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When Do 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
oC » or not?
o O
_ . Attenuated It is easier to filter
Big AC noise . AC noise Low-iitt
‘ PDN filter = OW-JItter for a low-current
clock source

rail than quiet a

high-current rail.

How to Design a Good PDN Filter, http://www.electrical-integrity.com/Paper_download_files/DC19_Tutorial_SLIDES_HowToDesignGoodPDNFilter.pdf



When Do 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

DC DC
m—) -O’ ‘ or not?

It is easier to contain

. i High-current
AC£0'5e PDN filter Aﬁ nf’isy DC-DC noise at its source.
converter Main stress
input parameter is
capacitor ripple
| current.




A 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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DC-DC Converter Output Ripple Voltage

: : DC DC

The inductor .rlpple current flows through the = ?

output capacitor |

First-order mid-frequency capacitor model = ESR-only AC AC Low-
PDN filter = jitter

Output ripple voltage shape closely follows inductor clock

ripple current S
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TIT
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viout) If Cload *ESR pole is below

Fsw, the output ripple is:

Av = ESR*Al

HMOS2
Rload

Cloaid




DC-DC Converter Output Ripple Voltage

Time-domain harmonic composition of buck converter switching ripple

QUTPUT CAPACITORS Sweep
Cc1 c2 C3 c4 C5 Fmin[Hz] Vin[V] Min D [%] Ripple [mVpp] m F .
C[Fl  4.70E-04 4.70E-05 1.00E-05 1.00E+03 12 5.00E+DS 1 8.33 453 12.00 i ; ol T i
R[Ohm] 1.00E-02 3.00E-03 1.00E-02 Fmax [Hz] Vout[V] L Max delta_| [4] Ripple est[mVpp] Ratio [-] V= xxw‘iivggég;:iﬁg}f%om
LMH  2.00E-09 2.00E-09 1.00E-09 1.00E+08 1 4 TOE-07 10 3.9E+00 2.89 1.57 i -
N[ 3 3 10
Impedance magnitude of output capacitors [Ohm)] Cutput ripple waveform [V]
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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.xIsm



DC-DC Converter Input

- Theinput voltage is chopped by the switches NMOS 1

« Inductor current is continuous C—) Gate drive

HMOS52

- Input current has large jumps

DC ) =) DC
) |
AC AC High-current
& PDN filter _ noisy DC-DC
converter
input

o—— o ‘




DC-DC Converter Ringing

- The switching edges may have high-frequency transients

- Ringing frequency range today: 1 — 1000 MHz
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Analog Supply Noise Filter

PDN filter
Pwr Pwr Possible functions and requirements:

o—— L_H(f)=V,,./ V., — 0 * Low-pass filtering from main to secondary (forward)
Primary = | Ul Filtered * Low-pass filtering from secondary to primary (reverse)
supply, |1 Z.(f) lz(f secondary * Output impedance for the load (*)

::> ] i ] | g):;)ly * Input impedance for the source (*)
v, <IN V.. (*) O|.ot|on.al requirement | |
| ’ H,(f) =V, / V. | Passive filters may be physically symmetrical
GND GND Relevant transfer functions are mostly not symmetric

© Watch DC voltage drops closely



Transfer Functions

What transfer function matters?
* Loy OF Sy 7
* Something else?

Filter
Z2 Out O—— I Hl(f) - Vout/ Vin —O
1 —_—— E —————————— >
 —— i
Z1 Z3 VOUt
' Vi, <__ ______________ Vout
v - v Hz(f) = Vin/ Vout v
Z21 - out/ Iin
O O

S, = wave_ /wave,



Transfer Functions

For filters from a high-current to a low-current rail we need

the unloaded voltage transfer function: V_/Vi,
Filter
Z2 Out
L |
21 ZS VOUt
L)




Impedances

What filter impedance function matters?
* Zyq, OF 2557
* 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—— —o0

- Z. () | Zoul Zout

Short




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
L] | C
f

— 1 Q —
T= “ 2zJLC R,

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



Low-Current Filter Example (1)

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

* Q=05 \/T
Assume R, =1 Ohm —
=) f-——+_ Q=1C

27t LC

RS
Primary L=2.7uH Calculated values:
v Secondary % L=27puH
ol C=10uF * C=10uF
Select:
Rs2=0.91 Ohm

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



Low-Current Filter Example (2)

Transfer functions of PDN filter with ferrite-bead model

c1 c2 C3 Rdc LF c4 C5 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 w istvan novak@ieee.org
R1 R2 R3 Ch R R4 RA R6 Fmax R 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+08
L1 L2 L3 Rb Lf2 L4 L5 e |\
5.00E-07 | 5.00E-09 | 1.00E-09 | 1.00E+01 1.00E-12 | 1.00E-09 | 1.00E-09 | 1.00E-10 [Ferrtebead __ o]
N1 N2 N3 Rf2 N4 N5 NG | |
1 1 1 100E-03] 1 1 1
Input | Rde Rit Riz | Cutput
o - - A e A A o 1
Filter impedances Zcs, Zcase, Zr, Re(Z;) [Ohm] l L L| i o || [
o L
1E+4 - . _ ci [5] c3 ] [o'] [¥ CcE
Selected values: LA ]
% L=2.7uH 0.1 0hm oo Be ® Mo e ®
1.E+3
* C=10 uF 4 mOhm 1 nH L1 E3 ST sl S s
1E+2 with series 0.91 Ohm
1.E+1 - Vout /Vin transfer ratio, Zout [-, Ohm]
' 1.E+1
1.E+0 - et 1.E+0 — —
/ J 1E-1 4
1.E-1
1.E-2 -
1.E-2 -
1.E-3 -
1E3 1E-4
1E+02 1E+03 1E+D4 1E+05 1E+06 1E+07 1E+08 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

Frequency [Hz]

Frequency [Hz]

http://www.electrical-integrity.com/Tool download files/PDN-filter WExcel2016-32-64b v06.xIsm



http://www.electrical-integrity.com/Tool_download_files/PDN-filter_WExcel2016-32-64b_v06.xlsm

Low-Current Filter Example (3)

Ceramic Type / Voltage / Capacitance N

= Chip Style | Dielectric Type | Rated Voltage
Selected components: i .
¥ ; s 5t : i - oG CG Yyw CV & 2VDC
# Coiloraft 181PS-272 L= 2.7 pH  femesthes  Honvatoge e Gale e
: m C C1812  C1208 c X8 G P xXe CN @ 10VDC
N _ oS ¢ C1210 (ol X8R C H - 4
¥ Kemet CO805C1 06K4PAC C - C C2220 ¢ C1808 € C4040 - ! e ;gxgg
' C C181 C g Values available in selection are based on chip SR
10 I F 4mOhm 1 nH e = é gzg p style, dielectric type, and rated voltage. ‘; 3
RAray  C2220 € C5550 - - ¢ 1
| €& CADs;  CADB4 C C2225 e Capacitance List pe
’ Bl KPS Series 1.0 uF - COBO0SC105K3PAC & |6
s : 220 1.2 pF - COB05C125K4PAC Pl
o /, Inductor finders: Power | R @ sng s?]e%g:; o 1.5 uF - COBO5C155K4PAC s
.‘ Search our site: N ools 1.8 pF - CO805C185K4PAC b
_ 2.2 pF - COB0SC225K4PALC € 1f
Home Design Tools | Samples | Kits | Price + Stock | Sales | Support| Jobs | Index Power Magnetics Tools ~ §{2 2.7 yF - COB05C275K4PAC e 2
3.3 pF - COBOSC335K4PAC 3
. RE ik S B 4.7 yF - C0BOSC475K4PAC W
Power Inductor Finder Results CM Filter Finder Tool 4.7 F - COB05C475K3IPAC c .
5.6 pF - COBO5SCS65K8PAC C 4 [
= These results do not imply an exact match to your requirements IC / Inductor Match Tool " 6.8 pF - COB0SCEE5K8PAC o :
= We recommend that you request a free sample before an order is placed Other Tools ” - 1802 uFF,' ccr?s?sségozéé(sgﬁ:g | b 2
Sortresults by: [Footpart -] [OCR ] | = & 'IiﬁEMM' 8
Do not convert PN to selected voltage. J
[Ay =] [Fveee =] 27 [_| T D ' [T Keep PN identities - do NOT convert.
Price Tt
e KRR - - Done
1812PS-272 SM  Fenmite s 27 00800 14 23 587 498 381 $083 [
DO1608C272 SM  Fenite 27 00800 21 245 660 445 292 S064 [ Quit |
XALT030272  SM  Composite s 27 00173 128 114 800 800 310 S087 [

RFB0807-2R7 Leaded Femte 27 00140 55 65 8.80 880 750 $0.30
MSS1038T-252 SM Ferite S 25 00100 926 665 1050 1020 400 $0.55 r




Be Aware

- Series resistive loss maintains second-order filtering; resistance in the parallel path

approaches first-order filtering

« 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 with LC low-pass filters
— Sub-harmonic converter ripple

— Qut-of-band spurious signals

— Low frequency random noise

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



Be Aware, Distribution of Losses

Vout/Vin transfer function [-]

L1 R1
1.E+1 W’*\_/\/\/ -
— C1
1.E+0 L1: 2.7 uH
R1: 1 mOhm C1:10 uF R
1Eq - R2: 1 Ohm
R1: 1 Ohm L
R2: 1 mOhm
1.E-2 A
Series resistive loss maintains
R1: 0.5 Ohm d-order filterine:
1E3 - R2: 0.5 Ohm second-order filtering;
resistance in the parallel path
HE4T 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]
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Random wander of current sharing
600 kHz switching frequency

Six-phase 12V to 0.9V regulator o
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Spectrum of output voltage

a.id
Sowen mage

TELEDYNE LECRDY

corrected v3.pdf



http://www.electrical-integrity.com/Paper_download_files/DC18_PAPER_MeasuringCurrentAndSharing_corrected_v3.pdf
http://www.electrical-integrity.com/Paper_download_files/DC18_PAPER_MeasuringCurrentAndSharing_corrected_v3.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 \
| AC bias effect +0 -30 0.7 . 1 J
| Aging (over 3 years) +0 -7.5 0. 925
* For worst case, have to multiply all multipliers 0 115 1127

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

* Highest impact is DC and AC bias voltage



Be Aware, Bias Effects

9dB peaking at 25 kHz!

9dB \ Vvout]/V¥[vsource]
4coct 100 100 1E9
0dB 4V’ 2A include GRM21BB30G476ME15_LT.mod
Jinclude BLM18PG1215H1.mod
OV' 2A Step param Vdc 04 4
-3dB+ .step param ldc 0 2 2
A
o BLM18PG1215N1
Vsource Vout
0V, 0A \ Sk ' ' '
-27dB-] Vi " . .
37dB variation at 300 kHz! e i W T
4V, OA o E 9 = o =
-36dB— _ u’ E H’ E “a E
{vdc} 5 & 5 @ 5 @ Il
AC 1E-30 = | |2 = |2 = |8
-45dB— E E E_ E E_ E @
£ S E = £ = {ldc}
54dB- 2 s 2 = 2 =
24 o o
L) L] L]
-63dB-
L L L
-72dB+ é’ Hote: Alternate SPICE solve engine may need to be selected!
-81dB T rorTTTTT T T T rorTTTTT T
100H=z 1kHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

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



http://www.electrical-integrity.com/Quietpower_files/QuietPower-40.pdf
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mailto:SIG@samtec.com

