50 MHz.

Vector Network Analysis | Impedance Analysis I Frequency Sweep -:l Fixad
¥ One-Part Start frequency 100 Hz
Measure impedance/reflection at the cutput port. outPuT ~C CH2 StOP frﬁ'qUE"CY 50 MHz
Recommended impedance range: 500 mQ ... 10 kQ Center 25,00005 MHz
Span 49,9999 MHz
v Impedance Adapter Sweep  Linear I:n Logarithmic
Mumber of points | 401 -
Measure impedance using the B-WIC or B-SMC
compenent test fixtures,
Level Constant -:| Variable
Recommended impedance range: 20 mQ ... 600 kQ
a
Note: Calibration (open, short, lead) is required. Source level 13 dBm hl

I

' - Receiver bandwidth 300Hz ~

Figure 9: Measurement configuration
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Before the measurement can be started, an impedance-calibration must be performed. The Full-

e | ffa
Full-Range Mser-Range
Range calibration is used. —=====ier  The calibration is done using the B-CAL board.

(a) Open calibration (b) Short calibration (c) Load calibration

Figure 10: Calibration of the B-WIC using the B-CAL calibration board

4.2 Measuring the Common Mode Choke

To get all the required parameters of the model, four measurements must be performed. These
measurements are all impedance measurements with different connection configurations and
measurements with a digital multimeter. At first, the winding resistance is measured. The second
measurement is the common mode measurement, where the two windings of the choke are
connected in parallel. The third measurement is the differential mode measurement, where the two
windings are connected in series. In the fourth measurement, the coil is in open mode, assuming a
symmetric common mode choke.

4.2.1 Winding Resistance Measurement

The resistance of the winding is measured using a digital multimeter.

4.2.2 Common Mode Measurement and Calculation

To measure the common-mode impedance, the two windings are connected in parallel.

C -
=== Rc/2 _chc Lc
B-WIC O——=t T

Figure 11: Common mode measurement. DUT configuration and corresponding equivalent circuit.
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With a single sweep

the following result was obtained:
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Figure 12: Common mode choke impedance measurement

Cursor 1 is placed at the resonance frequency. The resistance at this point is the double equivalent
parallel resistor R, of the coil.

fer = 2445 MHz and R; = 2 - 1.905 kQ = 3.81 kQ )

At low frequencies the inductive part of the choke is dominant. Therefore, it is measured from 100 Hz
to 10 kHz. With this new frequency setting and the trace format set to “Ls” (series inductance), the
inductance of the coil can be seen.

1.6m
Frequency Trace 1
Cursor 1 100 Hz | 963,757 pH

&
3

Trace 1: Impedance Ls (H)
<
3 3 3 3

3

900p
100 1k 10k

Frequency (Hz)

Figure 13: Common mode choke inductance measurement

L

OMICRON
I LAB

Smart Measurement Solutions® -




Bode 100 - Application Note
EMC Filter Insertion Loss Simulation
Page 9 of 23

The measured inductance at 100 Hz is:
Lc = 0.964 mH (3)
With the inductance and the self-resonance frequency the equivalent capacitance can be calculated:

1 (4)

Cc= ————=2.198pF
¢ 8'7T2fCR2'LC P

4.2.3 Differential Mode Measurement and Calculation

To measure the differential mode impedance of the choke, the same settings as in the common mode
measurement are used. To measure this impedance the two windings are connected in series.

C -
o 2Rp -t:+CD/2 4l p
T RAAT
B-WIC Y I::I %
ok T
O -

Figure 14: Differential mode measurement. DUT configuration and corresponding equivalent circuit.

At first, the value of the inductance Lp is extracted. A single measurement leads to the following

result:
10u
5 8u
(%]
-
)
g
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he]
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§ 4p W‘W S 7
0]
|9)
C 2y
'_
0
100 1k 10k 100k ™ 10M

Frequency (Hz)

Figure 15: Differential Mode Inductance Measurement

The measured inductance is 3.9 yuH. Because measuring the two windings together and because of
the coupling factor the inductance Lp is calculated with the following formula.

3.9 uH
Ly = 22* 0975 uH )
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Now, Cp of the common mode choke can be measured. To do so, the start frequency is set to 100 Hz
and the stop frequency to 50 MHz. Additionally, the trace format is changed to magnitude.

< 80
@ 3,5k 3
2 60 2
= 3k E
Q 40 o
< 2,5 §
v 2
© 2k 03
© S
1.5k =
e o0 N
- Tk 20 N
= &
Y 500 40 €
©
= 0 -60
100 1k 10k 100k ™ 10M

Frequency (Hz)

Figure 16: Differential Mode Impedance Measurement

The result shows that the resonance frequency of the differential mode impedance is above the
frequency range of the Bode 100. But with a series inductance or a parallel capacitor, the resonance
frequency can be shifted into the measurable frequency range to calculate the parasitic capacitance.
A capacitor is chosen, because of the better RF! performance. The expected value of Cp is in the
lower pico-farad range, so the parallel capacitor Cy is chosen in the same range. A higher parallel
capacitance would lead to higher measurement uncertainty.

The capacitor is soldered directly to the common mode choke and the new resonance circuit is
measured using the B-WIC Impedance Adapter.

Parallel Capacitor Cu

The capacitor is a 10 pF, 0603 ceramic chip
capacitor.

Figure 17: Common Mode Choke with parallel Capacitor

! RF... Radio Frequency
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Frequency (Hz)

Figure 19: Differential Mode Impedance with a parallel capacitor, resonance

The cursor now marks the resonance at fzp = 24.771 MHz

~7k 100
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© Z
5 6k g
2 50 ©
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g5k i
> 3
4k c
v ©
e 0 o
)
3 3k o
b} S
g_ —
2k &
= -50
— O
o 1k o
v —
o
=0 -100
100 1k 10k 100k ™ 10M
Frequency (Hz)
Figure 18: Differential Mode Impedance with a parallel capacitor
To get a more accurate result, one can zoom closer to the resonance.
~7k 100
(@
: Frequency Trace 1 —
5 6k Cursor 1 24 771077 MHz 6,049 kQ) o
> 1%}
§5k i
p 3
4k c
v ©
e 0 ©
(]
3 3k o
@ €
g_ —
2k &
= 50 'y,
— O
o 1k Y
Y =
o
= oo -100
22M 23M 24M 25M 26M 27M 28M 29M

The resistance at this resonance is twice the parallel resistance Rp of the equivalent circuit.

Rp =

_ 6.949 kQ
2

= 3.475kQ

(6)

To get also an accurate value of the capacitor at the resonant frequency, the capacitance is
measured using the B-SMC Impedance Adapter.

Smart Measurement Solutions®
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SOURCE

Capacitor Cn

Figure 20: Parallel capacitor measurement with B-SMC

This leads to the following measurement.

11p
o
& 10,5p
[0}
(9}
C
(]
8 10
a p
£
)
o 95p
e Freguency Trace 1
- Cursor 1 2477 MHz 10,018 pF

9p
24M 24,1M 24,2M 24,3M 24,4M 24,5M 24,6M 24,7M 24,8M 24,9M

Frequency (Hz)

Figure 21: Parallel capacitor measurement

The measured capacitance is
Cy = 10.018 pF (7)

The intra-winding capacitance Cp is now calculated with the following formula. (Inter-winding
capacitance C=1.8 pF, measured in 4.2.4 ).

1 1 (8)
for = =(p = > > —2(C+Cy) =
Cp 8-m*- fpr” " Lp
2w [(4-Lp) (R +C+Cy)
_ 1
~ 8-m2-(24.771 MHz)? - 0.975 uH

—2- (1.8 pF +10.018 pF) =

Cp = —2.47 pF (9)

Note that in this particular case the Cd capacitance is negative but this is not a problem for the
behavioural model since the simulator can solve this and the total equivalent

capacitance of the model will still be positive. g g
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4.2.4 Open-Mode Measurement and Calculations

Instead of the open mode measurement as explained in the paper, we simply measure the total
capacitance between the two windings. To do so, switch back to the B-WIC Impedance Adapter and
connect the DUT as shown in the following picture.

B-WWlC

o—

Figure 22: Open mode impedance measurement. DUT configuration and corresponding equivalent circuit.

Set the start frequency to 100 Hz and the stop frequency to 50 MHz. Trace 1 measures the
impedance and displays the result as capacitance by choosing the Format “Cs”.

—

L 4,5p

Trace 1: Impedance Cs (F
g 3

100k ™M 10M
Frequency (Hz)

Figure 23: Inter-winding capacitance measurement
The here seen capacitance is the inter-winding capacitance of the choke.

2-C=3.6pF (20)
C =18pF
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4.3 Y Capacitor Measurement

To measure the Y capacitor, the start frequency is set to 100 Hz and the stop frequency to 50 MHz.
Trace 1 displays the magnitude and Trace 2 the phase of the impedance.

s Aty ¥ it
PPl
PR
A
L r

Figure 24: Y capacitor measurement with B-WIC Impedance Adapter

Running a single sweep leads to the following chart:

C 120 100
on
=100 e
()]
E fso 2
£ 80 <
=) )
< 60 e
(0]
(] 0 o)
= ()
% 40 o
gol e
8 20 =
£ } 50
- O
- 0 o
'_
= -20 -100

100 1k 10k 100k ™ 10M
Frequency (Hz)

Figure 25: Y capacitor impedance measurement

As can be seen, the Y-capacitors start to get inductive close to 40 MHz. Therefore, the effects of the
parasitic inductance in the simulation model can be ignored.
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When the trace format is set to Cs, the curve of the capacitance can be seen:

7n
Frequency Trace 1
Cursor 1 483,566 kHz 2,986 nF

F
s

[Sal
=)

D
=)

w
=)

Trace 1: Impedance Cs (F)

S}
=)

100k ™

Frequency (Hz)
Figure 26: Y Capacitor measurement

The capacitance of the Y capacitor is:

Cy = 2.99 nF (11)
To get the value of the equivalent series resistance, the trace format is set to Rs.
c
(%)
o
o 1
)
C
©
©
(]
o
£
0
O
o
|_
100m
100k ™ 10M
Frequency (Hz)
—Trace 1

Figure 27: Y Capacitor measurement

This curve shows the frequency dependency of the equivalent series resistance. For the simulation,
the value at 10 MHz is used.

Ry =300 mQ (12)
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4.4 X Capacitor Measurement and Calculation

Now, the X Capacitor together with the power inlet is measured and modeled. Furthermore, the same
connection leads as used in the insertion loss measurement were used.

- N

Figure 28: X capacitor with input circuit measuremen

To measure the impedance of this input circuit, open a One-Port Impedance Measurement.
]

| Vector Network Analysisl|| Impedance Analysis
|

Frequency Sweep -:| Fixed

Start frequency
Stop frequency

V One-Port

Measure impedance/reflection at the output port.

Recommended impedance range: 500 mQ ... 10 kQ

Sweep  Linear I:u Logarithmic

Mumber of points

Level Constant -:| Variable
The sweep settings are set to 100 kHz to 50 MHz. source level 13 dom &

Start measurement [

Figure 29: Measurement configuration

Attenuator  Receiver 1 Receiver 2

The DUT is connected to the Bode 100 as in the following picture.
Receiver bandwidth 300Hz

Figure 30: X capacitor with an input circuit measurement setup '4 '4
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Before performing the measurement, an impedance calibration (Full-Range) is performed.

(d) Open calibration (e) Short calibration (f) Load calibration

Figure 31: Probe calibration with BNC connectors

Trace 1 displays the magnitude and Trace 2 displays the phase of the impedance.

2 | Trace 1 ] v :: E Trace 2 TRY

Measurement | Impedancs v| Measurement | Impedance "'|
Display | Measurement v| Display | Measurement v |
Format | Magnitude - | Farmat | Phase (°) - |
Vrnax | El o] ¢| [] Unwrap phase

. | soma 4| Vi | 100 2|
Y-axis scale | Log(Y) - | ¥rmin | -100 © :|

Figure 32: X capacitor measurement trace settings
A single sweep shows the following impedance spectrum.

N — P

10
/ 50

- 100

- -50

100m

Trace 1: Impedance Magnitude (Q)
J
o
Trace 2: Impedance Phase (°)

~-100

100k ™ | 10M
Frequency (Hz)

— Trace 1 — Trace 2
Figure 33: X capacitor with an input circuit, impedance measurement
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As can be seen, the resonance of this input circuit is roughly at 2.2 MHz. This is the frequency where
also the insertion loss measurement shows a peak (see [1] (OMICRON Lab, 2016)). This leads to the
assumption that the measured peak in the differential-mode insertion loss measurement is caused by
the parasitic effects of the input circuit.

To derive the values for the equivalent circuit components, the impedance below and above the
resonance should be measured.

The ESR is the resistance at resonance.
R =769 mQ (13)

Setting Trace 1 to Cs and Trace 2 to Ls, one can directly read the capacitance as well as the
inductance of the capacitor as shown below:

400n 400n
Frequency Trace 1 Trace 2
350n :: M Cursor 1 200 kHz | 104,465 nF 6,063 pH || 350p,
20 MHz -1,129 nF 56,067 nH
—300n 300n &
S 4
© 250n 250n o
v O
c c
i ©
o hel
L 200n 200n @
Q o
£ £
— 150n 150n &I
v )
4 O
® o
— 100n f f E —— 1 1 t f t 100n +—
50n 50n
0 0
100k ™ 10M

Frequency (Hz)

Figure 34: X capacitor Cs and Ls

Reading the values from the measurement leads to:

C = 104.46 nF (14)

L =56nH (15)
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5 Simulation

With the gathered parameters from the measurement, the insertion loss of the filter can now be
simulated. A common mode and a differential mode simulation are performed. To use the common
mode choke model in both simulations, sub-circuits are used for the simulations. All the simulations
are performed using QUCS?. The S[2,1] parameter is simulated and the insertion loss is calculated
according to the following formula. Note that all simulation results are referenced to 50 Q.

IL = —20-logy, |s[2.1]|) (16)

S parameter |Equation

simulation Eqn1
IL=-20"lag10{abs(S[2 1)

SR

Type=log
Start=100 kHz
Stop=30 MHz
Paints=201

Figure 35: S-parameter simulation settings and insertion loss formula

5.1 Common Mode Choke Model

In the following picture, the common mode choke model can be seen.

I— 1 I— 1

| M| | M|
Rd1 Re1
R—Ii3_475 kOhm R—I?_B‘I kOhm
1] 1]
Rw1 Cd1 Cc1
P1 FJR=_0_|1 Ohm C=-2.47 pF C=2.198 pF P3
© _ ! ~  [Td ~  [Tc ! o
C J_ AR L1=0.975 uH A L1=0.964 mH C1
C=18p m L2=0.975 uH ’_M\-‘ L2=0.964 mH =1.8 pF
F-|- k=-0.99999 k=0.99999 -I-C
o 1 : . O
P2 Rw2 P4
R=0.1 Ohm Il Il
" "
Cd2 Cc2
C=-2.47 pF C=2.198 pF
1 1
Rd2 Rc2
R=3.475 kOhm R=3.81 kOhm

Figure 36: Common mode choke model

2 Qucs is an open-source electronic circuit simulator. Version 0.0.19 was used for the simulations.
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5.2 Common Mode Simulation

To perform the common mode insertion loss simulation, the following circuit is used.

ESRC2
ct R=300 mOh
C=0.11102 uF
c2
, C=2.99
il R1 J EsLt S E— [ e
E\j Num=1 D R=3.3 MO L=55.77 nH 2 | o um=2
750 Ohm N 4 3 -
C=2.99
ESRCH
R=76.9 mOhm ESRC3
R=300 mOh

Figure 37: Common mode insertion loss simulation circuit

The following chart shows the simulated common mode insertion loss in comparison to the measured

data.
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Figure 38: Common mode insertion loss simulation

The simulated data is very close to the measured data. And shows no unexpected behavior.
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5.3 Differential Mode Simulation

To perform the differential mode insertion loss simulation, the following circuit is used.

C1
B C=0.11102 uF
%Ll c2 ESRC2
[‘]\ P1 'TE R1 ESL1 - _ o C=2.99 R=300 mOhm po
Ej Num=1 3 ;:H I [ R=3.3 MOhm¢ L=55.77 nH 5 c3 E{]) Num=2
=Z=50 Ohm __| ;zol ) 5 C2.99 ESRC3 = Z=50 Ohm
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Tr1
T T1=0.5 ° X
- T2=0.5 -

Figure 39: Differential mode insertion loss simulation circuit

The following chart shows the simulated differential mode insertion loss in comparison to the
measured data.
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Figure 40: Differential mode insertion loss simulation

Comparing the measured and the simulated data shows that the peak above 2 MHz also occurs in the
simulation. It is caused by a resonance at the input of the filter.
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6 Conclusion

This application note shows that the Bode 100 Vector Network Analyzer in conjunction with the B-WIC
and the B-SMC Impedance Adapters are perfectly suited to derive simulation models for electronic
components. This test set provides an easy-to-use and accurate base for developing EMC filters.
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OMICRON Lab is a division of OMICRON electronics GmbH, specialized in providing Smart
Measurement Solutions to professionals such as scientists, engineers and teachers engaged in the
field of electronics. It simplifies measurement tasks and provides its customers with more time to
focus on their real business.

OMICRON Lab was established in 2006 and is meanwhile serving customers in more than 60
countries. Offices in America, Europe, East Asia and an international network of distributors enable a
fast and extraordinary customer support.

OMICRON Lab products stand for high quality offered at the best price/value ratio on the market. The
products' reliability and ease of use guarantee trouble-free operation. Close customer relationship and

more than 30 years in-house experience enable the development of innovative products close to the
field.
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