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Agenda

* DC voltage source (ideal vs. real)
* Control loop stability

* Qutput Impedance of VRM

°* From the power to the load

* Measuring PDN Impedance

* Examples & Hands-On
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Back to Basics: DC-Voltage Source

Two-terminal device that maintains a constant DC-voltage.
|deally:

° Rout =0 = Vour =V
VOI I Vout A
Vout
° | >
In reality:
Igit_:_. Rouet #0 = Vour = Vo — IputRout

VO Rout Vout v
|© ] —
: %Y
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Stabilizing Output via Voltage Feedback

Power stage lou(s)

ZoL(S)
vm(s>| O /T(?- ‘ \Ivout(s)
/

N

Control Feedback

—
Reference

* Closing the loop changes the output impedance to:

T(s)...Loop Gain
Zo.(8)...0Open-Loop Output Impedance
Z,,:(S)...Closed-Loop Output Impedance %%
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Zor(s)
14+T(s)

Zout(s) =




Closed-Loop Output Impedance

Zor(S)
1+T(s)

Zout(s) =

“éﬁ e

{[ZQ.#’] = L[x®]

¥ S~
A (éa-r')y"’ 1L &40 s xts

° If T(s) » 1then Z_.(s) K Zy.(5)
° If T(s) K 1then Z_.(s) =Zy.(s)
°* IfT(s)=1then Z_,.(s) = Y2 Z,.(5)

» High loop gain results in low output impedance

%%
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Loop Gain

° Loop GainatDCisnotowo > R .#0

out

* Control loop is not infinitely fast = Loop Gain reduces with f
* Loop Gain crosses 0 dB line at some crossover frequency f,
* f_Is the natural frequency of the closed-loop system

» Control loop affects Z_ . mainly below f,

out

» Above f_the feedback has nearly no effect: Z_ .(s) = Z,,(s)

%%
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Phase Margin improves Stability

Example: Voltage-mode Buck Converter Reference to Output Step

Step Response

T =

1
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f Cross

1.02

o

T

.

™~

N

3

0.98

Amplitude
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\ Om = 23°
Om = 31°
Om = 45°
Oom = 78°
Om = 87°

0.1

02

0.3
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05 06
Time (seconds)

0.7

08

0.9

x 100

Simulation of synchronous Buck
Converter (CCM, small signal)
15V to 1V step down

300 kHz switching frequency
=40 kHz crossover frequency

@, = 7.4° > High overshoot

+ ringing

— Highly damped
%%
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NISM (Non-Invasive Stability Measurement)

°Q

correlates to Phase Margin ¢,

VAT
<3 PICOTEST

* Peak in Z_,, correlates to the Q of the closed loop system

S 10 3

g S

_§_100m g Q — COS((pm)
£ g 7 sin(en)
é 10m100 1k 10k 100k ™ 10M \

Frequency (Hz)
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Phase margin Cursor 1 | 22,6737
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Power Distribution Network (PDN)

* Power source and input filters

* Voltage Regulator Module (VRM)
* Point of load regulator (POL)

* Qutput filtering (ferrites, capacitors) * _
* PCB lines, board planes, vias, capacitors

* Package leads, planes, bond-wire, on-die capacitance
* Return path (ground plane)

%%
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A Simple PDN Model

/ Lejf Rout \/Ltrace RCU\{ Y Ltrace RCU\(

Load

VRM Trace Cap Trace Cap

» Multiple L-C resonance circuits
— Ceramic caps have generally very low ESR values.
— Ferrites have generally low resistance.
» The Q of the resonances can be high. %%
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Simple Model Simulation

A longer trace

_ A shorter trace

L6 - - R12 _Lgi”_ L8 - ‘r1q4 gz.ﬂj[jn. N

L:1DD[‘| R:1Dm - L_1D.r'| R_,_S . e e . . . .
CVRME o R R
_____________ r=20m [ |r=tom B =1A~T The load
e N T A
. o N\N. . ... Fl=0 % L=4n

VRM Module (Buck) 100 nF decoupling cap

4.7 uF decoupling cap %%
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Impedance Profile at the Point of Load

Control | = =i 100 nF, ESL,
loopatf:| - Trace and
L=10° o
-$m_300 | \ ESL of 4.7uF
con=45c | 4T |
DA BN =
*0,=70° |
)
Output | 4.7 uF C,
Resistance . Trace and
(VRM) VRM
l ’1.[] o '1&)0 o ‘1e=[33 oo ' 1910.4 :’1e=[]5 oo '19‘06' oo 1e=[3? o ’1905
.................. acfr.equenl:.!r. . . . . . . . . . . . . . . .
e 200 kHz load current - 300 mQ) source impedance.
* 3 MHz load current - 3 Q source impedance. %Y

> 1 Aload current causes 0.3V /3V drop. OMICRON
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Avoid Supply Impedance Peaks

* Can violate the target impedance

* High impedance increases the risk of coupling noise to
the supply voltage (V = +P - R)
* Noise on the supply voltage can degrade performance of

oscillators (Jitter), reference voltages, ADCs, low-noise
amplifiers etc...

* And in worst case, they can stack...

%%
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Risk of Rogue Waves £ PICOTEST

* Dynamic load currents at multiple
frequencies can superimpose.

* Worst case scenario is a “Rogue
wave”.

* “Flat Impedance Approach” can
safely avoid this risk.

A 9EO
1—
VRM
Eg : Rogue Wave captured by Steve Sandler (Picotest)
25 1 /\ Decoupling
Eg
e Chip-Package
4
1E-3
1E3 1I;4 1I;5 1I;6 1I;7 1I;8 5E8 gq
. freq, Hz OMICRON
Source: Picotest.com I | A B
Page 14 -
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System-Example: USB Scope

ADC

CH1
CH2

o

Anmgpnnm Z

FRAiEE
SRR

i

]
-
B
-
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ADC Power Supply

= o ¥ , “r402 (23]
5 = @ _ ] R405 (e

SN, o o

¥

i

!

Bl
Bl
By
el ¢
i
mey
|-
By
By
=
|m-
=
-
B
e
A-,
B id
il
-
mry
-
-

Ceramic
caps

Filter

BT HTTHTITE I
— @D

Filter LDO
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Impedance Profile at ADC

High resonance peak at 300...400 kHz
Caused by SMC ferrite and ceramic caps.
\

\@

100

10

100m

10m

Trace 1: Impedance Magnitude (Q)

Tm
1k 10k 100k ™ 10M

Frequency (Hz) %Y
OMICRON
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400 kHz Disturbance (inductively coupled

Spectrum
10-

0-
-10-]
-20-]
-30-]
-40-]
-50-]

- = -60dB

_?0_

Amplitude (dB)

_80_

_90_

-100-]

-110

-120-]

-130- e
1k 100k 300k

700k

AR L (R D L L A B | %%

15M 17 18M2M2IM  23M  25M  27M  29M3M3IM  33M  35M 37 3.9M 4M
OMICRON
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Shorting the Ferrite Bead

Spectrum
10-

0-
-10-]
-20-]
-30-]
-40-]
-50-]

- = -60dB

_?0_

Amplitude (dB)

_80_

_90_

-100-]

-110_ -

-120-]

th‘nlm”dll“ HI. m“l“” ! ...LJ m IL [i]l |lhlihuﬂlld||J||lhlJ|i..J all hll.m.ll “I“l“““l i“.L“. Lllk Jk Lh.‘.ld.i.h\l.lhl |lh|HI|L‘..IJM| gg
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What has Changed in Output Impedance?

100

—_
o

—_

—
o
S
3

10m

Trace 1: Impedance Magnitude (Q)

3

Tk
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Frequency Ohne L11 Mit L11
354,053 kHz 60,42 mQ 12,013 Q
10k 100k

Frequency (Hz)

==Ohne L11 ==Mit L11

™ 10M
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The Risk of Ferrite Beads

1000

* At high frequency (10s of MHz) (=
lossy and “resistive”

* At dc they represent a HiZ=s
“small resistance” (e.g. 10mQ)

7
/-
* What happens at several o .J,

M o\
d

Impedance [Q]

MHZz?
—> Low loss inductor '
—High-Q LC-parallel resonance! :

1 10 100 1000

S

Frequency [MHz]

https://lwww.we-
online.com/components/products/datasheet/74279224271.pdf
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The PDN Impedance Plot

1. Can be a design goal in PDN design (target
impedance).

2. Contains information about the stability (oscillation
tendency) of the voltage regulator.

3. Reveals resonance frequencies of the decoupling
network.

» Let’'s measure it!
» Challenge: Very low impedance




2-Port Shunt-Thru Measurement

* Provides high sensitivity for low impedance.
* Emulates a 4-wire kelvin connection.

* Can be used to measure into the uQ range.
* Measures S21 and calculates Z via

OUTPUT
o Budew

%%
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Connecting Analyzer and DUT

#
”
PCB with 0402, 0603, 0805, VNA with Type-N
1206 etc. SMD Pads coaxial connectors %Y
OMICR&IE.I
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Picotest PDN Probes V> PICOTEST

P2104A One-Port Probe P2102A Two-Port Probe

%%
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Picotest PDN Probes V> PICOTEST

* High bandwidth & flat frequency response.
* Different coaxial connector styles (SMA, BNC, N).

* Picotest PDN Cable® (ultra high shield attenuation and
ultra low shield resistance, highly flexible and thin).

* P2102A - four probe heads (0402, 0603, 0805, 12006).
* P2104A - different pitch sizes available (50mil-100mil).

%%
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1-Port Probe vs. 2-Port Probe

1. One-Port Probe (2 probes needed G ) + .
& Flexible positioning _

& Get into power planes by opposite placement
s Difficult handling (probe holder)
9 Allows measuring transfer impedance

2. Two-Port Probe (only one & )
& Can by used “by hand” (browser probe)
& Very easy & intuitive to handle
= Less flexible, no opposite placement
%
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Measurement Setup Example

Probe & PCB clamplng http://www.clampman.info/

Setup with Bode 500 and Setup with Bode 500 and two
Picotest P2102A 2-Port Probe Picotest P2104A 1-Port Probes OMICRON

LAB
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Example of a Lower Impedance

Expr. 1 2 x LTP8803-1....
252.997 pQ)

=
S
E

5]
3

el

Expr. 1: Impedance Magnitude (Q)
2
o

(=]
=

100 1k 10k 10M 100M

k ™M
Igroé)quency (Hz)

== Expr. 1 =2 x LTP8803-1...

Picotest 256 A Demo-board 250 uQ at 1kHz. Noisy result at low

with 2 x LTP8803-1A COT frequency due to non-linear COT
48V to 1.1Vdc step down control mode.
regulators. %%
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Key benefits of Bode 500

* Frequency Response Analyzer and Vector Network
Analyzer in one device

* Reliable results — high accuracy, high dynamic range
* Easy to use — BAS controlled, USB-C, Ethernet

* Portable — compact lightweight design

°* 10 mHz to 450 MHz

* Silent
I e n OUTPUT CH1 INPUTS CH2
500 ® — s30dem — ® 500

® Bode 500
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Bode Analyzer Suite

* Easy-to-use
* Powerful

°* Free

Bode
Analyzer Suite 3.11

New measurement

Recent

BComer_Sweeps_DevBoard_Code-R.
Q\Marketing Lab\Exhibitions_Event..

17-08-11_CoilsP! ing bode3
A% Q\Products\Bode 100\Marketing\P...

i Qpen other file

Read user manual

= IF Fliter” - Bode Analyzer Suite s MONG - B0 X
Home Memory View Cursor &
[ New B Save “ IS Hz - ff Hz =
"N N MHz »lu MHz
Open [ Saveas > bl 3 X dB B

Continuous Single Transmission Impedance / Full-Range User-Range

Full-Range User-Range

Welcome, please select a measurement type...

Vector Netwark Analysis | Impedance Analysis

v Transmission / Reflection

Measure S-parameters (21, S11) with 50 Q termination.
Measure Gain with internal or external reference.

Channel minated with 50 0.
&\ 5o ot apply more than 7 Vrms

Start measurement

v Gain / Phase

Measure Gain/Phase (transfer function H(f)) using the
external reference.

Start measurement

3 Export HE Report Gai Reflection . .
Fil Measurement , A— seiare caliwalin
N Frequency Trace 1 Trace 2
Frequen sweep K™ Fixed ~F
24 Cursor 1 10428138 MHz -5432d8 -33937 dB | .
Startfrequency | 9839445 MHz 10735282 MHz| -38841d8|  -3343248 Measurement | Gain T
Stop frequency | 11,4617021 MHz Delta C2-C1 307,144 kHz 1548 d8 | 504,148 mdB Display I Measurement M
Center 05736 MHz Format [ Magnitude g) =
T 304
Span [ 16222571 mHz = 0 o et — [ [ 3048 &
~ Reset Zoom 1
- & Vi [ 048 &
" )
P ‘ @ Optimize —
= Linear [JEl™™ Logarithmic = 7 1 GA Auto Optimize
of points | 201 - Y - ! X Reset Axes Vessurement | Reflection |
9 I
[ [ Copy image to clipboard Display | Measurement -
constant [[El™™ variable o 105 &) copy dat: lipboard
Frequency (Hz) opy datato dlipboard Magnitude (dB) -
byel | 13 dsm & @ Copy settings to clipboard . [ 2508 =
5 [I” curger * | B Jump to Min (Trace 1) Mas s
-2 di
tor  Receiver 1 Receiver 2 = : L]'_ Cursor 2 ’ [t Jump to Max (Trace 1) x
sion [ 2008 + |[ 2008 a0 T ! / f= ump to Zero (Trace 1)
| c9 1
n | 1008 v || 1048 2 2 /
Lebecdbdl € E 35
3 5 i \ |
banawidth 30Hz v 52 ! \V
andwi Hz - .
” 10M 10.5M 1M
e Frequency (Hz)
-
N0 .| — Measurement — new memory
| [Receiver 1 | ][ Receiver2 | ] | bu 2017-08-04 | NEODIF v [——]

> Reflection with external coupler

Select the device to use: | NEOOIF

Set default startup

Smart Measurement Solutions®
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Hands-On (Converter Stability Demoboard

Good Bad
Compensation Compensation
65° Phase Margin 20° Phase Margin

Ferrite Bead

Compensation v Load
(L “50mA”
- Stepload_vq_ _
Inputfilter 100mA Load <
5V Input “50mA”
3V3 Compesition _\ o > 300mA Load Stepload 1q__
undamped »—|svin W3 out —I 3V3
—> ey Outputfilter -+ +++-+-  [——7-" SO
»—{5vin 1v8 out { 1V8 /—) 100mALoad |teRiead.q.
18 Compensiton (@) _L) \ > O
damped L I oA
300mA Stepload iq.
Compensation
Good Bad
Compensation Compensation ' '
65° Phase Mlargvn 20° Phase M;(gln 4 4
OMICRON
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Hands-On (Converter Stability Demoboard)

INPUT >%5.5" e

D1 R12
R Turn off before rein cEren
changing compensation GND@ i3l

Compensation 1V8 ferrit bead <—>bridged SRR
[good] [bad] . =

s T
pr— | © ws D20 R35- 'RSG
CompiV8 """ o3 FRiv8 OutiVe .“.[ )i LOAD

i
a4 Niq ]

TP 325 Igl; Elg v 100mA< ->300mA R4y Q2 EM
b B gt & =r8 B = " R:3 @Stepi‘.’ﬂ

DzRitul e :Jl]l LT, Lmaa
Ci2wim* :
I R1688 * [ ]l ]cﬁ 1ve_2[I[IGND .n.inputA
E“ ] 1] [ = K sien
190 o 1 1 R2S. -R4ge Q93 an
i R108°8. €10 2 R48 -R49e O3 @
[ | S8 e s osmm _D g 0_B g RES Step3v3
Use damped mode + e o 2
while turning on —a g ® .
. 5Ty ' 37° *R38° °R39° °R40°
S3 l l I] l l l l I

s1 [good] [bad]
Compensation 3V3 FB3V3 Out3V3 10(Jm.¢!\<—>300mﬁt532 'R32° °R33° *R34*

damped<->undamped 3V3© T TS
N Converter—Stability i
. _» u_» a_n 0_»
vin2MBcN0 > Demoboard o 5 1 S

GND g g
OMICRI?ANB
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Input Filter Section

Reverse polarity protection

Status LED

Self resonant imput filter

i Fbcesoer iOLC:DLuH open: damped PONL .
TP1 ) = E0662100 £1802500 closed: undamped rl?StPUH'It_PFDbE
e TestPoint = 2(_“;_1\3 R, . {(Vin_2]
M R15 ™ e
&7
UsB_c CCH-2x - “ R21 S1 )
VEONNT-BS 100kQ Switch holds back big voltage
R12 E0229000 Q ¢ Q| EL664300 pikes over 6.5V to protect
A7 | the buck input pins
D -2t 2200 \a)L-r M)L-ﬁ
) JP1 E0236400; D2
o AB e Jumper_2_0Open D_TvS
b [, E0004702 R22 £0174200
pridgepl for c7 c10 ci2 2.40
input Impedance b1 — u7uf 2.2uF 2.2uF :
o s measurement LED £0210800 £0618800 E0618800
= = ! £0620600 14
= 2 10kQ N 100uF GND5
el il £0228800 F0643100
] GND1 ﬁlestPoTnLPerE
o gl TestPoint ' {GND]
~
GND
OMICRON
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Dual DC/DC Section

P2
TestPaint
Vin_2 » - > - -
Pull Up Res
R10 R14
Pull Up R 1
IR ook o] o @ o 100kQ
R1 a - < o o
100k% vin/2 sets forced z i § t i
continuous mode 27 > - -
SYNC,/MODE
R2 P10 0 TP8 L3 28 pGooD2 pcoops RIS L2 ™5 s P9
1000y [33 [ ouss LOuH 10 ... s 13 Lout Outive F0708100 1v8 T
V. v ’ SW2A W1 p=—ry + v + {1V
GND2 R4 injection 11 « injection| | R18 52
TestPoint 10 resistor rpy 3 Sw28 FBIVE (esistor | |10 / Utl-"'l‘
GND 3
P7 SW10
IC1 R19
1 2
‘C(;(‘ RUNZ  r3eg  RUM 20040
GHD3 i VFB2 VFB1
o GND B2 s p2ee R20 open: ferrite
o : i
Track/S52 TRACK /551 2 22053 100ka closed: bridged
PHASE 3 FREQ P
< g Set Frequenzy
ITHE o B JTH1 to 1,045 MHz
a 8 8 2 3 GND
zZ =z S & =
o o % =z ©
a 4 4 o o
GND i o[ o @ ml
o— | = I o = Py o)
TPB ]
Comp3v3 €7 ComplVs
GND
3¥3 Good Comp 3v3 Bad Comp 1V8 Good Comp 1VB Bad Comp
. - - H - .

L.
C_-L- 4,

10i

Lo | Lo

o] 7 J_:a-r“q“

el
T T

i 33pF —[— 2200F
| 1 R17
| 2.7¢0Q 12K0
‘u'v‘;.!'!?r 3_Open Jumper_3. -
rz JP3
—~ Py
switch to choose between
good and bad compensation
o ! Turn off before N D L Guos '4 '4
changing compensation e
aing come OMICRON
I LAB
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Load Section

1ve_2y

1.8V load
i Status LED Step Lead Response
100mA path (20mA) 200mA path (50ma) 1v8i2
TestPoint_Probe
| o~
J R&7 I::|
33Q
?ee £1126000
CEEE
Switch
M
Q2
R27 D4 R35 R41 )BCSi? 4w
100 Y (e 109 |:| 100 ¢ Eooosat
£0021200; ~y E063060/ 0021200l £00212
§ R43
[] 10kQ
H £0228800
: R28 R30 R36 R42
H 10Q 10 10Q 10Q
£0021200; 0021200l £00212 TP11
TestPoint
———O
Rilh
H I:] 10kQ
H £0228800)
p GND7
TestPoint_Probe
GND
~
GND

Smart Measurement Solutions®

3v3

3.3V load
Status LED Step Load Response
100mA path (20mA) 200mA path (50mA) 3
TesitPoint_Probe
wl R4E
27Q
H Yf E0023100
i ? 7 s
\u‘ -:lj(l"l HJ(Switch R49
27Q
E0023100
R23 R31 R37
I:I 10Q 10Q I:I 10Q
£0021200 03 0021200 £0021200 Q3
W (e BCBA7—40W
< F063060 E0005800
R24 N R32 R38
|:| 100 [] 100 |:| 109 R4S
£0021200; £0021200LJ £0021200 10kQ
R29 E0228800
[]7
R25 FO9THS00 1 R 33 R39
[]i0s [Jioa [lise i | itz
£0021200 0021200 L £0021200 ) o
R26 R34 R4OD I:l ?SEQ
I:I 3.30 I:l 3.30 I:I 3.30 Fosona0n
£0821300 0821300 L £0821300

GND
i Tes§

GND

GND

6
Point_Probe

%%
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1V8 PDN Impedance

100
5 Ferrite bead & 10puF
T ~ 120 kHz
ge!
=,
=
5
= 1
)
: ;A
L .
qi‘l[}{lm = /
S 10m )
% Control loop bandwidth
—
= 20 kHz
Tm
100 1k 10k IJ ™ 10M 100M
requency (Hz)
— NoBead, GoodC... — Bead Added 0dBm — InputFilter % Y%
OMICRON
— — JWY]
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Load Stepping (20 kHz & 120 kHz)

50° Phase Margin, no 2" resonance = 9 mVpp

1 200v 2 2008/ 0.0s b0.00s/ stop £ 1 213V
KEYSIGHT

TECHMNOLOGIES

Aoquisition
High Res
BO0OMSa/s

Channels
DC
AC

%%

Freg(1): Brnpl2): 04:57 PM

OMICRON
123kHz Sep 21, 2023 I | A B

Smart Measurement Solutions® Page 38



Load Stepping (20 kHz & 120 kHz)

15° Phase Margin, no 2"d resonance = 34 mVpp
1 200/ 2 20.0%/ 0.0s o0.00%/ Stop 213V
' KEYSIGHT

TECHNOLOGIES

Acquisition
High Res
500MSals

Channels 3

Bmpl(2): 04:56 PM
19.30kHz 34my Sep 21, 2023

Smart Measurement Solutions®
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Load Stepping (20 kHz & 120 kHz)

15° Phase Margin + 2"d resonance = 57 mVpp

1200y 20 20.0% 0.0s a0.00&/

.00
1.00:1

Math

Freq(1] Ampl(2) 04:56 %Y

19.30kH=z 57mY =B 3 OMICRON
I L A B
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Summary

* PDN impedance reveals information about

— Control loop stability
— Resonance frequencies in the PDN network

* Measuring PDN impedance is rather simple
— The output capacitors are nearly always accessible
— The control loop must not be broken

* Aflat impedance approach guarantees optimum damping
at all frequencies

* Lower output impedance results in less noise on power
rail
%%
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Thank you for your attention!

If you have questions or proposals to the OMICRON Lab team,
please contact us via info@omicron-lab.com.

L
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   R  o u t = 0   →    V  o u t =  V 0


   R  o u t ≠ 0       →      V  o u t =  V 0 −  I  o u t  R  o u t


   Z  o u t ( s ) =    Z  O L ( s )  1 + T ( s )


   Z  o u t ( s ) =    Z  O L ( s )  1 + T ( s )


   𝜑 m = 7 . 4 ° →  


   𝜑 m = 23 °


   𝜑 m = 31 °


   𝜑 m = 45 °


   𝜑 m = 78 °   →


   𝜑 m = 87 °


  T =  1   f  c r o s s


  Q =       cos ⁡   (   𝜑 m )    sin ⁡   (   𝜑 m )


  V =   P ⋅ R

