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WURTH ELEKTRONIK MORE THAN YOU EXPECT



* Filter placement

* Transmission modes
* DM noise source

* Filter topologies

« DM filter

* Measures against radiated noise
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FILTER PLACEMENT
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Filter Arrangement

= 1nH per Tmm
= 0.5nH per Via

N
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Filter Arrangement

Layout: Influence on Insertion Loss
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0805, Good Layout Frequency

7 | FILTER FOR UNISOLATED DC/DC-CONVERTERS

MAT |20.05.2025




Filter Placement

Example: Line Filter

Input Filter ><
D Power Stage

Output

Il

—> —>

Power Stage

Input Filter
Output

Avoid parallel structures and coupling of input/output

8 | FILTER FOR UNISOLATED DC/DC-CONVERTERS

MAT |20.05.2025



Objective of the Good and Bad Layout

Keypoints
. . . _ RIS, I L R o 'ﬂh“ . c:‘!_r' ALY :;n‘ iz, D
* Single Point PGND vs. big PGND Loop : -y ' EBOHQD '
N [ By
« Correct vs. Wrong Capacitor Position MORE THAN | @ tss 5o

« Same Semiconductors, different Passives ..
24V -
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* Shielded Choke vs. Unshielded Choke

— g

* Alu-Electrolyte vs. Polymer Caps

* Filter @ I/0s vs. No Filter at all
, 3 R 2 8 oo s

) ) / L PR 600 004
 Ferrite in the Power Loop of a DCDC RO
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Noise sources with the Boost Converter

Hot Node

@ > @

- H Critical Loop

‘ WE eiSos ‘
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PCB Layout - Bad Design
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TRANSMISSION
MODES
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Transmission modes
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Transmission mode noise

= Differential mode currents
= Current path as in circuit diagram
= Easy to follow paths
= Return current path very close
= Relatively large currents
= Filters with LC, T, T topologies

» Conducted EMI problem
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Common mode currents

Current path unexpected

= Current via parasitic paths

= Return current path very large
= Relatively small currents (pA)
= Filtering with CMC and Y-Caps

» Radiated & conducted EMI problem



EMC: How can WE help you ? o Overvoltage?
Over the limit ?

Susceptibility? @
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Differential mode noise

Theory: Conducted emissions measurement - Symmetrical LISN

* | * O U )
e Pl C,in,AC
«— | «— 3 +] ULrr = UNRF = 12n
l eult) : —O
(10, .
N 1
C.=C5 20 - log > ~ —6dB
I_
00 T RS |H_
k=1

— Noise Current Noise Voltage

X

1 7 | FILTER FOR UNISOLATED DC/DC-CONVERTERS

MAT |20.05.2025



Recognizing the transmission mode

Theory: DM and CM noise path in a flyback converter

[ < + ULrr = Ucm + Upm
H —
' 500 U, (t) ° .
' Y —0 Uxrr = Ucmw — Upm
()' Ill_ - “L " C.=Cl4
0 o] Hleag
I— ...........
' l T | Coe
—> 1} <
I —
[ U = U,rr — UNRF
LISN — DM = >
[ A B A B ] J
—» DMZCurrent _ Uprr + UNRF
/%7 PE-Frame _I_ PE = Reference Ground Uem = 2
—» CMCurrent —
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Setup

s AN 15040z - 200MHE
s 11 300
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DM NOISE SOURCE
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Schematic - Bad Design
19V = 24V/0,5A
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Input capacitor - Bad Design
Redexpert Alu Cap Selection for Fsw 600kHz

REDEXPEHT” ALUMINUM ELECTROLYTIC / ALUMINUM POLYMER CAPACITORS APPLICATIONS HOWTO | 'c SHARE & mems = ANDREAS

ﬁ Filters 350V=Va=350V Series = WCAP-ASLI, WCAP-ASLL 220 yF = C =220 yF Lifetime = 5000.0 h

Titem £
“/  Order Code Series . °/ Spec Technology Series Descr... Vg Y DF ¥ Z@600KHz ESR@600kHz  °/  Specified Max. Igigpie heak V¥ Tmin V¥ Tmax Lifetime YT Asse. 7 Width °/ Height ¥ Le..

R e 8 e e e e e e e B D R T K T
~

220uF 2=98m & ESR=93m @ 600kHz

<

865060557008 X o
WCAP-ASLL

Show Panel:
- n =0 ESR / Frequency =0

100 Q 1000

Impedance
B
ESR
B

100 m 100 mO

10 mQ 10 m02

1mQ

T T 1ma T T
100 Hz 1kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz

Frequency Frequency
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Conducted EMI Calculation with 220puF Elko Cin - Bad Design

Triangular approximation (differentail mode only):

Uy — Ui +Ug 24V — 19V + 0,5V

= 0,224
Uyt + Uy 24V + 0,5V
ar =i p_ v 0,224 = 0,214
L-f.,  33uH-600kHz '~~~ 7
Al 0,214
|1.;,,[600kHZz]| = +|sin(r - D)| = - |sin(m - 0,224)| = 56mA

V2-m2-D-(1-D) V2 120,224 - (1 —0,224)
|Uin (600kHZ)| = |Zoin (600kHZ)| « |14, (600kHZ)| = 98mQ - 56mA = 5,49mV

5,49mV
1ul

549mV - 20 log< > = 74,8dBuV — 6dB(LISN Voltage Divider) = 68,8dBuV

Limit CISPR32 Class B is 46dBuV = approx. 33dB Damping is necessary
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Verification of the triangular approximation - Bad Design
DM noise on input with DM/CM splitter

Amplitude (dBuV) < click to enter title > ®
100
25.102022 112315 |
™
10dB
50
55032GP
0
+++++
A
W ( ﬂ \)
&
\%/
50
o | ‘ o |‘|“ l .’

NMMWW V o ki

69dBpV as calculated
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Input capacitor - Good Design
Redexpert Polymer Cap Selection for Fsw 600kHz

REDEXPERT"  ALUMINUM ELECTROLYTIC / ALUMINUM POLYMER CAPACITORS |  APPLICATIONS HOwTO | o SHARE [

= mEms & ANDREAS

Y°Fihers. Series = WCAP-PSLP 47.0uF <C=47.0yF Ve=350V 1iem £y
Y Order Code W Series Y L. % Spec Technology % SeriesDescr.. %Y € Y To.. ¥ Vg Y DF Y Z@600kHz f ESR @600 kHz % Specified Max. lippie Y heak ¥ Tmin V¥ Tmax ¥ Lifetime Y Asse.. 7 Width %Y Height % Le. % @

L7UF Z=14mQ & ESR=13mQ @ 600kHz

<

875105645005 % = ADD
WCAP-PSLP
A7.0pF -350V —

Show Panel: ESRva. F

Impedance / Frequency =0 ESR / Frequency

1kQ 1k
600 kiHz. 600 kiHz
1000 1000
100 100
s
2
@ 1o 1.4 o
e @ o
2 w
E
100ma 100ma /
10 mQ 10 m
1m0 1mi
100 Hz 1kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 100 Hz 10 kHz 100 kHz 1MHz 10 MHz 100 MHz
Frequency Fraquency
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Schematic - Good Design
19V = 24V/0,5A
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Conducted EMI Calculation with 47uF Polymer Cin

Triangular approximation (differential mode only):

Upue = Upn + Ug 24V — 19V + 0,5V

D= = 0,224
Uyt + Ug 24V + 0,5V
ar=Yin_ 1oV 0224 = 0214
L fa  33uH-600kHz =7 7
Al 0,214
|I.;,[600kHZz]| = - |sin(m - D)| = - |sin(m - 0,224)| = 56mA

V2-m2-D-(1-D) V2 -1m2-0,224- (1 —0,224)
|U i (600kHZ)| = |Z1,(600kHZ)| - |1, (600kHZ)| = 14mQ - 56mA = 784uV

784uV
1uVv

784uV — 20 log< > = 57,9dBuWV — 6dB(LISN Voltage Divider) = 51,9dBuV

Limit CISPR32 Class B is 46dBuV - approx. 16dB Damping is necessary
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Verification of the triangular approximation - Good Design

DM noise on input without Filter

( Changes here requires a new setup )

100
3.8.2022 11:13:54
Start Frequency | 150000 Hz

Amplitude (dBuV) < click to enter title > ® Frequency & 1ime Lonrols

TD:
90 | | | | | | | | 1048 Stop Frequency | 30000000 Hz
Resolution BW | 9000 Hz

Limits:
80 | | | | | | | | 550720P Reference Level 100 dBuV
Full Scale Range | 100 dB
e Traces: Measure Time  Auto = 425352 us
+Peak

\ Average =12
&0 Input Volt/Div - @ [cHz v

Input Coupling | ilelaInle

{
P
\_4/

50
i |
© | L Decimation
'\N \ ‘ | O High Resolution Decimation
30 Al | | | Transducer Factors
\/ \ Single TD Value |10 dB Set

! ||||’
» M PR YIREH | AT TIY P T eV 1, M ‘ . Jﬂ, “ o [ETTREE

L ERACASS AN 1O 0 0 o

150k m 10M 30M
Frequency (Hz)

~

Transducer Correction Enabled

52dBpV as calculated
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FILTER TOPOLOGIES




Dimensioning of a filter choke

= Afilter choke in series connection forms a first-order low-pass.

= Differential-mode insertion loss in decibel: o — o
Zfilter A
Agm = 20 -log|1 dB filter
Ik
= Minimum required filter impedance Zgjier at @ Noise usl <>
frequency f,:
Adm(fn) ) O O
—1

|Zfilter|fn = |Zs + lefn . (10 20

= Foran exact calculation the source and load impedance for each noise frequency would have to be known.
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Dimensioning of a Filter

Adjusting the Operating Point with Capacitors

= Parallel Capacitors decrease System Impedance

A
1+—F‘dB

Agm = 20 -log 717
S

= (Caps will also work as an RF Short to Ground

= Pay Attention to SRF of the Components

= 2nd order Filter Topologies can be adjusted to system
impedances
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Filter order

= The filter order is determinded by the number of energy storage elements (L & ().
Low-pass example: first order

7 1

f? — XCZ_E¢

in out
1 - i
£

Low-pass example: second order
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Filter calculation by hand

= Amount of the transfer function of the low-pass filter: Gain Plot 2nd Order LC Filter
Usup _ |XC| 10 100
Uin X, + Xc I I )%
= Reactance:
X, =2n-f-Lg -4,0dB/Dec.
1 40 4
Xe=——"—
2. f - Cg w L
= -6dB cutoff frequency: 60
-70 4=
£ = 1
 2n-JLg-C T
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Filter topologies — Overview

Input

|Zs|frl < |ZL|fn

1Zslr, > |Zclg,

|Zs|fn < |ZL|frl
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Topology
O—NYY\—O
O O
O
O O
O_NYY\ O
O O

Output

1Z1lr, < |Zplf,

1Z)lg, > |Zcly,

1Z)lg, > |Zcy,



Filter topologies — inductance vs. SMD-ferrite

= Parasitic capacitance C;: L
- Power inductor:  10pF ... 500pF Rp
-> SMD-ferrite: 5fF ... 5pF CP "
p |
= |ossresistance R,:
- Power inductor: < 30kQ 1Z|[log]4 Ry
- SMD-ferrite; 10Q ... 3kQ )
1 Inductor
SMD-Ferrit
fres =3 1. L, C,
|Z(fres)| = Rp
Jres > flog]
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L-filter

BN @ = @ @ ra n Fo) Trigger Horizontal Erfassung Info Zgéi-glsgo

1 Fk 200mV  Auto 20 ps/div. - 25GSafs  Abtstw
Grund-  Zoom Zone -
Hife  Folo  Annotier. ginstell.. hinzuf.. MeSSeN  hinpuf.. M sto 0s  S527,78kpls 12bit  Hist894 - N

S S A e M g s o ——————————————

Reference Noise

( ) < ) 60 dBV

40 dBv

= |nsertion loss for Zg = Z; = 50Q: e
dB - WE-PD2
4.7uH/2,6A 4532
744773047

Zy

1000

fros = 65 MHz

Adm,s0 = 20 - log ‘1 +

E»
.
= General insertion loss:

20 dBpV 200 kHz 300 kHz 400 kHz 600kHz 800 kHz 1 MHz 2 MHz 3MHz  4MHz 5MHz 7 MHz 10 MHz 20 MHz 30MHz 40 MHz 50 MHz 100 MHz
1 C-ACIN R1 - s _
vt SU0MHz 400 myy  SUOMHz 10 gy 10dBUW w0 dag G 4 logk Math Ref Spek Gen wen

A —_— 20 . log 1 + — Z dB ov ov 30 dBuv 30 dBuv (o] REW: 9 kHz

dm Zs+7Z L
S 1

n
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Filter elements — Capacitance

= Extension of the L-filter with another frequency-dependent element:

= (apacitor / capacitance R L C
= Series inductance Ls:

= SMDtype: 1nH...5nH m—l I_
= Series resistance Rs:

= SMD type: 20mQ ... 300mQ (1Q)

12| [log] 4
1 1
oc, ok "o
‘Z(—fres) = Rs
RS
Jres > fllog]
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C-filter

@, O

= |nsertion loss for Zg = Z; = 50Q:
Adm,SO = 20 . logll + ZSQ . YCll dB

= General insertion loss:

1
Agm = 20 - log|1 —-ZY
dm Og +YS+Y'1 cn

n
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dB

A e e e e e e Son B we e e 0 e
| — Tab1 & e e A P et L i i e Cr Ve, el i i o - W
[TodE 1 H
Reference Noise
[EodEd
Noise with C-filter:
HED dEuM
TuF/50V X7R 0805
~.885012207103
e ™
- b
- f ’ _
f res = 7 MHz
g :

C1-ACIN

1v/ 500 MHz 00 MHz| 10 ggpv 10 dBuv 10 dBuv/
DC 500 DC 500

+ + + =
80dBV €3 (4 logik Math Ref Spek Gen M;ﬁ

30 dBpv 30 dBuv Q RBW: 9 kHz




LC-filter (Unshielded filter choke)

BN = @ @ ra n Trigger Horizontal Erfassung Info  2025-05-20
Riick- ® Grund-  Zoom Zone o €1 Fk  200mV  Auto 20 ps/div. 2,5GSafs  Abstw 11:01:56
gangig  Hilfe Foto  Annotier. gincrall  hinzuf. MeSSEn hinauf v Sto 0s 527,78 kpts  12bit  Hist201 - =X
80 dBpY | Tab1 | + ) P [ |
——— o yilin "
70 dBuv
O O 60 dBuv
=
50 dBUY e
= -
40 dBuv

= |nsertion loss for Zg = Z; = 50Q:

Z L Z L YC o Noise with LC-filter: .’FM"“‘MH. .....................
— . . 20 dBV. WE'PDZ " ** e,
Adm,so = 20 log 1 + ZSQ YC -+ 1000 ~+ 5 dB 4 7uH/2,6A 4532 X | ot
10 dBpv 7&-[}7730[}7 "“ I ' ‘..:

. .
a, »*
» .
S S e e e Ry L L
-----------

= General insertion loss: ; 52651%\; 535202805

Z Y (Z ) 20 dBpV 200 kHz 300 kHz 400 kHz 600kHz 800 kHz 1 MHz 2 MHz 3MHz  4MHz 5MHz 7 MHz 10 MHz 20 MHz 30MHz 40 MHz 50 MHz 100 MHz!
1° ° I Z + ZL C-ACIN N
+ o+ o+ =
C L S 1v, S00MHz 10 my;  S00MHz 10 dgyv 10 dBpv 10 dBpv 10 dsuv, i —
A — 2 0 . 10 1 | d /] e U il n p mn /] 80 doLV €3 €4 logk Math Ref Spek Gen Mend
d m ov ov 30dBpv 30 dBpv 30 dBpv (o} RBW: 9 kHz

Zs+ 73
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Filter Arrangement

Filter capacitor position (Top / Bottom)

= " Trigger Horizontal Erfassuny Infa 20250520
50 msa s s  I—————r— ——— -
gingig  Mife oo Annolien Guitdl pinguf.  MESEN pinayf, v sto 0s  sangmkps 2bib Hist201 n
0 A8 | Tab1 +L‘

R s v e sy e

- - e 70 dapv
- -

mpaammms O

3 -
10 dBi H
s a0k 1w 2w awi songrasomw: w100 Mg
SO0 MHz 0y S00MHz 90 gy 10 by 10 duy 10 dby K Math B Soe =
beson oM i D500 i i ! it €3 (4 Llogk Math Ref Spek Gen pgng
ov 30 dap s0d8v 30 oy 30d8v
- @ = " Trigger Horizontal Erfassung Infa 20250520
e @ ’ oo IS}"‘ % i B0 m M Awe D 256k At PR
gingig  Me  Foto  ANNOUET dingtell hineut. M0  pinauf = sto Ds  SIL7EKgls I2bt Hsties s
80 dBpy | Tab1 + |
et el

70 d3uy

a0 dayi

30 dipy

R pr ‘us
- 0«7‘ .
=9 s |

gl PP .

O nmimmanp? & ' “

3 i .
5 H H
A0 H .
i NOw R 0t el S0 TWHE aw e aume S T TOMH W o o sow D 100Wi
c-ACiN - _ R =
1y SOOMHL 40y SIOMKE 10 gy 10 dbyv 10 dogy ogi ek Gen pian
t DC 500 T " o . 80 dBy G 4 logk Math Ref Spek Gen pjang
ov ov 30 diV 30dBuv 30 By [#] REBW: 9 kHz
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HD3.I;-:-.It°
M, DO

Filter Arrangement

Wi Wces
QO tmmminp2

gl | 4 2

'Q'J_;_«..a;_ 4

LTspice simulation - Filter PD2 (unshielded) — capacitor on top
Link to LTspice simulation

41 |

o dec i iMeg 1000 o Fitted V(out)@1/V(ref)@1 V(out2)@1/V(ref)@1
step param couping st 0 0.03 . V(out3)@1/V(ref) @1 V(out)@2/V(ref)@2
R T m m circuit model o4
E :ﬁ L1 L2 {coupling} R2 W I t h
" {Rsink} . - Noise with LC-filter:
coupling 20dB WE-PD2
coeffcient 4.7pH/2,6A 4532
\\ /J -30dB 744773047
CFilter 40dB 4P A
o i N 885012207103
Tz 1 3] o S-parameter -sods
o 3 - Vv single
{Rsink} §C7Mmblnm PD2_Combined '60d B N\ -
| component Q '
N / -70dB \\X
¥ s-parameter
o 3 - {Rsource} p. . -90dB /
o : v2 entire filter
{Rsink} Filter_PD2_Combined
: ac -100dB
v P, 1MHz 10MHz 100MHz
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Simulation/Filter_S21_Demo_Filter_PD2.asc

npsl---lo

Filter Arrangement ETe
Plg c2p' o
LTspice simulation - Filter PD2 (unshielded) — capacitor on bottom _Jse_ _ _ O mmmurp; '
Link to LTspice simulation
e Rroure g 50 V(out)/V(ref) V(out2)/\(ref) V(out3)/V(ref)
: : 0dB
4 Filter | )
Rser 59m Rpar—14 2k Cpar=1. 5p .
- Fitted -10dB
elquu./alent -20dB - Noise with LC-filter:
circuit model WE-PD2
i 4. 7uH/2,6A 4532
-30dB 744773047
+
-40dB 1uF/50V X7R 0805
' w - 885012207103
—{1 7 12— s-parameter .sodB -
o %' g "3 single
RSk} L Combined ngriﬁggmmnm -60dB
T ac component
N : : / -70dB
f - \ s0s
I\ 3] W s-parameter
e \y - (Rsource} p. ) -90dB
o v2 entire filter
{Rsink} { Filter_PD2_Combined_position2 :
AC -100dB
\ ” o J 1MHz 10MHz 100MHz
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Filter_S21_Demo_Filter_PD2_position2.asc

Filter Arrangement

LTspice simulation - Filter MAPI (molded) — capacitor on top

Link to LTspice simulation

.ac dec 1k 1Meg 100M
.param Rsource=50 Rsink=50
.step param coupling list 0 0.009

[(

. Filter

\\

{ Rser=63m Rpar=7.7k Cpar=10p :
: L1 : R3 R1
0 0a : _— _—
o 4.7p : {Rsource} | {Rsource}
KL1L2 {coupling} vi
450p :
: {Rsink}
Filter
u4 u1 RS
1 2] 12 :
: 3 3 ;{Ilsoume}
: : V3
R6 : . :
I {Rsink} ;C-_Combined MAPL_Combined:
: : AC
\_"~ 7/
Filter
u2 R7
12 :
3 i {Rsource}
i ; V2
RS : .
{Rsink} : Filter_MAPI_Combined
: AC
R — D,

FILTER FOR UNISOLATED DC/DC-CONVERTERS
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Fitted
equivalent
circuit model
with
coupling
coeffcient
(0.009)

S-parameter
single
component

S-parameter
entire filter

V(out)@1/V(ref)@1 V(out2)@1/V(ref)@1
o0dB V(out3)@1/V(ref)@1 V(out)@2/V(ref)@2
-10dB
-20dB Noise with LC-filter:
WE-MAPI
30dB - 4. 7pH/LA 4020
) 74438356047
+
-40dB 1uF/50V X7R 0805
- 885012207103
-50dB
-60dB
-70dB
-80dB
-90dB
-100dB
1MHz 10MHz

100MHz


Simulation/Filter_S21_Demo_Filter_MAPI.asc

Filter Arrangement

LTspice simulation - Filter MAPI (molded) — capacitor on bottom
Link to LTspice simulation

e Rroure g 50 V(out)/V(ref) V(out2)/\(ref) V(out3)/V(ref)
— : 0dB
4 ' Filter )
Rser=63nHlpar=7.7kaar=10p R3 R1 ]
: 2 : R Fitted -10dB
: {Rsink} e_qUI\_Ialent -20dB Noise with LC-filter:
circuit model WE-MAPI
D i 4.7pH/4A 4020
~ ' J -30dB ‘ 744438356047
4 e N\ +
. Filter -40dB 1uF/50V X7R 0805
' w PR 885012207103 /
—1 9] 12— S-parameter -sods -
o %' g % single
{Reinky ‘C_Combined poh;ir:lf)lrlacomblnm 'GOdB
T ac component
N : ./ -70dB
- ; o
i o s-parameter
e \y - (Rsource} p. ) -90dB
W v entire filter
e Fllter_MAPI_Comb'lned_pos'rﬁunZ% AC -100dB
\ ” o J 1MHz 10MHz 100MHz
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Simulation/Filter_S21_Demo_Filter_MAPI_position2.asc

Near field (H-field)

Unshielded vs. molded filter choke

20

C66°
wp3emums O

0 l---lnPZ
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. Grund- Zim o Zone 2 €1 Fk 10myv  Auto 20ps/div - 25GSafs  Abtstw a 12:55:36
Hilfe Foto  Annotier. ol LU Messen 0T v Sto 0s 527,78 kpts 12 bit  Hist 104 = = X
Tab1 +

A AP AR S e L AN e ook -

Noise with:
WE-PD?2

4, 7uH/2,6A 4532
744773047

Noise with:
WE-MAPI

4. 7uH/ LA 4020
74438356047

ped ™
A e
e

e

i AT N

= » n,..'nr‘lh"ﬂ”")'n ’
gtV
e e
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|/0 Filter Arrangement for DCDC
2nd order LC filter to filter differential mode conducted EMI

Input Output
DC
I—|: DC I—F,Out
o o o o
1 gg does _c:; L I cE does ;—;c;; ——
1 - o f|t S o T T2 o flt - o C
Cr : £ O | Cou| :

O
O
O
O
O
O
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Filter calculation by hand

1. Selection of the filter capacitor with REDEXPERT (https://we-online.com/re/5sH1x8Bx):

=  (>1pF with low ESR and ESL: MLCC (MLCC with DC-Bias consideration!), Film, Polymer or Polymer Hybrid

= and f,q, > fsw (Switching frequency) is a good choice
» 10pF/50V 1210 X7R - 885012209073

Impedance / Frequency

Capacitance / DC-Bias Voltage

12 uF
100Q 19,0V
10 uF
1Q C(Vpe-gias) @19.0V.. v
4 8 uF |
T
100 mQ | 6 uF
4 uF |
10 mQ | Z@600kHz \
[ = 2H ]
1mQ ‘ ‘ ‘ ‘ ‘ ‘ OF | | | |
100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100 MHz 1GHz oV 10V 2OV pe-Badvoltage 50V 60V
Frequenz
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https://we-online.com/re/5sH1x8Bx

Filter calculation by hand

2. Select corner frequency of the input filter max. 1/10 of the

switching frequency of the switching regulator for min. 40dB Impedance / Frequency
10 kQ

attenuation at the switching frequency

1kQ | Z@130M... V' fres

3. Calculation of filter inductance:

1 1 1000
fe= - Lp= 1 g

2myLe (21 15 fsw)?: Cr S — 7447732015
a
E 100

1
= 1 ~ 1uH
(27‘[ 6OOkHZ)2 7,26uF 10 |

4. Selection of the next largest inductance value
» 1,5pH e.g. 1,5pH/2,08A PD2 3512 — 7447732015 10kHz 100 kHz 1 M';fequejfc’y'\"'*z 100 MHz 1 GHz
» SRF of the inductor ideally more than 30MHz
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Filter Simulation with REDEXPERT Filter Designer

WE WORTH
ELEKTRONIK

EXPERT Filter Designer

PARAMETERS SELECTION AND SIMULATION

EMI Filter Designer for differential mode:

Use this application to design a discrete electronic EMI filter for conducted differential noise, for example from your DC-DC converter, and evaluate the realistic response based on real components.

LISN Impedance in DM:
50Q + 50Q = 100Q

Input Impedance of the converter || Input capacitor
—> Typical a low impedance value

Advanced

B SMD components only

MV\EMI Filter prDjecti

Input}erameters:
ﬁerat ng\voltage Operating current
18.0V 5

Load / LISN impedance Noise source impedance

100 Q 100 mf

Attenuation at Frequency

40.0 dB 600 kHy
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[ shielded inductors anly

[0 High temperature (125°C)

O shared input capacitor DC/DC converter

L1 L2 L1 L2

o ol el
I, I .

(O uth-Order LC-LC (O 4th-Order CL-CL




Filter Simulation with REDEXPERT Filter Designer

WORTH EXPERT Filter Designer

ELEKTRONIK

SELECTION AND SIMULATION : . GET SUMMARY >

My EMI Filter project
Insertion Loss

L1

20.0dB
1.50 pH
o . YYY o 0.00 dB
-20.0dB
c1 -40.0 dB
10.0 pF
-60.0dB
(@; *
o -80.0dB
1.00 kHz 10.0 kHz 100 kHz 1.00 MHz 10.0 MHz
1 —|J: 100 uF 500V 8.03 mi
Input Impedance
L1 Yo 150pH 20BA 54.0m0 10,0 B
0.00 dBO
Details
-10.0 dBO
Calculated C1 Capacitance Insertion Loss _20.0dB0
3I75uF -43.9 dB@E00 kHz -30.0 dBO
Calculated L1 Inductance ~40.0de0
-50.0 dBO
188 nH 1.00 kHz 10.0 kHz 100 kHz 1.00 MHz 10.0 MHz
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Filter Simulation with REDEXPERT Filter Designer

EXPERT Filter Designer

SELECTION AND ATION SUMMARY

Circuit Schematic Specifications Edit Simulation Responses

“My EMI Filter project”

Insertian Loss
~ TYPE: L 200de
e Vop: 1.0V
OLO lop: 500 mMA

LOAD / LISN IMPEDANCE: 100 0

(RS 3 9dB@600KH?
Bill Of Materials 0.00d8

# N.. Order Code Value Properties Qty

1 1 885012209073 10.0pF  Capacitance = 10.0 pF 1
Footprint = 8.00 mm®*
Rated Voltage = 50.0 V 200d8
Height = 2.50 mm
Type = X7R

2. L1 447732015 1.50pH  Footprint = 8.40 mm* 1
Inductance = 1.50 pH
Rated Current = 208 A

DC Resistance = 54.0 m{ -40.0dB

-60.0 dB

-30.0dB
1.00 kHz 10.0 kHz 100 kHz 1.00 MHz 10.0 MHz
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Filter Simulation with LTSpice

Download, installation paths

= Download from the Analog Devices website = https://www.analog.com/en/design-center/design-tools-and-
calculators/Itspice-simulator.html

= Currentversion (11/2024): 24.0.12

= Previous version: 17.0.42

= [nstallation paths:
= V\ersion 17.0.42
= Program -» C:\Program Files\LTC\LTspiceXVII
» Userdirectory = C:\Users \ <name>\Documents\LTspiceXVI|
= \ersion 24.0.12
= Program - C:\Users \ <Name>\AppData\Local\Programs\ADI\LTspice
User directory = C:\Users \ <Name>\AppData\Local\LTspice
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Filter Simulation with LTSpice

Folder structure

= Example circuits = C:\Users\ <Name>\ AppData\Local\LTspice\examples\
= Applications
= Educational
= Libraries = C:\Users\ <Name>\ AppData\Local\LTspice\lib\
= cmp > standard components (.bead, .bjt, .cap, .dio, .ind, .jft, .mos, .res)
= sub - Subcircuits (Linear Technology, Analog Devices, Maxim Integrated) with subfolders for other
manufacturers, e.g. Wurth Elektronik (\Contrib\Wurth)
= sym —> circuit symbols, also with “\Contrib” subfolder
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Filter Simulation with LTSpice

= Wurth Elektronik components are contained in the following standard libraries:
= standard.bead
= standard.cap
= standard.ind
= Further components = C:\Users \ <Name>\AppData\Local\LTspice\lib\sym\Contrib\Wurth\
= Automotive = common mode chokes, HF coils
= (Capacitors\MLCC - Ceramic capacitors (NPO, X5R, X7R) with DC bias modeling
= EMC components = common mode chokes, line filter modules
= Optoelectronics = IR LEDs, UV LEDs, laser diode, colored LEDs, white LEDs, optocouplers
= PowerMagnetics = Coupled inductors, audio filter inductors, PFC chokes, power transformers, current
transformers
= Signal = HF inductors, signal transformers

55 | FILTER FOR UNISOLATED DC/DC-CONVERTERS

MAT |20.05.2025



Filter Simulation with LTSpice

Built-in standard component libraries

IN
Vi [&¥ Select Stock Inductor X
_|_
B Inductor - L Quit and Edit Database
0305DPB
, Al Part No.: | 744332 Find
™ Manufacturer: Wirth Blektronik orrarto n Cancel
Part Mumber: 7443321000
= Fumber L[pH] Mfg. Part No. Ipk[A] Rser[@] "
Select Inductar 1.0 Wiirth Elektronik 7443320100 WE-HCE 1210 24,000 0.002
Show 1.5 Wirth Elektronik 7443320150 WE-HCC 1210 19,500 0.003
Inductor Properties 2.2 Wiirth Elektronik 7443320220 WE-HCC 1210 18.000 0.004
L1 Inductance[H] 3.3 Wirth Elektronik 7443320330 WE-HCC 1210 17.000 0.005
4.7 Wiirth Elektronik 7443320470 WE-HCC 1210 15.500 0.007
0 10p Peak Curent[A] 6.8 Wiirth Elektronik 7443320680 WE-HCC 1210 13.000 0.010
Series Resistance[(] 3.2 Wiirth Elektronik 7443320820 WE-HCC 1210 13.000 0.011
Wirth Elektronik 7443321000 WEHCC 1210
- Parallel Resistance[(2] S EEREer -
< >
Parallel Capacitance|[F]
(Series resistance defaults to TMLIY r ‘ ‘

= For simple component models, LTspice offers standard libraries for capacitors, inductors, ferrite beads, as well as
resistors, diodes, mosfets, and BJTs. These models use the standard equivalent circuit for that component. These
models guarantee the highest simulation speed.
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Filter Simulation with LTSpice

Components ,Contrib” directory

'{: File Edt Hierarchy View Simulate Tools Window Help

[BF select Component Symbol X
P T XALRAQRICEHBE L REN OB LB 3 ¥DY

Top Directory: | C:\Users\toby kangas\Documents\L Tspice XVII\ib \sym v
& Select Component Symbol

€ G EmE 3 Aa op

onent

......... Top Directory: | C:\Users\toby kangas'\Documents\LT v

B_OWE] e e Double clck to change e R A e S e 1 O e ) 30 ; R R
......... drrectory to "Contrib™ B e s S e e L, e S s e R e S D e
T TR ) [ —————— -2. Find symbol in enthamacomodefnten fory B U C s ook s s e e e ‘[9 i
. _ Contrib folder (Contrb] N [ TP
, . Open Symbol: C:\Users'toby kangas\Documents\L Tspice XVil\ib\sym\Contri

(WE-DD]
S e | C:\Users\toby kangas\Documents\L TspiceXVIlNib\sym® [Fe &« & = e s
(2] C:\Users\toby kangas\Documents \L Tspice XVIND \sym\Contrib\Wurth\PowerV [ 5= % B8R (s fMsc] 1 I ¥ ; . i L 1 B BSE-
- ) — b L N o et sttt et
WE-DCT [DAC] [PowerProd 2
e e i [P [Refer:lﬂ::é 3. Place _sy_mb-oll =N
WEDPC_HV o N i - inschematic aes——— i I Vakue .
weew” [ B < | 7448700015| | . .
WE-MTCI Cancel | | OK | E—DDD—D——g s st = | lnstName L1 X
. e g R T s e
=0 Ty S—— T L T e | \ahoe 7448700015
l 4. Right-click symbol |, 244570003 =
448 T
Cancel Vin © tochange PN - - | Spcelne 344870006
---------- | SoiceLine2 744870100

= The “Contrib” directory in the LTspice components library is a place for contributors to include their models directly
in LTspice. It is sorted by manufacturer, and within our Wurth folder, the organization is structured by product type
to make it easy to find the model you need. For most products, there is one symbol per series. The specific part
number is chosen by right-clicking the symbol after it is placed in the schematic.
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Filter Simulation with LTSpice
Library updates

JToocls Window Help

i m Copy bitrap to Clipboard
| @ Write immage to .emf file

Cii\ﬁ Control Panel
@ Color Preferences

. Update components

[ Export Metlist

= \We have most of our component libraries in LTspice directly, and will continue to add models there. To update the

LTspice libraries, select “"Update Components” from the Tools menu to update your LTspice program and libraries (or
“Sync Release” in older LTspice versions).

FILTER FOR UNISOLATED DC/DC-CONVERTERS
58 | MAT |20.05.2025



Filter Simulation with LTSpice

L Tspice models are also available on the WE website

Electronic & Electromechanical Intelligent Power and Control

> ; "
Coocnashs Printed Circuit Boards Syatons

Product unit

PR oo rints WE-CMB Common Mode Power Line Choke

Product group

EMC Components Si Dimensions 3D "j“m’ X!m i Material Mount Characteristics
yyyyy
Type XS $ ) R 5 " MnZn THT Broadband filtering due to low capacitance winding technique
High suppression of asymmetrical interferences also at low
Product family Type S D > 175 13 22 MnZn  THT frequency range
Common Mode Chokes R Very compact design
M D > = = = T
forMains PowerLines TypeM i i s N Highest possible rated current by small size
Typel (V7 ) 275 185 33 MnZn THT Operating temperature: -40 °C to +125°C
[} I\
= Flammability corresponding to UL 94 V-0
Product series E Type XL N7 e : : 35 Mnzn  THT Climatic category: 40/125/21
WE-CMB Common Mode Type XXL ) > : 235 43  MnZn THT Certified according to IEC 60938-2

Power Line Choke

2 2 Applications
LTSpice files
Power electronics
T | LTSpice_WE-CMB (rev21c).zip Power line in- and output filter

Filtering of devices without any ground connection
Suppression of radio interferences in motors
Application Notes Suppression of common mode noise

ANPO15 Line filter - The last barrier in the switch mode power supply
PDF

= Qur model libraries can still be downloaded from our website if you are unable to use the “Update Components”
feature (or "Sync Release” in older LTspice versions) due to your company's IT security policies or because of other
technical issues. Please also check our website if you do not find the model installed directly in LTspice. For model
installation and usage instructions, please refer to the document “Using the LTspice Model Libraries” below.
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https://www.we-online.com/files/pdf1/ug002b_using_the_ltspice_model_libraries-v11.pdf

Filter Simulation with LTSpice

|deal components

>0dB V/(out)/V(ref)
0 dB/decade
0dB
-20dB T
.ac dec 1k 1k 1G
.Séraenﬁ Rsource=0.1 Rsink=100 fsw=600k -40dB 7
W -60dB !
|
Filter o :
L1 R3 R1 ,
ouT B — -100dB M
1.5
. H {Rsource} {‘F;:ource} -120dB- :
R&4 L= + R2 i M
[] {Rsink} 10y <—> H {Rsink} -140dB :
AC 1 -160d8B fo~41kHz — fu, ~ 600kHz
V v v v _180dB T T T T T .I.....| T T ..!.... T T T T T T T T ™TTTTTT
1kHz 10kHz 100kHz 1MHz 10MHz 100MHz
Link to LTspice simulation
LTSpice schematic Simulation result
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Simulation/Filter_simulation_ideal.asc

Filter Simulation with LTSpice

Real components

[T Capacitor - C1 X [ Inductor - L1 X
Manufacturer: Wirth Elektronik Manufacturer: Wirth Elektronik oK |
Part Mumber: 885012205073 Part Number: 7447732015 WE-FD2

Type: X7R Cancel Cancel
= Select Inductor
Select Capacitor
Show Phase Dot [
Capacitor Properties Inductor Properties
Capacitance[F]:
Inductance[H]:
Voltage Rating[V]: 50
Peak Curert[A]
RMS Cument Rating[A]:
III Series Resistance[Q]: 0.054
Equiv. Series Resistance[L2]: 0.008
_ Parallel Resistance[(2]: | 55922
Equiv. Series Inductance[H]: 402p
Parallel Capacitance[F]: | 1.004p
Filter -~
L1 R3 R1
ouT - — REF>
\ 1.5p {Rsource} | {Rsource}
\ 1 V1
H R4 == + H R2
{Rsink} 10y — {Rsink}
AC1

.acdec 1k 1k 1G
.param Rsource=0.1 Rsink=100 fsw=600k

Link to LTspice simulation

LTSpice schematic
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V(out)/V(ref)
20dB , , T ,
0 dB/decade : : : :
0dB [, | T 1
1 | | 1
1 | 1 |
1 | 1 |
-20dB e o 1 -46,62dB at 600kHz !
: % :/vs. -43,9dB (Filter designer) | @6‘?’
i I
-40dB \ \ : ,
] I | I
I | ] |
- - 1 | ! 1 Ll Ll I
60dB : : : 0 dB/decade I
l l . :
-80dB [ | i |
1 1 '
f.~41kHz  fs, ~ 600kHz frcr~ 18MHz frLr ~ 130MHz
-100dB ———rrrrr — ey ——— — . ———
1kHz 10kHz 100kHz 1MHz 10MHz 100MHz

Simulation result



Simulation/Filter_simulation_real.asc

Filter Simulation with LTSpice

Real components with DC-Bias

Capacitance / DC-Bias Voltage

12 yF 19,0V
10 pF C(Voc-gias) @190 V..
20dB , , ,
6 uF ‘ I : I
b uF | 0 dB/decade i i | I
i 0dB ! | o !
2 uF i 1 | 1 1
i | | | |
0 = -43,9dB (Filter designer) ¥
Filter odad | , L le
L1 R3 R1 : ! ! |
ouT E = , , , |
H {Rsource} {‘F;:ource} 60dB : : : 0 dB/decade :
H R4 1 C*) H R2 ; ! ! |
{Rsink} 7.26p — {Rsink} -80dB i ] [ |
1 1 ] ]
AC1 f.~48kHz fs, ~ 600kHz frcr =~ 18MHz frLF *; 130MHz
1 [l 1
N N N N -100d1|?(Hz 10kIHz 100i(Hz 1MIHz 10I\;IHz 100i\IIHz
.acdec 1k 1k 1G
.param Rsource=0.1 Rsink=100 fsw=600k
Link to LTspice simulation
LTSpice schematic Simulation result
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Simulation/Filter_simulation_real_DC-Bias.asc

Filter Simulation with LTSpice
LTSpice Wurth Elektronik - LTspice MLCC DC-bias model

= The new Wurth Elektronik MLCC DC-Bias models are

. . . 2.5 Uk 4
already integrated in LTspice 24.x
20 pF -
= Ppath:\Contrib\Wurth\Capacitors\MLCC ©
e 15pF -
£
= \/oltage vs. capacitance implementation: § 10 pF -
\/ o
* C=(Co -Copr) -sech <_Vth > +ConT 05 pF -
= sech() = Hyperbolic secant
O IJF T T I |
-20V -10V oV 10V 20V
Voltage
— Fitted C — Measured C

Q=(x*{Csat})+({CO}*{Vth}*arctan(sinh(x/{Vth})))-({Csat}*{Vth}*(arctan(sinh(x/{Vth})))) Measured and fitted voltage dependent behavior of capacitance.
.param Rs=2.2E-6 Ls=2.59E-10 Rp=5e7 C0=2.2E-6 Csat=3.62E-7 Vth=4.49 Part number: 885012106018, C: 2.2pF, Matchcode: WCAP-CSGP, Size: 0603,

Material: X5R, Vg: 16 V.
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Filter Simulation with REDEXPERT Filter Designer - Good Design
Good choice to filter the range from 150kHz to 30MHz

EXPERT®  Filter Designer

PARAMETERS SELECTION AND SIMULATION SUMMARY
Circuit Schematic Specifications Edit Simulation Responses
L1 "My EMI Filter project”

Insertion Loss Input Impedance
o—_E_:m—o TYPE: CL 12.0 48
Vop: 19.0V -5.00 dBO
lop: 500 mA -10.0 dBO

200 dB .
LOAD / LISN IMPEDANCE: 100 0 z;E 32?
= 2
NOISE SOURCE IMPEDANCE: 100 mQ 250480
| oss -625dB@s00 kHz | _62’5dB@60ﬁRHZ 200480
-350dBO
-18.0dB -400 dBO
BI” Of Ma’[erials -E ADD 1.00 kHz 10.0kHz 100 kHz 1.00 MHz 10.0 MHz
-28.0dB
# Na.. Order Code Value Properties Qty
-38.0dB Output Impedance
1. (01 875105645005 47.0pF  Assembling Technology = SMT m 73.0 dBO
Capacitance = 47.0 pF 48.0dB 2.0 480
Rated Voltage = 35.0 V
Height = 7.70 mm ous 330480
58
130 dBO
2 L1 74404042068 6.80 pH Inductance = 6.80 pH 1
Rated Current =1.45 A -62.0dB -7.00 dBO
\ Type = Single ) -27.0dBQ
1.00 kHz 10.0 kHz 100 kHz 1.00 MHz 10.0 MHz
-78.0dB
1.00 kHz 10.0 kHz 100 kHz 1.00 MHz 10.0 MHz
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Verification of the filter effect - Good Design

DM noise on input with Filter

Amplitude (dBuY) < click to enter title > S ®
\\_
\\
. » Why is the insertion loss lower than
expected?
20 /\
N (i)
v W\ WM oy

Insertion loss around 40dB (but 62.5dB calculated with REDEXPERT)
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PCB Layout - Good Design

% e

~
|

i

S

%’o

7

77
=
&

77
.

FeedbackP

'BODE
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MEASURES AGAINST
RADIATED NOISE




EMC Test Lab
CISPR32 Radiated Emission

i O
e LY n“g’l‘l‘a _113}1‘ t
pu— 1, g
) Y Y TAT TV T T e
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EMC Test Lab - Bad Design
CISPR32 Radiated Emission

dBuv/m
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Bad Design



EMC Measurement Conducted up to 600MHz
Setup
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EMC Measurement Conducted up to 600MHz - Bad Design

FAE Equipment Bad Design CM

LN s ® O] V. Q , # Trigger Horizontal Erfassung Info  2024-04-12
Rick-  Wieder- Bildschirm Grund- Zoom Flk ov Auto 40 ps/div 2,5 GSa/s Abtstw . 13:59:42 @
gangig  holen Hife  oifnahme Annotier. oicell . hinzufu.. ™Messen Y f Getrig 0s 1 Mpts 12 bit Hist 448 = s
120 dBUV| Tab 1 [ =
Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10
185.25 MHz|185.81 MHz [18637-MHz | 186.93 MHz| 187.49 MHz | 188.05 MHz | 188.61 MHz|189.17 MHz | 189.73 MHz
F 110 dBuv 74.13 dBpV (74.36 dBRVE|74550.dBUV | 74.62 dBUV | 74.72 dBuV | 74.75 dBuV |74.64 dBuV |74.42 dBuV | 74.15 dBRV
F-100 dBuv
F 90 dBpv
80 dBpv f W
F 70 dBpv
60 dBpvV
50-dBpY Threshold 50.00 dBpV-

40 dBpv

e R

500 MHz 200 mV/
DC 500

oV ov

71 |
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100 MHz

60 MHz 70 MHz

80 MHz

200 MHz

S1 _

10 dBUv/
120 dBuv
M4 RBW: 120 kHz

M2
200 mv/

Rescale(M1,0.50) 0V Rescale(M3,0.50) 0V
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Setup with cable ferrite (74275815)

Impedance 1 Turn / Frequency

1kQ
=~
BOOST EMC DEMO BOARD
. oo K G |
o &
= TECHNICAL i
! fRiEKPECT > Sgagzg:nanou BOARD A | 100 0
l s ™ P18 A 8
5
e 5] ZiT@190 MHz = 74275815
- T
10Q 1
g U2022.1
“ PN: 600 004
1 Q 1 1 1
100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

Frequency
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EMC Measurement Conducted up to 600MHz with cable ferrite (74275815)
FAE Equipment - Bad Design CM

L Ve @) 0| y Q 4 Fo Trigger Horizontal Erfassung Info  2024-04-12
Riick- Wieder- i Bildschirm : Grund- Zoom ge oY i DAy 2B G bt _._ THUHE ®
gingig  holen Hilfe  Jifnahme AMNOYEr gingtell. hinzufi.. Messen Y K Getrig 0s 1 Mpts 12 bit Hist 966 = _n
120 dBpV| Tab 1 [ =
e Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10
184.89 MHz | 185.45 MHz 186107 MHz | 186.57 MHz | 187.13 MHz | 187.69 MHz | 188.25 MHz | 188.81 MHz | 189.37 MHz
£ 110 dBuv : 62.43 dBpV |62.62 dBUVI162:82.dBUV |62.95 dBUV |63.02 dBuV | 63.01 dBuV | 62.89 dBRV [62.73 dBuV |62.44 dBUV
F 100 dBuv
F 90 dBpv

SRV » Only ~12dB improvement?

E70 dBpv . .
» Now looks very similar to the
60 By radiated measurement
56-d