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SPEAKER

Istvan Novak

Principle Signal and Power Integrity Engineer
Istvan.novak@samtec.com

Istvan Novak is a Principle Signal and Power Integrity Engineer at Samtec, working on
advanced signal and power integrity designs. Prior to 2018 he was a Distinguished
Engineer at SUN Microsystems, later Oracle. He worked on new technology
development, advanced power distribution and signal integrity design and validation
methodologies for SUN's successful workgroup server families. He introduced the
industry's first 25um power-ground laminates for large rigid computer boards, and
worked with component vendors to create a series of low-inductance and controlled-
ESR bypass capacitors. He also served as SUN's representative on the Copper
Cable and Connector Workgroup of InfiniBand, and was engaged in the
methodologies, designs and characterization of power-distribution networks from
silicon to DC-DC converters. He is a Life Fellow of the IEEE with twenty-five patents to
his name, author of two books on power integrity, teaches signal and power integrity
courses, and maintains a popular SI/Pl website.
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OUTLINE

* Introduction, scope
* Requirements
*  Filter design procedure

*  What can go wrong
> Wrong layout
> Bias dependence

* Simulations and correlations
* Demos
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* Introduction, scope
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What This Is and What This Is NOT

*  This tutorial is NOT about all-parallel bypassing

* This tutorial is about PDN structures where series

elements (whether intentionally placed or accidentally

being in the circuit) matter for the performance
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When We Need a Filter

To feed a sensitive low-current load

Primary supply side:
3.3V 10A, 200mVpp

noise

DC =)

O———

AC

PDN filter

January 29 - 31, 2019

Filtered secondary
supply: 3.3V 0.1A,
2mVpp noise

. =) DC

Low-

jitter

clock
. source

o)

It is easier to filter
for a low-current
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
supply side
DC mmm) . mmm) DC

o—— e ‘
AC AC | High-current
= PDN filter noisy DC-DC

- converter
input
o—— e |
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It is easier to
contain noise at
its source.
Main stress
parameter is
capacitor ripple
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

.LTLIﬁEﬁE '
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DC-DC Converter Output Ripple Voltage

 The inductor ripple current flows through the
output capacitor

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

* Qutput ripple voltage shape closely follows
inductor ripple current

DC mmm)
O—

AC

N
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=) DC
_ AC Low-
PDN filter = jitter
clock
. source

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

Av = ESR*Al
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DC-DC Converter Output Ripple Voltage

Time-domain harmonic composition of buck converter switching ripple

QUTPUT CAFPACITORS

Sweep
Fmin[Hz] Vin [V Min

1 c2 c3 c4 s D [%] Ripple [mvpp] ~ m - Number
C[Fl 470E-D4 470E-05 1.00E-05 100E+03 12 500E+05 1 8.33 453 12.00 y g st ki of
RIOhm] 1.00E-02 3.00E-03 1.00E-02 Fmax[Hz Vouth] L Max | dela [  Ripple estimvpp) Ratiol]| W ! ?&ﬁ;ﬁl_;;:;ﬁim periods
L[H] 2.00E-D9 2.00E-08 1.00E-09 100E+08 1 470E-07 10 2.9E+00 2.89 157 : . 2
N[ 3 3 10
Impedance magnitude of output capacitors [Ohm] Output ripple waveform [V]
0.003
A\ \\
o ] \ ’ \
0.001
0 '--..._...-—\ ‘--.._...-—\
1.E-1 -0.004 \_/h V] \—/ﬂu
-0.002
-0.003
— ze 20 40 80 80 100 120 140 180 180 200
— a2 Normalized period 4]
1.E-2 A — Zc3
— Zcd Harmonic magnitudes of Inductor current, Ripple voltage [dBA, dBV]
— s 20
Ztotal
*  Marker 04 3
r L]
-
3 -20 4 * . i
-
1.E-3 _a0 | . ...ou....
AL VN
& by @ .nuﬁ
-
T - T
-804 A & -
paddha,
P &
-100 1 44 'af‘;‘\-ﬁ.
1E-4 Foaald
1E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08 -120
1 10 100
Frequency [Hz]
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Harmonic number [-]

11

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
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DC-DC Converter Input —

. . — |
* The input voltage is chopped oSt = %.
. Vin o
by the switches @ Gate drive
. . T NMOS2 || Cload Ridad
* Inductor current is continuous — l
o S
* Input current has large jumps
__Y_SW(t) - .
DC ) s DC DT
° ‘ o= I Vou |
AC AC High-current | T
PDN filt noisy DC-DC | I iime
- e - converter : i i
input i (t)! | |
-
-~ o | :
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DC-DC Converter * The switching edges may have

. - high-frequency transients
Ringing | SRR
Ringing frequency: 50 — 1000 MHz

TeK Run: 25.0GS5/s ET Sample
I

T

1 H
L ¥ i | H
AT T RS o |
@: 4.9mV || Bandwidth / . Rin
) . . — Ay iy
I Lin RLin J——_Vin
Ld ¢ T Cin T
i
- f : S Zan f f o Top FET ON (1) =
WWWW‘W : t * i : : : 1 250 MHz
: Ls ¢
| ; o RLDUT'LUUt
: : . . ‘ 17 1WAE . . . 1 20 MH2z Switch ——A—1=""" + Vout
: : : : : T : : : . Ld ¢ = Resr £ Rload
) ) . . . H . . . ) o
R : : : : : Lower FET OFF T C(Vds) T Cout W 17A
S R . '
S : | S | | s ¢ é
of Lesr
& [[3e B Eandwidth Flsngoslgade Position | Offset | Deskew Probe
AC Full '/di\f —q0mdiv ov a0s Functions

Source:
- Mid-Frequency Noise Coupling between DC-DC Converters and High-Speed Signals, DesignCon 2016

- What is New in DC-DC Converters; An OEM’s Perspective, DesignCon 2012
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OUTLINE

* Requirements

*
*
>
>
*
*

| I
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Analog Supply Noise Filter (1)

PDN filter

O——— = l(f) out/Vm —O0
_____5__________>
| Z,.(f) - Z,,:(f) Filtered
Primary secondary
supply 1 supply
Vin <—_ _____________ VOUt
v Hz(f) = Vin/ Vout v
o o)
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Analog Supply Noise Filter (2)

DesicnConerm

WHERE THE CHIP MEETS THE BOARD

Possible functions and requirements:

*  Low-pass filtering from main to secondary

*  Low-pass filtering from secondary to primary

*  Qutput impedance for the load (*)

*  |Input impedance for the source (*)

(*) Optional requirement

Passive filters may be physically symmetrical
Relevant transfer functions are mostly not symmetric

Watch DC voltage drops closely

1|| i [l
' January 29 - 31, 2019 16
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Analog Supply Noise Filter (3)

Static and dynamic budget

Primary

% \! \ Secondary

Static Dynamic

Nominal —— — ——— .
tolerance noise DC ‘ m

Risk

n_in

Januar y 29 -31, 2019 17
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Analog Supply Noise Filter (4)

Primary Lseries Secondary

. —}—o0
*Use low-Q inductors or/ = 2 ﬁc

in Ferrite,
ferrites, or R-L

LDO Secondary

«Low Dropout Regulators —~ Pri,(:n{ry A
Lo d ;ﬁcw

*DO NOT use Hi-Q filters \
) Qs
b

L
DEesIGNCON'EDT 5., [—— ;
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Transfer Functions

What transfer function matters?

*®  Zyy 0r Sp47?
*  Something else?

Filter
Z2 Out
]
L
Z1 Z3 VOUt
N
Z21 = out/lin
S, = wave, /wave,
DES’GNCON_ January 29 - 31, 2019 19
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1 Hi(f) = Vou! Vin —O
>

out

THf) = ViV,

ut v
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Transfer Functions

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

Filter
Z2 Out
[ ]
L 1
Z1 Z3 Vout
N

® N S Eee——— E—
DES’GNCQN oL B January 29 - 31, 2019 20 Samtec
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Impedances

What filter immpedance function matters?

® 2y, 0r Zy,?
*  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
1Z () Zoui(f)
Short
Vin Vout
v
O O
\

DesicnConer 5 [EGG— .
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Filter lllustration
The good

-10dB—

-20dB-

-30dBH

-40dB-

-50dB-

-60dB-

V(output1)

____________________

(IR ' (BRI ' (R
USSR U N Y I U [ U UG e [ I I ) S N T N
1 e 1 Frrraa 1 R

100Hz

DesiGnCon:

1KHz 10KHz 100KHz
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Tran [
| Sy B N R
R 1

B e et et

1MHz 10MHz 100MHz 1GHz

22

L1

g 0
R1
Input Qutput1
Tor ¥ Te
1000p 22 100p
V1 ESR1 ESR2
1m 3m
L2
AC 1 L3
Rser=0 1n Sn
.ac dec 100 1E2 1E9
C,,i=C2

100 pF 0.003 ohm 5 nH

Sam|Ec




Filter lllustration

When more is less

-60dB-

V(output1)

V(output2)

L1 L4
b { 4
R1 R3
Input Qutput1 Qutput2
Lﬁ 01 c2 0.1 _T_03 l(:zl
1000p 22 100p 22 100p 0.1y
V1 ESR1 ESR2 ESR3 ESR4
C) 1m 3m 3m 30m
L3 L2 L5 L6
AC 1
Rser=0 1n 5n 5n 0.5n
Case 1l C

—— —
— ———
- — —

11

T T T T |

_I_I'I'I'I'I'I'II
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz100MHz 1GHz

January 29 - 31, 2019
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100 uF 0.003 ohm 5 nH

Case 2 C_

100 puF 0.003 ohm 5 nH
0.1 uF 0.03 ohm 0.5 nH

Sam|Ec

Better at high frequencies, but we got a peak




Filter lllustration

The best

L1 L4 L7
Input R] h Output1 R o Cutput2 R W Qutput3
cl 04 c2 0.1 _T_c3 _T_c4 01 _T_cs _T_cs _T_cr _T_ca _T_cs
_-1000|..| 22 100p 22 100p 0.1p 22 22 22 22y 22 22y
VA ESR1 ESR2 ESR3 ESR4 ESR5 ESR6 ESR7 ESRS ESR9
C) 1m 3m 3m 30m Em 5m &m 5m &m
T AC 1 L3 L2 L5 L6 L8 L9 L10 L11 L12
Rsar=0 1n n n 0.5n n n 1 n 1
.ac dec 100 1E2 1E9 A
o V(output1) V(output2) V(output3)
20dB
0dB
-20dB+ Identical
capacitors
-40dB- < P
in parallel
-60dB-
-80dB—

DesicnConerm
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OUTLINE

*  Filter design procedure

*
>
>
*
*

® N S Eee——— E—
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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 /£
L1 | C

|
IC fc_27z\/E,Q_ R,

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

DesicNnCon e 5

| I
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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
o G ey e

RS
Primary L=2.7 atl Calculated values:
+:|W\T)Secondaw % L=27 uH
R1= 0.1 Ohm C=10yF * C=10uF
Select:
Rs>;=0.91 Ohm

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

WHERE THE CHIP MEETS THE BOARD
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Low-Current Filter Example (2)

Transfer functions of PON filter with ferrite-bead model

Cc1 cz2 C3 Rdc Lf1 c4 Cha Cce Fmin ] .
1.00E+03| 1.00E-03 | 1.00E-05 [ 1.00E-01 2.70E-06 [ 1.00E-05 | 1.00E-O07 | 1.00E-09 1.00E+02 15h'aﬂ-ﬂflwdc@1eee:-0fg
R1 R2 R3 Ch Rf1 R4 R& RG6 Fmax - www.electrical-inte gritv. 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 o
L1 L2 L3 Rb L2 L4 L5 s
5 00E-07 | 5.00E-09 | 1.00E-09 | 1.00E+01 1.00E-12 | 1.00E-09 | 1.00E-09 | 1.00E-10 [ Ferrite bead L - —l
M1 M2 M3 Rf2 N4 M5 ME | |
1 1 1 1.00E-03 1 1 1
Input | Rde Rit Ri2 |
o A AN AN
Filter impedances Zeps, Zeass, 71, Re(Z;) [Ohm] l l l | a o ||
. . _ ci cz c3 ca
1B+ Selected values: | W
— =7 R2 R3 R4
. # L =2.7pH 0.1 0hm /
E+5
*C=10 uF 4 mOhm 1 nH L1 E3e T Le
1E+2 - with series 0.91 Ohm

1.E+1

Vout NVin transfer ratio, Zout [-, Ohm]
1.E+1
1.E+0 - s 1.E+0 gt

1.E-1
1.E-2 A
1.E-2
1.E-3 A
1.E-3 1.E-4
1E+02 1E+03 1E+04 1E+05 1.E+06 1.E+07 1.E+08 1.E+02 1.E+03 1.E+04 1.E+05 1.E+08 1.E+07 1.E+08

Frequency [Hz] Frequency [Hz]

January 29 - 31, 2019 28




Low-Current Filter Example (3)

Ceramic Type [ Voltage [/ Capacitance -

Chip Style | Dielectric Type | Rated Voltage
Selected components:
* i = Standard Chips High Voltage Chips G G Y V @ 2voC
Coilcraft 181PS-272 L =2.7 nH ’ - 4vDC 7
e X7R C B zZ5U «
O 08 Ohm  Ci210 " C0805 & C2520 . N  B.3Vols q
. C C1812 ¢ C1206 & 3333 %R @GP X O & 10VDC 8
 C185  C1210 & C3530 *8R {_H
* Kemet COB05C106KAPAC C= Cam | comm o | Lo ' 0
2225 s c es ava in selection are based on ¢ o
10 }.LF 4 mOhm 1 nH = 3?252 p style, dielectiic lype, and rated vokage. ? 35VDC
50VDC
By € C2220 o - - € 100VDC
© CADS2 ¢ CAOB4 C C2225 c | Capacitance List e
CL.Ca0eHT KPS Series 1.0 uF - COB05C105K3PAC 2| | 2s0vDC
Inductor finders: Power | RF Demgn 12“F - COBOSC125K4PAC ¢ 500VDC
@ S oo 1.5 F - C0B0SC155K4PAC oy
search our site: | Q, ? 1.8 pF - COB05C185K4PAC 1000%DC
Y 2.2 pF - COBOSC225K4PALC € 1500VDC
Home Design Tools | Samples | Kits | Price + Stock | Sales | Support | Jobs | Index | Power Magnetics Tools gg :F Enmgggﬁﬁig [ ?D?Fl j'\.fDl':
. RF Inducter Tools - 4.7 uF - COB05C475KAPAC € 2500VDC
Power Inductor Finder Results CM Filter Finder Tool 4.7 uF - COB05C475K3PAC € 3000VDC
5.6 pF - CO805C565K8PALC ¢ 400000
= These results do not imply an exact match to your requirements. IC / Inductor Match Tool 6.8 pF - COB05CE85K8PAC & K,
= We recommend that you request a free sample before an order is placed. Other Tools - B ?02 uF &P%ﬁ% P g;sg:ﬁg
Sort resuits by: [Foowert =] [OCR =] [- s N R e  10000VDC
Do not convert PN to selected voltage.
[rvcm ] By KU NN | Wm Wm mm I™ Keep PN identities - do NOT convert
DCR! Trms| L max| Pnce Pick 4 max
S s B T M L =T
1812PS-272 Ferite 0.0800 567 438 381  50.63
DO1G08C-272 SM Fedrite 2.7 0.0800 21 245 6.60 445 292 50,64 O
XALT030-272  SM  Composite S 27 00173 128 M4 800 800 30 S0ET [
RFBOBOT-ZRT  Leaded Ferite 27 00140 55 654 880 880 750  $0.30

MSS1038T-252 &M Fermrite 25 0.0100 926 665 1050 1020 4.00 $0.55
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High-Current Filter Example (1)

Design requirements for high-current filter
*  Cutoff frequency f, = 30 kHz (DC-DC converter running at 300 kHz)

* Q=0.5 I
Assume R. =10 mOhm \/—
s |:: > 1 C
ﬂ j— ) Q = ——

27 LC R

Calculated values:

Primary L= 27 nH * L=2rn
_>o_|:|-o—f\ﬁ’\T)Secondary % C=1000 pF
R =1 mOhm C = 1000 pF Select:

* L=27 nH 1 mOhm

=9 mOh
Rz ™9 monm ¥ C=1000 uF 9 mOhm

DES’GNCON_ 'S g gad January 29 - 31, 2019 30 mtez
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High-Current Filter Example (2)

.Transfer functions of PDN filter with ferrite-bead model
C1 c2 C3 Rdc L C4 cs Cé Fmin o ) )
1.00E+03 1.00E-03 | 1.00E-05 | 1.00E-03 2.70E-08 | 1.00E-03 | 1.00E-07 | 1.00E-09 1.00E+02 - 15“’3-‘1-11?“@1333_-‘)%
R1 R2 R3 Cb Rf1 R4 R& RG6 Fmax www.electrical-integrity. com
1.00E-03 | 5.00E-02 1.00E-02 | 5.00E-13 1.00E+06| 9.00E-03 | 1.00E+06 | 1.00E+06 1.00E+09
L1 L2 L3 Rb Lf2 L4 L5 s
5.00E-07 | 5.00E-09 1.00E-09|1.00E+01 1.00E-12 | 5.00E-09 | 1.00E-09 | 1.00E-10 [ Ferrite bead —|
N1 NZ N3 R2 N NG NG | L L2 |
1 1 1 1.00E-03 1 1 1
Input ! Rde Rit Ri2 | Output
- — 1 A I S —
Filter impedances Zgqzs, Zoass, £5, Re(Z;) [Ohm] l l l | —c|b R | | l l l
1.E+3 , (= c2 c3 c4 cs [+
L |
Selected values: M RS R RS RS R
1821 % L =27 nH 1 mOhm ugd el s ud 53
*C=1000 uF 9 mOhm 5 nH
1.E41 1
Vout NVin transfer ratio, Zout [-, Ohm]
1.E+2
1.E+0 -
1.E+1 4
N e \
1.E-1 T,
1.E-2
1.E-2
1.E-3 1.E-3
1E+02 1.E+03 1E+04 1E+05 1.E+06 1E+07 1.E+08 1.E+09 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1.E+09
Frequency [Hz] Frequency [Hz]
] l I
i
January 29 - 31, 2019 31
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High-Current Filter Example (3)

DesiGnCon e

January 29 - 31, 2019

ME

E!Transfer functions of PDN filter with ferrite-bead model
c1 c2 C3 Rdc Lf1 c4 Ch Ch Fmin p - ] ]
1.00E+03 | 1.00E-03 | 1.00E-05 | 1.00E-03 2.70E-08 | 4.70E-04 | 1.00E-07 | 1.00E-09 1.00E+02 ' lsh'aﬂ-ﬂtfvdt@leee_-mg
R1 R2 R3 Cb RF1 R4 R5 R6 Fmax www._electrical-integrity. com
1.00E-03 | 5.00E-02 | 1.00E-02 | 5.00E-13 1.00E+06| 1.80E-02 | 1.00E+06 | 1.00E+06 1.00E+09
L1 L2 L3 Rb Lf2 L4 L5 e
5.00E-07 | 5.00E-09 | 1.00E-09 |1.00E+01 1.00E-12 | 4.00E-09 | 1.00E-09 | 1.00E-10 [ Ferrite bead N
NA NZ N3 R2 N N5 NG | LA L2 |
1 1 1 1.00E-03 2 1 1
Input | Rde Rit Ri2 | Output
np | ) P
. 1 AN |
Filter impedances 723, Zrazs, £+, Re(Z;) [Ohm] l l l| b || l
1.E+3 . cl cz c3 |_ c4 c5 [
______ _
Selected values: M RE m MG RS R
1E+2 4 —_—
L=26nH 0.2 mOhm ng e oo ug 53 s
.| C(2x) =470 uF 18 mOhm 4 nH
I o
Vout NVin transfer ratio, Zout [-, Ohm]
1.E+2
1.E+0 -
1.E+1 A
1E-1 4 1.E+0
1.E-1 \
1.E-2 - b
1.E-2
1E-3 1.E-3
1.E+02 1.E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+02 1.E+03 1E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09
Frequency [Hz] Frequency [Hz]

32




High-Current Filter Example (4)

[< KEMET Electronics Corp. SPICE Simulation

Defaults Help (F1)
[£ Aluminum-Tantalum Series/Case/Style Selection
i Capacitor Series =
T434 - Low ESR/Industrial Giade = RSN =S 580 oF - T5207EGTMZAGATEDTS
T495 - Tantalum Low-ESR / Surge Robust "- £80 TWGE?MZFIEHEDES

T496 - Tantalum - Fused 1,000 uF - T520

T497 - Tantalum High Grade [English Dim)

T498 - Tantalum High Temperature [+150C) 1% g {mﬁg:}gg

T493 - Tantalum High Temperabuae [-1 ?ECI

T510- Tantalum - LowESR Mulbple A

520 - Ta-Polymer [K0] - Low ~Voltage

T521 - Ta-Polymer [£.0] - High Vol [>18] C 2Yalls 15 Valts

1522 - Ta-Polymer [KD) - Reduced Leaskage 0 16 Yalt

T525 - Ta-Polymer (KO) - High Temp [+125C) S B A L

T528 - Ta-Polymer (K0) - Facedown Tem o e

T530 - Ta-Polymer (K0) - Mulliple Anode  4Volts C Z5\alts

T540 - Ta-Polymer COTS Low ESR " B.3Volts € 33l

T541 - Ta-Polymer COTS Low ESA [Mult Anodes) —l  BYolts S0 4oalts

T543 - Ta-Polymer COTS Low ESR =]  10Vohs C E3vVals
11 VWalks 75 Valts

i~ Caze Coda / E1A Style [mm) 125 ot € 00V

') hitp:/fwwehparchive. Bounce Problems.pdf % Coloraft Inductor Finder |

Selected components:

e ' % Design -+ FA2769-AL L = 26 nH
s ur s - 9 2 P 1 0.2 mOhm

Home Design Tools | Samples | Kits | Price + Stock | Sales | Support | Jobs | Index Power Magnetics Tools ~

RF Inductor Tools o TH20Y108M2R5ATEO10
Power Inductor Finder Results oNl Filtar Finder Tool C = 1000 MF 10 mOhm 5 nH

= These results do not imply an exact match to your requirements. IC / Inductor Match Tool P —— ’
= We recommend that you request a free sample before an order is placed. Other Tools -
R (s 5 5|
Sort results by: |Footpent =| [DCR =] |- - & o
KEMET Electronics Corp. 3 WVersion 3.9.68

DCR L max Price = F
Part namber Core material Other* {nH)) () (men) @1,000 -

FA2TE3-AL Femite 26.00 0.2 29 610 432

Dgs._'GNCONm =- . Saml|ec
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OUTLINE

*  What can go wrong
> Wrong layout
> Bias dependence

DesicnCon‘ern o y Sani|ec
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What Can Go Wrong

Layout issues \>
* In high-current filters (voltage drop matters) /

> DC issues around contact resistance \

> resistance increase in corners A

> uneven distribution of currents in via arrays //

* In wide-band and high-attenuation filters
> sheaky path around components
> Sneaky path on the board

* Too much phase shift if the filter is inside a converter
feedback loop (usually in unintentional filters)

* Stub resonance

DES’GNCONE{'E \ 1% 1 January 29 - 31, 2019 35
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We may not have room for filter capacitors

Fi Ite r Geometry near IC pins. But an extreme terminated

A possible problem trace resonates and amplifies noise.

Primary ferritt  Secondary
)_T_ —] i | =
Cin \ ™

\

~
J

O0O00O0

Ol oNoNoNoNONONONONONONONG)

\
Solution: need to series terminate *Er

the trace by
» Adding resistance in series to the

trace, or
« Adding resistance in series to the

capacitor

(oMol oNONoNoNONo] (ONONONONG)
(oMol oNONoNoNONo] (ONONONONG)
(ONONONONONONONC] (CNONONONG)
(oMol oNONoNoNONo] (ONONONONG)
OO0O0O0OO0O0O0O0J)OOOOO
(ONONONONONONONONONONONONG)
(ONONONONONONONONONONONONG)

©)

©)

©)

©)

0000000

-
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Simulated

Before Fix

Filter transfer function [dB]

Voltage transfer function of analog PDN filter

Rdc C1 C2 Fmin

5 4.70E-04 1.00E-05 1.00E+03

Lf R1 R2 Fmax
1.00E-06 1.00E-02 1.00E-02 1.00E+10

Rf L1 L2 Fsteps
1.00E-03 5.00E-09 5.00E-10 200

Rs Zo tpd Cl
1.00E+00 2.50E+01 4.00E-10 1.00E-11

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Frequency [Hz]
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Simulated
After Fix

Filter transfer function [dB]
 ——

0 L
-10 - Voltage transfer function of analog PDN filter
Rdc C1 Cc2 Fmin
-20 - 1 4.70E-04 1.00E-05 1.00E+02
Lf R1 R2 Fmax
1.00E-06 1.00E-02 1.00E-02 1.00E+10
-30 1 Rf L1 L2 Fsteps
1.00E-03 5.00E-09 5.00E-10 200
40 1 Rs Zo tpd Cl
2.50E+01 2.50E+01 4.00E-10 1.00E-11

-50 ~

-60 -
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Frequency [Hz]

L I y—
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Be Aware

*  Sometime parasitic elements create non-negligible 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
>  Sub-harmonic converter ripple

> 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!

DES‘GNCONqum Y I January 29 - 31, 2019 39 ﬂtez
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Vin

Top-SW

T71

AR;I Vout
Vo |
Rhigh-side
~ Bot-SW Cconv  Cload
l l 1D | ~Rload
li
[ [ T R2 T T

I:I \
U ORI

|:| %-7 Rlow-side
o Impedance magnitude [ohm] Error amplifier
'\ 1.E-2 Loop compensation

L
VSW
Polymer tantalum PWM G0

capacitors v Power plane shape §

High-side sense line

Vref R

Low-side sense line

Remote sense connection

HRRH| | N | (RSN
Ul U

’\ sockets

\

OFF, side 1, side 2

ON, side 1

\

ON, side 2

20!,
Multi-phase DC-DC converter

16”

1.E-4
1.E+3 1.E+4 1.E+5 1.E+6 1.E+7
Frequency [HZ]

“Impact of Regulator Sense-point Location on PDN Response,” Designcon 2015
i J y
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Measured illustration of a DC-
DC converter creating out-of-

band low-frequency oscillation

* 6 kHz periodic disturbance in
a narrow operating point

range
* 500 kHz switching frequency
* Single-phase 12V to 0.9V

regulator

DesinConEsa i
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:, WED MAY 25 21:45:38 2016
g 5w 3] ] ¥ 00s 50004 Stop # 1.04v

Agilent Technologies

Measure Current Mean Min Max Std Dev Count

Max(1 ): 1.0408V 1.0378Y 1.0363V 1.0452v 711.97uV 219.0k
Freq(1): 6.62kHz 334.86kHz 2.34kHz 1.0400MHz 224 .64kHz 187.4k
Pk-Pk(1): 9.1lmV 2.7948mV 1.9mV 17.5mV 862.73uV 219.0k

1

A

Max(1): 1.0408V Freq(1): 6.62kHz Pk-Pk(1): 9.TmV
Source Q) Select: Measure Settings Clear Meas Statistics
VOuT Phase Phase ~ ~ ~

Source: “Overview and Comparison of Power Converter Stability Metrics,” DesignCon 2017




[ File

I Verical |+ Timebase | Trigger & Display | # Cursors | E] Measure & Math |~ Analysis X Utilities @ Support E= O-Smg\ed Autoset: | "5
Tab2

Tab3 Tabd

* Random wander of current sharing

* 600 kHz switching frequency
* Six-phase 12V to 0.9V regulator

B File

-60 dEED

1 Vertical = ++ Timebase I Trigger | & Display # Cursors

-70 dBm

-100 dBm

-110dBm

-120 dBm

-120 dBm

-140 dBm

kHz 200 kHz 400 kHz | 600 kHz

Measure Pilvi@x(F9) P2Ivi@x(F10)

28.01uV 1054 °
v s

P3.lvi@x(F11)
137.26 uV
'

P4:vi@x(F12)
-19.2°
v

Save Recall Report Generator File Sharing Print Aute Save
= Save Format
y T File Format

-
LabNotebook Waveform  JPEG - JFIF Compliant (jpg)

.“.| - Annotate Screen Area
= Screen Image | DSO Window

Setup Table Before Saving

o L

e

Screen Image |
TELEDYNE LECROY

DesicNnCon‘Em
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Colors
4 Standard Pl
Print colors use a white background

El Measure

800 kHz

B Math || Normal

Undo

»* Analysis Autoset: | vy

X Utilities @ Support

dy F3 InductoD.
11.3 Addiv 11.3 A/div
00 ms/div 5.00 ms/div

A@x(FY  P2:vi@x(F10)

Report Generator

T

Annotafe
Screen mage
Before Saving

TMHz EETIT 2 MHz

1.00 ms/div Stop

1MS 100 MS/s Edge Positive

Email & Report Settings
 idlevout-ft—00000.jpg Browse

Selected Folder
E:\Datallecroy_26nov20174

Auto Naming
L Counter |
Last Saved Image File
E:\Datallecroy_26nov2.. \10App-sine-Zout-setting—00000.jpg
26-Nov-2017 19:08:32

11/26/2017 7:56:39 PM

Source: “Measuring current and current

ductoD.._|F4 InductoD...|F5 InductorD...

File Sharing

o Standard 4

H Trigger 1N
5.00 ms/div Stop

100 MS/s Edge

11.3 Addiv]!
5.00 ms/div:

11.3 Aldiv
5.00 msidiv

11.3 Aldiv

5.00 ms/div 5MS Positive

Print Auto Save Email & Report Settings

Save Format
File Format
JPEG - JFIF Compliant {.jpg)
Screen Area
 DSO Window

Colors

File

. 30A-DC-load-00000.jpg Browse

Selected Folder
E:\Datallecroy_21nov2017USLE273-si.. \FCO3-default-ASCRY

Auto Naming
1 Gounter |

Last Saved Image File

E:\Datallecroy.. \30a-d10-pulse-10khz-no-ext-load—-00000.jpg
19-Now-2017 19:33:08

Print colors use a white background

11/21/2017 1:44:24 PM

Current sharing among phases in the time domain
Spectrum of output voltage

aring of DC-DC converters,” DesignCon 2018




Be Aware: Distribution of Loss

Vout/Vin transfer function [-] L1 R1
1.E+1 — VTN
— C1
Er0 L1: 2.7 uH
R1: 1 mOhm C1:10 uF R2
R2: 1 Ohm
1.E-1 A
R1:10hm _— .
R2: 1 mOhm
1.E-2 Series resistive loss maintains
R1:0.5 Ohm second-order filtering;
1.E-3 1 R2: 0.5 Ohm _ ]
resistance in the parallel path
s 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]

Y e o e
DES’GNCONTm ‘@’ January 29 - 31, 2019 43 mte_c
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Be Aware: Q Amplification -

0dB k]

current (D R1

-12dB+ 0 5m
-18dB] AC-10

Pea ky -24dB] L1
impedance: 10n

Q=3 -36dB~

-42dB I
-48dB

T T
10KHz 100KHz TMHz 10MHz

R2
5m

L2

in

Q ti m es 1248 VYvout] I[C1]) 1[C2] J l
c1 c2
amplification of e 4704 i

.ac dec 100 1e4 1e7

SdB Vivout) Ict) I(c2) Vout
0dB—
No amplification — Ln L:z
of current = %1 4704 31,6y
-15dB-| il
20dB G) R1 R2
" 0 S5m 5m
AC-10
L1 L2
3.16n 1n
50dB ——y ey ———
10KHz 100KHz 1MHz 10MHz

DesiGnConErm y Sani|ec
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Q Amplification: Thermal Effect

Dissipation in capacitors:

Electrolytic
capacitor
(180uF)

Ceramic
I 2 * ESR C1 ca(\g;ﬁi;;:r
T7 T6 i)

rms ] (5]
c3
T3

T7 (2” from C1) .

capacitor

0.1 T
” Fsw=625kHz
T6 (0.5 from Cl) T1-56.3, T2-52.2, T3-56.5, T4-54.5
T5 (next to C1) Fsw=525kHz
T1-55.5, T2-51, T3-54.9, T4-53
) Fsw=425kHz
Electro'lyt|c “é“ T1-56.2, T2-49.3, T3-54.9, T4-54.2
capacitor =
180uF O
(1800F - <]
. @
Ceramic QL 0.01 4
. c
capacitor ©
(22uF) Ceramic o
C1 capacitor Q
T2 / (22uF) £
425kHz 525kHz 625kHz
T5-58.2, T6-44.3, T7-33.9 T5-58.0, T6-44.5, T7-34.4 T5-59.9, T6-45.5, T7-35.6
5 Ceramic
] _ T3 T4
Q capacitor 0.001 -
2 (10uF x2) 1.E+4 1.E+5 1.E+6 1.E47

Frequency (Hz)

Source: “Electrical and Thermal Consequences of Non-Flat Impedance Profiles,” DesignCon 2016

Sam|Ec
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u u .ac oct 100 100 1E9
e wa re I a S e c include GRM21BB30G47T6ME15_LT.mod
m Jinclude BLM18PG121SH1.mod

Step paramVdc 04 4
.step param ldc 0 2 2

9dB peaking at 25 kHz! BLM18PG121SH1
\ Vsource TR Vout

9dB V[vout)¥[vsource] L Vi1 E E E

C s | £ 5 8 g5 |8

4V, 2A T $ ! 5 ¢ 5

0dB i A AC 1E30 2 e -l e - g Eﬂ% G H
s | [ |m g | [ |m g | [ |m@
oV, 2A g @ B @ g = {idc}

467 g |g = |8 £ |8

o o o

[T] [T] [T]
-18dB-

OV, OA —_ \ .~ MNote: Alternate SPICE solve engine may need to be selected!
-27dB—
37dB variation at 300 kHz!
4V, OA
-45dB
5H4dB-
-63dB—
-f2dB—
-81dB ) B L L L ) L B L
1I]I]H2 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GH=z
| |

January 29 - 31, 2019 46 SdMec




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 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

3
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Loss of Capacitance in MLCCs, Temperature

EIA Class Il and Class 111

ceramics Change of capacitance [%]

First character:
Z:+10C
Y: - 30C
X:-55C

Second character: Third character:

i : ggg F: +-7.5% ' ‘ '

i P: +- 10% 50 0 50 100 150
4 105C z : 21;‘://: Temperature [°C]

7o+ 125C T:+22/-33%

8:+150C U:+22/-56% The specification defines the bounding
9:+200C V:+22 /- 82% box only, not the shape of the curve

DesiGnCon e vt [ - Sanilec



Loss of Capacitance
in MLCCs, DC Bias

Old assumptions are not

Percentage capacitance [%]

valid any more!

* In the past X7R capacitors were
thought to lose less capacitance
than X5R capacitors.

* Not true any more

* Last character on plot labels refers 100

to X5R or X7R 20 10 0 10 20
DC bias [V]

Source: “How Much Capacitance Do We Really Get?,” QuietPower columns, http://www.electrical-integrity.com/Quietpower_files/QuietPower-40.pdf
P
DesicnConErm 5.7 =smilec
LUL2 @{ January 29 - 31, 2019 49 SdMec
% I I

WHERE THE CHIP MEETS THE BOARD



Loss of Capacitance
in MLCCS, AC Bias AG Voltage Characteristics

50
_. 48 "L\
* Vendors test with 0.5 or 1.0Vrms source 'S 46 \
voltage at 100/120Hz § 44 7
* Most of the source voltage appears across -*E 42 /
g 40
the DUT 8 sa/
L O
* Bypass applications call for mV or tens of mV gi
noise across the capacitors 0 0.4 0.8 1.2 1.6 2
* In small signal applications we loose 20-30% AC Voltage[Vrms]
capacitance mGRM21BB30G476ME15,capacitance, DCOV,
=50. OdegC

Source: https://psearch.en.murata.com/capacitor/product/GRM21BB30G476ME15%23.html
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The Good News

Other capacitor types show minimal
or no DC or AC bias effect.

DES’GNCON_ 'S g gad January 29 - 31, 2019 51 mtez
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Loss of Inductance in Ferrite Beads

Impedance magnitude [ohm]

* High permeability materials 80
- : 70 -
can lose significant inductance 50 - 0A
* Highest impact is DC current 50 -
40 -

2A

30 - -

20 -

10 —/ 15A
0 F———
1.E+00 1.E+01 1.E+02

Frequency [MHZz]

,DES,GNCON“VTEES g dgad January 29 - 31, 2019 52 sam.[é_E




OUTLINE

*

*

*

*
>
>

* Simulations and correlations

® N S Eee——— E—
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Simulation Models

* Ideal C (default model in some tools)

* C-R, frequency independent (used in DC-DC modeling

* C-R-L, frequency independent (simple SPICE subcircuits)
* C-R-L, frequency dependent fitted models

* S-parameter models, series or parallel

* 2-D RLC grid

* 3-D RLC grid

* Dynamic models

DES’GNCON_m A January 29 - 31, 2019 54 mtez
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Model Fitted to Measured Data

Impedance magnitude, phase [Ohm, deg]

1.E+04 100
+ &0
1.E+03
B0
+ 40
1.E+12
+ 20
S . —_—,—,——_——_—,,,—,Y——— 1q
iy, .3:3'-'-.-5‘1‘3"'@
+-20
1.E+10 - B
= + -40
7 T -Gl
1.E-01 -
!"..'-""'!?..
e ol 1 a0
1.E-02 -100
1.E+13 1.E+04 1.E+05 1.E+I6 1.E407
Fraguency [Hz]
DES’GNCON 9 January 29 - 31, 2019 55
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22uF Alu

MODEL PARAMETERS:
C_md R_md L_md
2.20E-05 6.50E-01 1.80E-08

C R L

L_md




Impedance magnitude [Ohm]

2D Grid MLCC Model

1.E-01

1.E-02

1.E-03

Equivalent schematics: 1.E+06 1.E+07 1.E+08
Didectic Slice  Didlectric dlicn 2 Oleleclricdliced  Disheetrio slicn d  Dieluctrio shice 5  DiMlectric alice®  Cilectio ice 7  Dislwctric alice®  Diwleetrio sliced  Didlwetria slicw 10 Frequency [HZ]
RIGE L100 RIO1  L99 RI0 L3S Re9  L97 e RIT L3S RoE  Lad Res L3 RM La2 R93 L9
Piste 10 Y i 5 1 ¥ X L. Ve L L
! L h L 1 L i L 4 L k L 4 L 4 L : L ) A
o ca2 o83 a4 cas =0 car = = 30
L1035
83 e C R4 LaZ C RES L83 T RiE L& C RET Las € g Li% & REd Lar € R0 LES c R La3 € miz L3O < =
Fiste 3 X T X i K] L 0 L L K] L
1 (i 4 L t () 4 L : L 4 L ¢ L 4 L ’ L 4 )
e cn2 s cra crs ce cr =0 cma 10 R106 . .
o L 104 L
3™ T T A AR A AR AR T A T AR A T AR A 0 A Dielectric current at parallel resonance [A
i T L L 1 L Tl oL L T L
! L i L ; L ! L / L ! L 4 ! L 4 L i L
103 i c62 o83 cid cis o6 oir s cis cm
R =108
RE3 L6l |C RE4 L6z [C RES 163 |C R Lsd [C Re? 163 |C Res Les |G Re3 67 |C RM  Wes (¢ RM ey |C Rz € :
Fiate 7 X 01 Tl x ¥ 1 X 00 L L L %
R L R L R L R L R L R L R L : L R Rk
2] 52 cn o4 cos 56 o ci o a0 Rr107
L1t
= C R62 Lin C Rl L33 C R L3 C k39 LT C RM LI C RsT L35 C R L34 C R33 L33 C RM L3z C R33 L3 &
o ¢ Ll g N o g gy
fee RYO b L : (! k L YL b L 4 h L 0.05
Rid4 cai a2 ca cad cas i car
” JLior
Ry [C R e [CRs s [ R ta [cRe s |cRs s [cope e o opw -
Flate § [y b W x 00 ¥y 7 L
R L (] L $ L ; L ’ L : L t L 4
cn = cn i = =0 o R0
o " 0.04
. cpe Lo fcordt o lemw um [corm w7 Jeme um [emr s Joomw o wa [oors om o oma e e omm o
L
Flate 4 X od Ll 00 ol g ol no R 0
R L R L R L R L R L R L R L R L R L R L
Ri03 21 22 e cod =5 26 o c2 s =
3 =L 10§
R a2 |c R w2 fcomes t2 e ms 24 fcomy s Joms oz |ops o joomw o fcopm o2 foome e |e =N 0.03
Pate 3 & e o B N0 5 00 ¥ e R
R L [} L R L ] L R L R L R L R L R L R L
=0 o1 c13 = 18 16 7 =0 s c20 R
LA R
3, copp 2o fcpt um lemo e [coms oz femre s ferr ws Jcome wa [ooms o foeoma oz feoma m
Fiake 2 7] Y L T i T L] 0 L] L 0.02
(] L [ L 3 L ® L 13 L [ L R L 4 L ® L R L -
2 5] c2 =] 4 [ o6 cr 3 =] cn
P fem o fom o fem w fewm s Jem w Jem v Jem w Jem w Jormm w e
Flute 1 R §g @0 Ll 14 il Y vl gp R

R L (] L R L ] L ] L R L R L R L R L " L 001

Rl L1039

Conneationa
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Modeling Capacitance and Inductance Variations
| Deyelopment of Dynami(: Modeling |

| capacitance Change: DCBias Voltage ~ Capacitance Change: Temperature =

|

/

\

i

Dynamic

Model | PAT.WO02014/185293

: TR, T
Static it 1— |
Source: “Needs and Capabilities Mode_l ! 4 : ‘ : ' VY W V'Y W SR —

Derating,” DesignCon 2016,
courtesy of Shoji Tsubota
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Modellng Capamtance and Inductance Variations

Development of Dynamlc IVIodellng

25degC Dcw 85degC“DC315V
"""" 1mmn|||
—_Mea—Z ;—Mea—ESR —Mea—z +Mea—E5R
—~cal-Z ——Cal-ESR : : — Calz . calEsR | :
10 ] i i L 10 i i
E 5 / E \ /
=t == / | & HIENCE 5 5 |
N \ i /»/‘;'" N | "
0.1 : \ / _ Z - : .
: 0.1 1 - 10 100 1000 10000 0.1 1 11[] 1[][]1 1000 10000

Frequency [MHz]

Source: “Needs and Capabilities : . VS
for Modeling of Capacitor :
Derating,” DesignCon 2016 5 ; <Statlc MudEI}

Frequency [MHz] | |
<[} namic Model>
courtesy’ofShojiTsubota’ : 0603/X5R/047UF/63V V :

I I
January 29 - 31, 2019 58 SamtEB
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Dynamic Models, Testing Small Signal DC Bias

V(capacitor)

include GRM21BB30G476ME15_LT.mod
.step param Vdc 0 4 0.25
.param lac=1E-3

.ac oct 100100 1E9

R2 _
A F:apacrtor -

Capacitance changes

001__. g i

Inductance

0.001- et ¥a R
; doesnot = A i
: change E é $R1 1
0.0001= EEEHE Y V1 5= % 1E12
O il n
- = 2z = AC {lac} 0
_ vdc} ®

Rser=0 Cpar=0

1e-006—— T T

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

I-I

I I
January 29 - 31, 2019 59 SamtEB
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Dynamic Models, Effect of AC Test Current

100 e ~
10
1 L rneo oo ; ___E__E_
No change in signature, only shift = !
0.1 R e e RRRS R P~
0.014~ Gl
0.001 - b
) BRI R R T
1e-007 1) s e ) B ) 3 s 3 s 2 e R
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

I-J.

%

January 29 - 31, 2019

60

.include GRM21BB30G476ME15_LT mod
.param Vdc=4
_step param lac List 1E-4,1E-3,1E-2 1E-1

.ac oct 100 100 1E9

R2 )
A A .Capacrtor -

1E3 -
[
=
(]
T 5 11
@ o) R1
= Lo ]
Vi ' || @ 1E12
o B @
C) £ P 0
- 2 = AC {lac} 0
{vdc} ©
2 " "
Rser=0 Cpar=0




Dynamic Models, Test Large-signal Nonlinearity

i) v(t)

time

Charge balance:
—>» C=1/(dV/dt)
|*dt = C*dv

Sam|Ec



.nclude GRM219R60G4T6ME44_LT.mod
.tran 0 5E-3 0 1E-5

|
Dy n a m I c M o d e I S Source: “Dynamic Models for Passive Components,”

QuietPower columns, http://www.electrical-

_ " é integrity.com/Quietpower_files/QuietPower-36.pdf
Capacitance at 100 Hz [F] T8
- E 1 é
4. 00E-05 <> - E;| &
w1 o 93
g | g
B [y [y g
30805 BW = 0.35/t_ = 0.35/4ms ~ 100Hz
3.00E-05 R!E?FOCpaFD
PWL(0 0 0.5E-3 0 4.5E-3 -4)
2.50E-05 a.4v L 1) 50mA
4.0V L 45mA
2.00E-05 3.6V _ 40mA
3.2V L 35mA
1.50E-05 2.8V L 30mA
AV L 25mA
1.00E-05 2.0V -20mA
1.6V _15mA
5.00E-06
1.2v- _10mA
0.8V L 5mA
0.00E+00
0 0.5 1 1.5 2 25 3 3.5 0.4v A
"t e e TS 0.0V f T T T T T T T -5mA
DC hias vo t-.’lg':' |".-" 0.0ms 05ms 1.0ms 1.5ms 20ms 25ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ms
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Test Board Construction, Build
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DUT Circuit

: L1 T
Vin il W -

c1 BLM18PG121SN1 | 5

C1, C2: 47uF 4V 0805 X5R MLCC

L1: 120 Ohm @ 100 MHz 0603 2A 50mOhm

i i
GRM21BR60J107ME15 GRM21BR60J107ME15

| l I
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Simulation Setup

.ac oct 100 100 1E7

.include GRM21BR60J107ME15_LT.mod
.include BLM18PG121SN1.mod

.step param Vdc List 0,4

.step param Idc List 0,1

V3 BLM18PG1215SN1
- @ - Vin /w-\ - Vout
0 ) )
W N
Q 2 Q 2
o 2 o 2 11
Vi \C R I = 2 |+]3
+ + 1=E slTE
_ _ 2 & g & ;
AC-1E-20 {Vdc} E o E N {ldc}
- = - =
Rser=50 Rser=0.01 14 1
O O
i i i
é Note: Alternate SPICE solve engine may need to be selected!
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Simulated Corners

-
(o=
a

V(vout)/V(vin)

—
1 |||||,|,|I Liiin

e
—
||||||,|,|,l

0.0013
0.0001

R et . b R CEP P R ¥

o0r] Vohage transferfuncion

...................................................

e

......................

100

10

1

V(Ivinl)flkVIZil) —
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1MHz

100KHz

10KHz

Hz 1KHz
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10MHz

Bias:

0V OA
4V 0A
oV 1A
4V 1A

Simulated with
LTSPICE and Murata
dynamic models.
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Simulated Voltage Bias Effect

V(vout)/V(vin)

20dB 180°

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

B

0dB
0 Wbiass0— WL s
=20dB— i R
e —— I RS CH L
A0dBo e N NN e | a5

' T R A
[ IR A

1 1 IR I B I I I | 1 1 LI S I B B LI I B B | 1 1 1 1 LI B R B |

1 1 IR I B I I I | 1 1 LI S I B B LI I B B | 1 1 1 1 1 LI B R B | n

' [ T R I ' [ I R A L ' ' % ' [T I el

' o ' [ R T R ' ' ' [ IR A

1 1 LI T B O I | 1 1 LI R I B B LI B | 1 1 1 1 LI N B I |
- =t - r--ar il Bl ol ol ittt [inlaiall Bl Tt T T T el 1T 1T R e e i il “racerr

' [ T R I ' [ I R A L ' ' R

' o ' [ R T ' L ' '

1 1 IR I B I I I | 1 1 LI S I B B 1 LN 1 1

1 1 IR I B I I I | 1 1 LI S I B B 1 LN 1 1 1

R sy

-80dB—~——rrrrr—— s rr-180°
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz
Simulated with LTSPICE and Murata dynamic models.

Idc = OA
Vbias =0...4V
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Simulated Current Bias Effect

20dB V(vout)/V(vin)

— T 180°
SRR SR T
o o

P 50
| -0
1350

' ' [ B I ' ' [ RN ~ ol ' ' [ T I}
] ] [ ] ] [ N ] ] [ ,.]I+1I+I ++*++++}++ i [N ] ] [ R |
o ] ] [ ] ] [ N ] ] [ L L FPPNRRRAL At 2L [N ] ] [ R | [+]
-Bodl-l 1 LI IIIIII 1 1 IIIIIII 1 LI IIIIII 1 1 IIIIIII 1 T rrrri -180

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz

0dB

-20dB-

-40dB-

-60dB—

Simulated with LTSPICE and Murata dynamic models.
Idc = 0...1A
Vbias =4V
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Measurement Setup

Frequency Response Analyzer

I
R Filter DUT |
—i>" AT e
| e BLM18PG121SN1 |c2 :
l 1 :
:> o = |

I
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Options for Adding Bias

Frequency Response Analyzer

Voltage bias
from source

External |

I
I
I
i I
| i
voltage | c1BLM18PG121SN1 | 5 : Electronic
bias | — — | load
source | I |
' |
| |
I

DesiGNConerr 3,7 Sanilec




Bode 100 Setup

1) Omicron Bode 100

2) Laptop

3) DUT

4) DC voltage bias (battery)

5) DC current bias (electronic load)

DesicnConErr 4, 7 Sam|ec
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Bode 100 Results

Voltage transfer function magnitude [dB]

40
20
0 l J\
20 oV, OA
4V, OA
-40
4V, 1A
-60
-80
1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7
Frequency [Hz]
No-bias V-bias V-A-bias
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E5061B Gain-Phase Setup

AFN. com 24087264_P6-11
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E5061B Gain-Phase Results

E3061B Network Analyzer
1 Active Ch/Trace 2 Response

Trl T/R Log Mag 10.00 dB/ ref 0.000 de [RT D&m]
30.00

20.00
10.00
0. 000
-10.
-20.
-30.
-40.
-50.
-60.

-70.
Tr3 T Lo
60.00

40.00
20.00
0.000

-20.00

~40.00 |

-60. 00

-80. 00

-100.0

-120.0

-140.0
1 Start 1 kHz
Gain-Phase T ch IF overload

Tr2 T/R Phase 50.00 °/ Ref

%) M K = #2

MMM M
L=
MNMNIMNMN

F

N

p—

[y
I
mmomm

NN M
momoomm
EEIEE]

rFs

Iy
P
¥
Fi

-

Pl

QO <)

R 1M Q20 dB| DCLFON | Meas 2019-01-09 12:18
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E5061B Network Analyzer

E5061B Gain-Phase Results

1 Active Ch/Trace 2 Response 3 Stimulus 4 Mkr/Analysis 3 Instr State
Trl T/R Log Mag 10.00 dB/ Ref 0.000 dB [RT D&M] Tr2 T/R Phase 50.00 °/ ref 0.000 ° [RT D&M]
30.00 ¢ i.ﬂm 00 Erz [G16057 de 230-0 73 ppEgaoo Erz CHE]e34] mf°
2 | 1ol 000000 |kHz| | 0li48d de 2 | 1ol bbdAoo |kHz| Hilljo33 °
20.00 \—3-700[ 00000 kHz| 11,328 dB 200.0 39 00 KAz EiiT. 67
L 9 e
10.00 |74 1-00DG000 Mrz,\ 591387 ds 150.0 |74 | 1-PPPOROO Mrz| | H1E. 1 i
0. 000 by AR o 4 100.0
~10.00 T ~\\ w 50. 00 H
510\
-20.00 0\/ X 0.000 I )
-30.00 -50.00 T g \
-40.00 -100.0
-50.00 -150.0 ‘ v 8 FH
~60.00 -200.0
-70.00 & - -250.0 & — T
Tr3 T Log Mag 20.00 de/ Ref 0.000 dem [D&M] P R Log Mag 20.00 de/ Ref 0.000 dem [D&M] ESOGlB
60.00 5 %;33 00 [kHz| FRIp194 ds8 60.00 519 B5ong000 Kz FEI9103 dem
2 | 1ol obopoo |kHz| LHsl108 ds 2 | 1ol 000000 |kHz| 28942 dBm
40.00 |5 756[ HB000 kHz| LAL1346 dB 40.00 |55 00 KHz| -40/015 dsm Od BI N source
20,00 |74 | 1-P000000 pHz| 125.45 dep 20,00 |74 | 1-P000000 MHz| -66.068 den
0. 000, (  0.000)) 0 and 10V DC bias
2000 £ L -20.00 £ .
t0.00 [P a0.00 | THIES Uy (1 OA current bias
. s P . i =N m
# "‘\_/ Fe | P
-60. 00 1 | V -60. 00 P [
. i . e | ekt
™ 7’
L
~80.00 () / -80.00 / Py Y
-100.0 \\ T -100.0
-140.0 L U e 1 -140.0 L . D .
1 Start 1 kHz IFBW 100 Hz

Gain-Phase T ch IF overioad

TIMQOdB |R1MQ20dB DCLFON | Meas 2019-01-09 12:20
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E5061B Gain-Phase Results

E3061B Network Analyzer
1 Active Ch/Trace 2 Response 3 Stimulus 4 Mkr/Analysis 5 Instr State
Trl T/R Log Mag 10.00 dB/ ref 0.000 de [RT D&mM] Tr2 T/R Phase 50.00 */ ref 0.000 ° [RT D&M]
20.00 T3 pomgno0 Erz 0/pi43 dB 250-0 T pppohe0 I;rz CPA. 53 m°
2 | 1oL 0p0G00 |kHz | 2l4796 de 2 | 1ol ppopoo |kHz| Lo :
20.00 59 O kHz| FRZ1016 dB 200.0 517 00 KAz LI{E.
[HE =
10.00 |74 | 1-DODOB0O wmHz| 86,097 de 1s0.0 |74 [ 1-D0DOG0O Mz
0.000 ), = 4 100.0
-10.00 T 50.00
-20.00 4 ( 0.000 L L
{ T3
-30.00 ()\,‘ ﬂ%\ -50.00 T kfl;\\
-40.00 \‘ -100.0 \
\ N
-50.00 -150.0
-60. 00 | 1 _200.0
-70.00 L — - - -250.0 & —
Tr3 T Log Mag 20.00 dB/ Ref 0.000 dBm [D&M] P R Log Mag 20.00 dB/
60-00 T3 ppEano0 IE}—Z 1823 CBE‘ 60.00 3 H5R0G00 Erz u #933 B
2 | 1ol 0poBoo |kHz LR5726 de 2 | 10l 000000 |kHz 28l 202 de
40.00 —37g O kHz| tA2330 dB 40.00 13- 00 [kHz| +40. 311 dB
50.00 74| 1-P0OD0000 pHz| Hii25.97 dB 50.00 || 1-0000000 MKz +69.874 dsm
0.000 P 4 0.000p
-20.00 Eb: aE -20.00 I = T
-10.00 i N N -40.00 ] ~ il
M e | L
-60. 00 A\./ -60.00 T '
O\/ | X / N LF oUT
-80. 00 uvV -80.00
s Level
-100.0 ; -100.0 av
-120.0 S -120.0
| -140.0 & - L & -140.0 & L e, .
1 Start 1 kHz TFBW 100 Hz Stop 10 MHz !
Gain-Phase T ch IF overload TIMQOdB R1MQ 20 dB DCLFON Meas 2019-01-09 12:03
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E3061B Network Analyzer

1 Active Ch/Trace 2 Response

3 Stimulus

4 Mkr/Analysis

5 Instr State

E5061B Gain-Phase Results

TiMQO0dB

January 29 - 31, 2019

R1IMQ20dB

Trl T/R Log Mag 10.00 dB/ Ref 0.000 dB [RT D&M] Tr2 T/R Phase 50.00 °/ ref 0.000 ° [RT D&M]
30.00 T3 Hopegoo Erz L0704 94 cj 250.0 = y{]w oo ll;rz %;E.ﬁa m*
2 | 1ol opodoo kHz| | 1lli9sl de 2 | 1ol pponoo kHz| tBId620 ¢
20.00 |—57g 00 [KHz| ~15)255 dB 200.0 -3 000 [kAz| Fi66. 92
L5 . L7, 72
10.00 |74 | 1-D0D0000 wmHz| -B4.242 de 150.0 74| 1-PPDOOO pHz| Hi
0.000 . 4 100.0
-10.00 T )‘ 50.00
-20.00 H§\ F 0. 000 e
oV TN g
-30.00 -50.00 \‘_
-40.00 \\‘ -100.0
-50.00 -150.0 () / H
-60.00 ||” | i -200.0
-70.00 L a L . -250.0 & o, L .
Tr3 T Log Mag 20.00 dB/ Ref 0.000 dEm [D&M] pIEI R Log Mag 20.00 dB/ Ref 0.000 dBm [D&M]
60-00 — 5 hrHae00 kiz :é[z 585 OB 60.00 — 1.)” 00 kHz ﬂwnz Bm
2 | dol ppotoo knz| Hilgl 261 de 2 | 10l 000000 kHz| 19,455 dem
40.00 —37q 00 [kHz| F46]508 dB 40.00 —3 00 kHz| (21243 dBm
50.00 >4 | 1-P0DDO00 MHz| H110. 64 dB »0.00 >4 | 1-0000000 MHz| 56,392 defm
0. 000 W {d 0.000),
E ™ T Rt
-20.00 F T - -20.00 ] i - 1-O\W\-/
‘M""“‘-——..I;KK\ ™K L 7 : T o ‘.‘ I'
-40.00 N -40.00 X ?: L
i I T
-60. 00 AN | -60.00 <
T
-80.00 0 ,' ~80.00
-100.0 I -100.0
w3
-120.0 ‘ B —1z20.0
-140.0 L — - - -140.0 k& . . -
1 Start 1 kHz IFBWW 100 Hz
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Active Channal/Trace
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E5061B S-parameter Results

E3061B Network Analyzer
1 Active Ch/Trace 2 Response 3 Stimulus 4 Mkr/Analysis 5 Instr State
Trl 521 Log Mag 10.00 dB/ Ref 0.000 dB [F2Z] Tr2 521 Phase 90.00 °/ ref 0.000 ° [F2]
10.00 540.0
1] 1. p0O0p00 kHz] FBA]907 dB 1| 1. pppoloo [kHz| FEel/308 -
B2 10,0 0 kHz _Eﬂ a7 Ld 2 10l 0 00 kHz -Eﬂ ah ®
0.000 4 450.0
3 | 100! bodoo knz| L8o[l772 de 3 | Jobl gooo |kxz| | BEl259 *
-10.00 |+43.0000000 MHz 167 .01 360.0 [>43.pDEOAOO Mz idd. 39
-20.00 270.0
-30.00 ™ 180.0
1 ] Ny
-40.00 ! 90.00 S |
-50.00 Eﬁl 0.000)
-60. 00 -90.00
-70.00 -180.0 t
-80. 00 -270.0
-90. 00 -360.0
-100.0 ﬁ%“i -450.0
-110.0 L -~ M“‘ el il -540.0 & — e T
Tr3 s11 Log Mag 20.00 mds/ Ref 0.000 d8 [F2] VIR 522 Log Mag 20.00 mde/ Ref 0.000 dB [F2] E5061B
120.0m = —pHe600 iz TAIH208 d5 120.0m = 5pn6G00 KAz T070203 d6
100. Om 2 1 1olp 00 kHz! 00057 100.0m 2 | 1oL 0 00 kHzl & a6
3 | 2ob| fovoo [kHz| Lolpo1a de 3 | 100! 00000 [kHz| Loloo21] de O B”] source
80.00m |>4—|3.0O00000 MKz -4 80.00m [>4-1.D000000 MHz 031
60.00m 60. 00m NO bIaS
40.00m 40.00m
20.00m i 20.00m 4
0.000 p—| 1 i "’l‘“‘“‘““i 0.000) 1y
—20.00m E‘\ k -20.00m
L i \ / b 3 \ / File Dialog...
~40.00m U ~40.00m \/
-60.00m -60. 00m
~80.00m ~80.00m
-100. Om -100.0m
-120.0m L UL L e -120.0m L L e .

TIMQ20dB R1MQ 20 dB Meas 2019-01-09 00:29
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Correlation with No Bias

Voltage transfer function magnitude [dB]
20

10

-10
-20
-30
-40
-50
-60
-70
-80
-90

1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7

0dBm source
 LTSPICE

* BodelO0

e E5061B GP side

Frequency [Hz]
—LTSPICE ——Bodel00 ——E5061B
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Correlation with Voltage Bias

Voltage transfer function magnitude [dB]
20

10

-10
-20
-30
-40
-50
-60
-70

-80
1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7

0dBm source
 LTSPICE
Bodel00
E5061B GP side

Frequency [Hz]
—LTSPICE ——Bodel00 ——E5061B
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Correlation with Voltage and
Current Bias

Voltage transfer function magnitude at 4V 1A bias [dB]
10

-10

-20 0dBm source

e LTSPICE
Bodel00
E5061B GP side

-30

-40

-50
-60

-70
1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7
Frequency [Hz]
——LTSPICE ——Bodel00 ——E5061B
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THANK YOU!

Any Questions?
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