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A Little EMC Background

EMC monitoring in 2020:

IEEE EMC Boston Chapter meeting, 9/30/2020
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When We Need a Filter

To feed a sensitive low-current load

Primary supply side: Filtered secondary Always ask yourself:
3.3V 10A, 200mVpp supply: 3.3V 0.1A, Do we need a filter
noise 2mVpp noise 5
or not:
10A DC » s 0.1A DC
o— O
200mVpp 2mVpp Low- It is easier to filter
noise , i .
PDN filter e jitter for a low-current
clock
source rail than quiet a
high-current rail.
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When We Need a Filter

To keep noise spilling out from noisy loads

Quieter primary Noisy secondary supply Always ask yourself.

supply side _
Do we need a filter
Pcm— = OC ‘ or not?
. Hioh- . It is easier to contain
AC noise AC noise fU=Eret . .
@ PDN filter - noisy DC-DC noise at its source.
converter Main stress
Input parameter is
| capacitor ripple
oO— o current.
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Typical Noise Source

« DC-DC converters are
popular and needed for
their high efficiency

« They tend to generate a lot
of noise
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NMOS1

NMOS2

The inductor ripple current flows through the DC mm=) =) DC
output capacitor ‘

First-order mid-frequency capacitor model = 3 o i AC Lﬁt\gr
ESR-only | ilter = ji

. | clock
Output ripple voltage shape closely follows source

inductor ripple current

TIT

If Cload™*ESR pole is below
Fsw, the output ripple is:

Av = ESR*Al

L viout)

’_TW % ESR
=
Rload
Cload
<~ -
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DC-DC Converter Output Ripple Voltage

Time-domain harmonic composition of buck converter switching ripple

OUTPUT CAPACITORS Sweep
c c2 c3 c4 c5 FminHz  vinpg [P HE " hin D [%] Ripple [mVpp] m Number
CIFl 4.70E-04 470E-05 1.00E-05 100E+03 12 5.00E+05 8.33 453 12.00 : e e of
R[Ohm] 1.00E-02 3.00E-03 1.00E-02 Fmax[Hz Voutl L Max | delta I[A] Ripple est[mVpp] Ratio[] istvan.novak(@ieee.org periods
www.ekctrical-integrity.com
LH] 2.00E-089 2.00E-08 1.00E-08 100E+08 1 470E-07 10 3.9E+00 2.89 157 ) 7 2
N[ 3 3 10
Impedance magnitude of output capacitors [Ohm] Cufput ripple waveform [V]
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Frequency [Hz]

Harmonic number [-]

The inductor ripple
current flows
through the output
capacitor

First-order mid-
frequency
capacitor model =
ESR-only

Output ripple
voltage shape
closely follows
inductor ripple
current

http://www.electrical-integrity.com/Tool_download_files/DC-DC_steady-state-ripple_ WExcel2016-32-64b_v09.xlsm



DC-DC Converter Input

Gate drive

HMOS1

NMOS2

- The input voltage is chopped O
by the switches 1
» Inductor current is continuous
« Input current has large jumps
DC mmm) =) DC
T
AC AC High-current
PDN filt isy DC-DC
- ‘ et - nS(I)Sr:/verter
\ input

o—— o ‘
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DC-DC Converter Ringing

The switching edges may have high-frequency transients

« Ringing frequency: 50 — 1000 MHz
Tek Run: 2'3.()(35.r’sE ET Samrple . : bt = '

@: 4.9mv

AL, Ay
I Lin ALin ;
T

i : : : i T i i i : i ld - in :
AU £ AP R A, ] ol

Top FET ON {1}

250 MH2z
Ls ¢
** RLout | Lout
; A -
Switch + Vout
ld ¢ £ Rest % Rload
'

Source: \ /

- Mid-Frequency Noise

T Cout (L 17A

@i s.oomve - . L M2.00ns ChilJ —-6.0mV! Coupling between DC-DC Lower FET OFF T C{Vds)

Z ' T Z Z I Z I I : Z Converters and High-Speed

Signals, DesignCon 2016 ¢ °

: ; Fine Scale e ’ Ls
Coupling [£lalsl™ sl Position Offset Deskew Probe ) ; . : g é
AC ‘ Full s'fcﬂ'\?u —20mdiv av as Functions What is New in DC-DC * Lest

Converters; An OEM’s
Perspective, DesignCon

2012 =
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Analog Supply Noise Filter (1)

PDN filter Possible functions and requirements:
Pwr Pwr *  Low-pass filtering from main to
o— 1 _H/(f) =V, /V, 5 secondary
N> i L
Primary A. Filtered *  Low-pass filtering from secondary to
supply, | 1z (f) ' Z,.(f) | secondary primary
] ] supply .
|_—_> — :> *  Output impedance for the load (*)
v | | e V., *  Input impedance for the source (*)
! H,(f) = Vin/ Vour ! (*) Optional requirement
gND GNDO Passive filters may be physically symmetrical

Relevant transfer functions are mostly not
symmetric

Watch DC voltage drops closely

IEEE EMC Boston Chapter meeting, 9/30/2020



Analog Supply Noise Filter (2)

Primary Lieries Secondary

*Use low-Q inductors or/ T_ R @
IC. Cout

in Ferrite,
ferrites, or R-L

LDO Secondary

+Low Dropout Regulators —~ Pri;-n{ry m
*DO NOT use HI-Q filters \ _|__CinJ-_ _—Lﬁ%ut
x
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Transfer Functions

What transfer function matters?
* Z,, 0Or S,,7?
*  Something else?

Filter ‘
o——  1—Hi() =Vou/ Vin> —o0
Z2 Out L
]
L
Z1 Z3 VOUt 1
C Vin <= R_\_ _________ Vout
v Hz(f) = Vin/ VOUt v
N
Z21 = Vout/lin O | O

S,, = wave, /wave,,

IEEE EMC Boston Chapter meeting, 9/30/2020



Transfer Functions

For filters from a high-current to a low-current rail we need
the unloaded voltage transfer function: V ./ Vi,

out

Filter

Z2 Out

]
|

Z1 Z3 out

IEEE EMC Boston Chapter meeting, 9/30/2020



Impedances

What filter impedance function matters?
* 0 Zqq, OF 2,57
*  Something else?

For filters from a high-current to a low-current rail: Output impedance
with shorted input and input impedance with open output

O— —0
_‘ Z,.(f) _ Zoul) Zout
Short ] 1 <:|
Vin VOUt
@, O

IEEE EMC Boston Chapter meeting, 9/30/2020



Filter Illustrations

V(output1) Y !

10dB Input R] Output!
lc'l 0.1 r (32_~
0dB 1000y 22 100
VA ESR1 ESR2
-10dB- CD m 3m
-20dB- AC 1 L3 L2
Rser=0 1n 3n
-30dB— / L)
.ac dec 100 1E2 1E9
-40dB-
-50dB- _
C,,i=C2
'ﬁOdE | L IIIIIII 1 IIIIIII | L IIIIIII 1 IIIIIII | L IIIII|'| | L IIIIIII | L L RLL 100 MF 0.003 Ohm 5 nH

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz
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Filter lllustrations, When More is Less

Got better at high frequencies,

tIRY
R1
Input Quiput1
Cc1 0.1 c2

but we also got a peak < f
10dB V(output1) V(output2) C_D " 3”:2 3; 30:
0dB \—Y—)
-10dB- | c 1c -
s A5€ & Tour Case2C
-20dB- S~ out
-30dB— N
Casel C_,,
-40dB ~~~__ 100 uF 0.003 ohm 5 nH
-50dB— s
-ﬁDdB——l—rrrrm] T ||||||I] T |||||II| T |||||IT| T |||||I1| T ||||||I] T ||||||I]

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz100MHz 1GHz
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Filter lllustrations, The Best

L1 L4 L7
D 4
R1 R3 R&

Input Cutput1 Qutput? Qutputd
c1 01 c2 0.1 C3 C4 0.1 lCE _T_CS _T_CT _T_CS lCQ
1000p 22 100p 22 100p 01p 22 22 22 22y 22y 22y

Vi ESR1 ESR2 ESR3 ESR4 ESRS ESRE ESRY ESR8 ESR9
C) 1m 3m 3m 30m 5m 5m 5m 5m 5m
L3 L2 L5 L6 L8 L9 L10 L1 L12
ACH
Rser=0 1 5n 5 05 in in in in in
_ac dec 100 1E2 1E9 A

20dB V(output1) V(output2) V(output3)

0dB

-20dB—

-40dB—

Identical
capacitors

-60dB—

'BOdB__I_I'ITnTI] T ||||||I'| T ||||||I'| UL RLLLL |||||I'I| T ||||||I'| T ||||||I'|
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz
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The Filter Design Process

Collect input requirements

*  Offending frequency components (frequency, magnitude) to filter
*  Necessary attenuation

*  Set design parameters:

*  Filter cutoff frequency f. and Q

Design the inductance and bulk capacitance based on:

Primary _Rs L Secondary /L
L1 | C
f

— 1 Q —
T¢ “ 2z4LC R,

Or use a circuit simulator to quickly iterate component values...

IEEE EMC Boston Chapter meeting, 9/30/2020



Low-Current Filter Example (1)

Design requirements for low-current filter
*  Cutoff frequency f, = 100 kHz (DC-DC converter running at 1MHz)

*  Q=0.5 L
Assume R, =1 Ohm C

1
::> f = _ 'L
’ 272\/E’ ?

RS
Primary L=2.7uH Calculated values:
L Secondary % L=2.7pH
ST C=10pF * C=10uF
Select:
Re2= 0.91 Ohm

# L=2.7uH 0.1 Ohm
% C=10uF +0.91 Ohm

IEEE EMC Boston Chapter meeting, 9/30/2020



Low-Current Filter Example (2)

Transfer functions of PDN filter with ferrite-bead model

C1 cz C3 Rdc LA c4 Cs C6 Fmin ; . .
1.00E+03 | 1.00E-03 | 1.00E-05 | 1.00E-01 2.70E-06 | 1.00E-05 | 1.00E-07 | 1.00E-09 1.00E+02 > istvan novak(@ieee.org
R1 R2 R3 Cb R R4 RE RG Fmax Q www.electrical-integrity.com
1.00E-03 | 5.00E-02 | 1.00E-02 | 5.00E-13 1.00E+06| 9.10E-01 | 1.00E+06 | 1.00E+06 1.00E+03
L1 L2 L3 Rb Lf2 L4 L& e
§.00E-07 | 5.00E-09  1.00E-09 |1.00E+01 1.00E-12 | 1.00E-09 | 1.00E-09  1.00E-10 [Ferrite beaa o |
N1 N2 N3 Rf2 N4 N5 NG | |
1 1 1 1.00E-03 1 1 1
Input | Rdc Rt RiZ | Cutput
o ' ' — A, i
Filter impedances Z1zs, Zesse, Z:, Re(Z;) [Ohm] l l l| ) o | | [
[ ; o c1 c2 (=] cd ©5 LNy, cafl=
1E+4 Selected values: | IO
% L =2.7uH 0.1 Ohm R e
1.E+3 -
* C=10 uF 4 mOhm 1 nH L 25 1 wel 59
1 Es2 - with series 0.91 Ohm
1E+1 Vout Vin transfer ratio, Zout [-, Ohm]
' 1.E+1
1.E+0 —— 1.E+D —_ —
/ J 1-E_1 T
1.E-1
1.E-2 -
1E-2 1
1.E-3 -
1E-3 1.E-4
1.E+02 1.E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08 1.E+402  1.E+03 1.E+D4 1.E+05 1.E+06 1.E+07 1.E+0D3
Frequency [Hz] Frequency [Hz]

http://www.electrical-integrity.com/Tool_download_files/PDN-filter WExcel2016-32-64b_v06.xIsm

IEEE EMC Boston Chapter meeting, 9/30/2020



Low-Current Filter Example (3)

Ceramic Type [ Voltage [ Capacitance ]

¢ Chip Style | Dielectric Type | Rated Voltage
Selected components: .
* Coilcraft 181PS-272 L= 2.7 pH  #endadChis High Voktage Chips G CG Ysv OV g Shiie
C 1210 ¢ 0805 ¢ C2520 R CHEZlE .  6.3Voks
008 Ohm ¢ C1812 1206 C0 *5R +* P XoL T N & 10VDC :
" _ €8s C C1210 G X8R CH -1 s
* Kemet CO805C106K4PAC C= (o | Cam o | |emwe
s s FollB Values available in selection are based on chip SR
1 O }.I.-I: 4 mOhm 1 nH Lecen c E:: g;g ol style, dielectric type, and rated voltage. & 35
1 ("' Eavmnnr
-  C2220 ol i : it
| & Ccaos2 " CADB4 2225 - Capacitance List v
SR KPS Senes 1.0 uF - COB05CT05K3PAC & (&2
G : 1.2 pF - COB05C1 25K 4PAC folls
N ’ Inductor finders: Power | RF @ ng:‘rv Slae%g:[l ? 1.5 uF - COB05C155K4PAL 2
R seorchcursue: [ N cirks 1.8 F - COBOSC185K4PAC '
_ 2.2 pF - CO805C225K 4PALC & 1
Home Design Tools | Samples | Kits | Price + Stock | Sales | Support | Jobs | Index Power Magnetics Tools ~ 3 2.7 pF - COB0SC275K4PAC & 2
v 3.3 pF - COB05C335K4PAC 5
. RF Inductor Tools T B 4.7 pF - CO805C475KAPALC % 2
Power Inductor Finder Results S S S 4.7 yF - COBDSCATSK3PAC C
5.6 pF - COB05CHESKBPAL 4
= These results do not imply an exact match to your requirements. I€ I Inductor Match Tool 5.9 pF - CO805CES5KBPAL 8 -
= We recommend that you request a free sample before an erder is placed Other Tools - ?02 ‘;_!:&5.5[%{83; M e -
sortresults by: [Footpat =] [OCR <] [- =] & LUUES CUSOLIDORARAL & 1 DC
. Do not convert PN to selected voltage. J
[*v 5| [aveon L 27 o [ [ [ & ™ Keep PN identities - do NOT convert.
KRR s
Part number Core material @ ) (mm)|  goel] @000 W EampE
1812PS-272 SM Fermite s 27 0.0800 14 23 58T 4,98 38 5083 O
DO160SC-272  SM  Fenite 27 00800 21 245 660 445 292 S04 [ Quit
XALTO30-272  SM  Composite S 27 00173 128 114 800 800 310 S087 [
RFBOS0T-2R7  Leaded Ferite 27 00140 55 654 880 880 750  $030
MSS1038T252 SM  Ferite s 25 00100 926 665 1050 1020 400 S055 [

IEEE EMC Boston Chapter meeting, 9/30/2020



« All filter components may be impacted by bias stress

— Capacitance loss due to voltage bias

— Inductance loss due to current bias
« The filter has to pass DC current and therefore very low frequency noise

can not be eliminated
— Sub-harmonic converter ripple
— Qut-of-band spurious signals
— Low frequency random noise
« Series resistive loss maintains second-order filtering; resistance in the
parallel path approaches first-order filtering

« Check the DC-DC converter operating frequency before you switch to a
different converter!

IEEE EMC Boston Chapter meeting, 9/30/2020



Be Aware

Random wander of current sharing

600 kHz switching frequency
Six-phase 12V to 0.9V regulator
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Current sharing among phases in the time domain
Spectrum of output voltage

http://www.electrical-integrity.com/Paper_download_files/DC18_PAPER_MeasuringCurrentAndSharing_corrected_v3.pdf
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Be Aware, Distribution of Losses

Vout/Vin transfer function [-] L1 R1
1.E+1 M
— C1
1.E+0 L1: 2.7 uH
R1: 1 mOhm C1:10uF R2
R1:1 Ohm L
Lo | RZ 1 mOhm
' Series resistive loss maintains
| R1:0.5 Ohm second-order filtering;
LE3 R2: 0.5 Ohm _ _
resistance in the parallel path
1E4 - approaches first-order
filtering
1.E-5

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Frequency [Hz]

IEEE EMC Boston Chapter meeting, 9/30/2020



Be Aware, Bias Effects

.ac oct 100 100 1E9

include GRM21BB30G476ME15_LT.mod
include BLM18PG1215N1.mod

step paramVdc 04 4

Step param ldc 0 2 2

9dB peaking at 25 kHz!

BLM18PG1215H1
Vsource SR Vout
\ Y[voul)/¥[vsource]
3dB Wi e = n
i | B o | B 4 | &
4V, 2A € |2 %8 |8 & |3
0dB = 4 = ) r= 4 I~
vdc} 5 i) 5 3 5 3 1
oV, 2A AC -1E-30 El=lg E |8 £ |=|8 @
-9dB] 8 e 2 @ 2 @
E o E o E 5 {ldc}
- = - = - =
o o o
-18dB— (L] (L] [T]
0V, 0A \
-27dB— )
. . ~.~ HNote: Alternate SPICE solve engine may need to be selected!
37dB variation at 300 kHz!
4V, OA .
-36dB \K Percentage capacitance [%]
-45dB - /
54dB—
-63dB—
-72dB—
-81dB L R A L ) L AL LA ) B B B
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz
-100

Source: “How Much Capacitance Do We Really Get?,” 20 10 0 10 20
QuietPower columns, http://www.electrical- DC bias [V]

IEEE EMC Boston Chapter meeting, 9/30/2020 integrity.com/Quietpower_files/QuietPower-40.pdf



Loss of Capacitance in MLCCs

Percentage range [%] Relative multiplier
Initial tolerance +-10 09...1.1
Temperature effect +-15 0.85...1.15
(DC bias effect +0 -70 03...1 \
LAC bias effect +0 -30 0.7 . 1 )
| Aging (over 3 years) +0 -7.5 0. 925
* For worst case, have to multiply all multipliers 0.115 1.127

* High CV ceramic capacitors can lose up to 85% of capacitance

* Highest impact is DC and AC bias voltage

Source: “How Much Capacitance Do We Really Get?,” QuietPower columns, http://www.electrical-integrity.com/Quietpower_files/QuietPower-40.pdf

IEEE EMC Boston Chapter meeting, 9/30/2020



In-System Interference

GDbE jitter measured on a live system
Only the AC/DC power supply was changed

EEEEEE Cantral .\:I.I!"E-Dl"i - -

Time (s) B8.000p/div 440.00p -440.00p Time (3) 86 000p/div 440.00p
s Plot Log Utility Help TDSJIT3 Jitter Analysis B F Elle M 2 e N — I B
RiDj-B Plots Al St = -

Status :

With PSU #1 "~ With PSU #2

http://www.electrical-integrity.com/Paper_download_files/DC18_PAPER_MeasuringCurrentAndSharing_corrected_v3.pdf
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The First EMC-SMOG Map of Earth

Live interactive map is at

https://end.bme.hu/mb/site

Credit:

e Spectrum data from Hungarian
SMOG-P nanosatellite,
http://gnd.bme.hu/smog

e Visualization and data processing:
Markotics Boldizsar and Takacs
Donat, BME Cosmos Society,
https://kozmosz.space/

IEEE EMC Boston Chapter meeting, 9/30/2020 E]
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summary

Filters can effectively suppress noise propagating from

— High-power source to low-power sensitive circuit
— High-current load transients spilling back out to main supply rails

Primary design goals for LC filters

— Provide enough attenuation of the offending spectrum
— Avoid peaking of transfer function that would amplify instead of attenuating the noise

e But

— Series filter reactance must be balanced by capacitance after the filter
— If the filter is not needed or incorrectly implemented, it can create problems

Filter performance can be impacted by bias current (loss of inductance) and
voltage (loss of capacitance)

IEEE EMC Boston Chapter meeting, 9/30/2020



Further Resources

“How to Design Good PDN Filters,” DesignCon 2019, January 29-31, 2019, Santa Clara, CA

http://www.electrical-integrity.com/Paper_download_files/DC19 Tutorial SLIDES_HowToDesignGoodPDNFilter.pdf

“Do You Really Need that Ferrite Bead in the PDN?”

http://www.electrical-integrity.com/Quietpower_files/QuietPower-55.pdf

For illustration tools, papers, blogs, Sl and Pl courses, see

http://www.electrical-integrity.com/

IEEE EMC Boston Chapter meeting, 9/30/2020
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THANK YOU

Istvan.Novak@samtec.com
Istvan.Novak@ieee.org
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