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Power Delivery for Digital Loads is AC not DC!
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Power Rail Noise Ripple is Not Intuitive
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Agenda

m) * Why Flat Impedance is the Design Goal

— Worst case PDN noise ripple is not intuitive

* How to Measure Power Rail Impedances in the Micro-Ohms

— 2-Port Shunt Impedance where Z,;; is a function of S21

 What is Wrong with Capacitor Vendor Data

— Vendor data for capacitor ESL typically includes mounting inductance which needs to be
removed for connecting to EM simulations.
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Power Integrity Starts with Target Impedance

Target Impedance Calculation

A I/Max Ripple

A] Max Transient Load

/ —

Target
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Using Impedance to Find Worst Case Power Rail Ripple

Individual Source Impedance
VRM, PCB PDN, and Package+Die

Capacitors = Band Pass Series C-R-L § 1
g Target Z
: . g s
Package/Die = High Pass R-C g ]« \
VRM \ | Package
Supply PCB Die
e PDN
10.0k 100.k 1.00M 10.0M 100.M 300.M
freq, Hz

KEYSIGHT Copyright © 2021

14t Annual Central PA Center for Signal Integrity Symposium M‘ TECHNOLOGIES At Tedrelees



Pl Ecosystem Simulation: VRM + PCB PDN + Load
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Worst Case Power Rail Noise Ripple
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Why GaN is So Exciting for Power Delivery

_ Lygym
CFlat - 2
RTarget

....not just the size

Maintaining a 0.1Q
maximum PDN impedance
up to 2MHz requires 80uF
fora RH117 and NO output

O cGaN cap for the eGaN regulator.

3.9nH is nearly
equivalent to the ESL
of a tantalum capacitor
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Root Cause of Ringing on the Power Rail

Parallel inductance can resonate with the decoupling capacitance

Parallel L-C in the PDN

Fe == Impedance vs. Frequency
[ 1 10.0
l V; supplyT ?T Cdecap fo= —
21\ L w0
I T é Cbulli ESLCdecap T[ C E 100 -
I Flat VRM ESRawt - % BSRoducnp _ S
I l AV = A6+ Zpear 8 100.m-
—— e - ————— - §
— (]
LCparallel Zpeak - ZO ‘ Q E‘ 10.0m~
C
L - 81100 nF 1.00m
L1 ZRCy L 1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E96E9
Ili_=62(r)ﬂ:’10hm <$\ Freq=freq ZO = E freq, HZ
% o | FAMP Zpeak=1.5 Ohms
e AC Sweep 0= Zy
"R
total Z0=250 mOhms
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Natural Step Response vs. Forced Response

A 2 Amp change yields 3 different responses
Step natural

KEY TAKE AWAY L
Watch the YouTube video AV = Al- |=-e*? =39mVpk

“How to Design for Power
Integrity: Finding Power Delivery
Noise Problems”

Sine forced
AV = Al Lo = 123mVpk
B T

Square forced

AV = Al L 2Q—157 Vpk
B C m™ mvp

KEYSIGHT

sine and square AV
~Q times the
step response
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Why Lower ESR is Not Good, It Must be Matched

Xilinx Zynqg UltraScale+
XCZUTEV-2FFVC1156 MPSoC

cese VCCINT/VCCBRAM

C1201 C1455
C1200 Cl1456
gijgg C1453  C1457 cE02
o146 VeRET Vi Vs ""sTF' T C1454  C1458 o6 0 g T
C1462 424 313 c608
O LTI enl onl ons | A o e AR A A e LT 1L
N R B T T I STTTTTTTT E e
= = @ ES &= =
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FPGA Package/Die Model Connected to the PCB PDN

PDN Z

— ——]

BGA_VCCINT

S2P

DIE_VCCINT

Die Z

Test Cases
Open

5 milliohm
Short

Impedance Seen by the Die

KEYSIGHT

TECHNOLOGIES

Copyright © 2021

. E52 2000 I
£S5 10.00 ~, 1
Ocao o 1
EQQ ~ 1
ZZZ s, Open :
£290  1.000 - .~ :
o1 s 1
'Cléé C\Papkage Die I
'§Iilil 100.0m- TN T13uF i No Impact
Yala s i
ONS PDN Z = 5 mOh il iramiice
0ox<
L=
3 a I
g=>= 1.000m-
=1 Short i
©EE | T T I '
E 1.000k  10.00k  100.0k  1.000M 10.00M 100.0M  1.000G
freq, Hz
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FPGA Package/Die, PCB PDN EM, and Capacitor Models are Critical

Impedance measurements did not see the resonance at 30 MHz!

Measured

\
[

Pl Ecosystem Model

KEYSIGHT

Decoupling capacitors
dominate the impedance of
the VCCINT PDN.

Measurements with
VCCINT are only
accessible on the bottom
side of the FPGA and
include the via inductance.

PIPro PDN EM model with
package/die (CPM) in ADS
schematic accurately
predicts impedance peak
that measurement could
not see.
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Simulation Shows 30 MHz Toggling has More Noise

Lower frequency and lower Higher frequency and higher
current has higher noise current has less noise
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Flat Impedance Design Provides Bigger Margins
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Remember

Individual Source Impedance
VRM, PCB PDN, and Package+Die

e Parallel L and C resonate in the time domain but
are easier to find as impedance peaks in the
frequency domain.

£
5
* Flat impedance minimizes the noise ripple by g \ TAa/rget Z
reducing the dynamic currents. g /4 T \
E 1E-2
: . : : VRM N Package
* Flat impedance is matched impedance with the Supply PCB Die
simple rules of thumb based on L PDN
ZO - E 1E-130.0k 10b.k 1.0‘OM 10.‘OM 106.M 300.M
freq, Hz
Con . = Lyrm 5
Flat — 2 Lpcp = CPkg * Rrarget

RTarget
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Agenda

 Why Flat Impedance is the Design Goal

— Worst case PDN noise ripple is not intuitive

=) - How to Measure Power Rail Impedances in the Micro-Ohms

— 2-Port Shunt Impedance where Z,;; is a function of S21

 What is Wrong with Capacitor Vendor Data

— Vendor data for capacitor ESL typically includes mounting inductance which needs to be
removed for connecting to EM simulations.
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Parallel Capacitors Increase C and Decrease L and R

Layout EM Simulation with PIPro
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EM Models Capture Real World Parasitics — Parallel Caps

1 Capacitor vs. 5 Capacitors

100.
10.0 Single Capacitor EM Model
Paralleling same value caps °
C ESR ESL % / Distributed EM Model
c1 1uF 7mQ  |300pH 3 100.m /'
10.0m- \ /
\ //Lumped SPICE Model
\Y;
1.00m I x T T
10.0k 100.k 1.00M 10.0M 100.M 500.M

freq, Hz
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EM Models Capture Real World PCB Parasitics Zwm;é Z o

Z at Load vs. Z at VRM

100.0
Capacitor Loading by the Decade 10.00 - At the Load
- R - é EM Model /
c1 1uf 7mQ 300 pH e
C2 0.10uF [15mQ  |300pH ¢ 1.000 At the VRM
c3 0.01uF  [30mQ  |300pH S EM Model
ca 0.001uF {100mQ {300 pH §
5 100pF  [200mQ  |300 pH £
100.0m—
At Load and VRM
% % % % % Lumped SPICE
10.00m I x I w
i I I I 1 10.0k 100.k 1.00M 10.0M 100.M  500.M

freq, Hz
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2-Port Shunt Impedance
2-Port Shunt

N R J2102A 1 1
R3 = TF1 220uF Aluminum Polymer
Term R=DUT Term
Term1 = Term2 TE1
Num=1 = ° Num=2
Z=50 Ohm ‘ —  7=50 Ot
1 1E1—
1mQ-2250>105dB = "
&
e
O 1—
1-Port g 1-port reflection
- [
-t R ©
<| R < g =1
Term R=DUT :_;5::= e
Term5 ‘ —
Num=3 2| 2-port shunt thru
Z=50 Ohm —T 182 P
— [ [ [ [ [ [
1E1 1E2 1E3 1E4 1E5 1E6 1E7 1E8

10-2kQ>66dB
freq, Hz

14th Annual Central PA Center for Signal Integrity Symposium M‘ KEYSIGHT Eg%'gﬁ? ;if,?jﬂ)gies



Increase Port Impedance Shift the Measurement Range

RS

R 'ng
R=RS R=RS
—\N\/ —\N\/

2 Term R J2102A e
Term1 R3 AN TH
Num=1 R=DUT
Z=50 Ohm YL

, _Zrep +Rs 521
pur— 2 1-521

2-7Z
§21 = DUT

2 .ZDUT +Zref + RS

5mQ

Series Resistor

10 mQ

11mQ
20mQ
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1.125kQ
2.25kQ
2.48kQ
4.5kQ

Term
Term2
Num=2
Z=50 Ohm

DUT

Measurement Range
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Mounting Inductance Measured with Short to Ground

0.192

L = ——— = 764pH
mount = o . A0MHz p

m1
2E-1

m1
1E-1— freq=40.00MHz
mag(mount Z)=0.192

m
N
|

m2
freq=11.50kHz
mag(mount Z)=4.862E-4

Impedance, Ohms

1E-3—

m2
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2-Port Shunt Impedance Setup Example

Port 1 Port 2

Port 2

Port 1
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2-Port Shunt Impedance Browser Probe

Keysight E5061B
and the Picotest
P2102 Probe

SOL Calibration

Courtesy of
Benjamin Dannan
and Steve Sandler
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Avoiding Ground Loops between Port 1 and Port 2
High Frequency 5Hz to 3GHz S-parameter Ports

Simple response thru Common Mode
calibration with the two Rejection Transformer
soldered together cables Picotest J2102B

before attaching to the DUT.

Two 50 Ohm Coax Cables
Soldered together at the DUT

—
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VNA Tool Options for 2-Port Shunt Z: PLTS Can Help

Python Equations:
a. For the Series-through method
of measuring a power plane
Zpyr = (50%2) x ((1-551)/S,1)

‘ ,  b. For the Shunt-through method
of measuring a power plane

Zour =50x%S,,/(2x(1-S,,))

Five Power Integrity formats:
|Z|: impedance magnitude
| Zi| : impedance imaginary
magnitude

I I_> Zy: impedance angle
Q : quality factor

D : dissipation factor
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Show LC Values for Power Integrity Measurements

Quick Math Bl E = - Measure | ¥ * Line up the C-Slope
zelnovelAll Quick Math 711 to measure C
Autoscale All \\ w 'i'l_ 1 ] /Lij b Line up the L Slope

Reset Scale \

Reset Scale All . \‘ I _ AL | " : /,7' to measure L

Log X-Axis
1.X 27.54 MHz.
1Y 0.08 Ohms 6 1 F
1L 0.55nH n
1.C 81.12nF

Log Y-Axis

Marker 4
| v Show LC Values

Limit Lines 4

Copy Plot Format 0.010 Ohms

Paste Plot Format H W AR

-
T

Rename Plot... ![
Rename Traces

0.001 Ohms

Save Traces As...

Trace Smoothing...
Trace Statistics... |

Add Annotation... 1.000E:04 Ghms il |||

Copy Annotation(s) 10 KHz 100 KHz 1000 KHz 10 MHz 100 MHz 1GHz

Paste Annotation(s) vErmca\. - N Marker Marker X Position
ER—— Units/Div[ 08 Ohms -2 Ref Level 40001 Onms 21 = [ 25 ] oFe| |- f—————
e G The button “Show LC Values” locates in right click menu.

The button only works for the new five impedance formats.

b TQ WV LIS
A Copyright © 2021
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Remember

e Parallel L and C resonate in the time domain but
are easier to find as impedance peaks in the
frequency domain.

* Flat impedance minimizes the noise ripple by
reducing the dynamic currents.

* Flat impedance is matched impedance with the

simple rules of thumb based on L
Zo= |=
o Jc
Cor — _LVEM 2
Flat — R 2 Lpcp = CPkg * Rrarget
Target
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Agenda

 Why Flat Impedance is the Design Goal

— Worst case PDN noise ripple is not intuitive

* How to Measure Power Rail Impedances in the Micro-Ohms

— 2-Port Shunt Impedance where Z,;; is a function of S21

m) - What is Wrong with Capacitor Vendor Data

— Vendor data for capacitor ESL typically includes mounting inductance which needs to be
removed for connecting to EM simulations.
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Capacitors Have Series L and Series R

Capacitor
Model

R cap

L cap

Impedance Equation

1

Z= Rcap + <ijcap _]E

1
21 [Legp X €

fcap =

Voltage and current are in
phase at f,

cap

)

Series RLC Impedance vs. Frequency

R cap

phase of phase of
VilagslI VleadsI

f cap
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Adding Decoupling Capacitors to Reduce L

Parallel L-C in the PDN

Ligat vr
Frequency Domain V;":ﬁﬁ'L + %+ Cdecap2
Power Supply Output Impedance T 5 Ledeeaps
et RCdeeapZ
.. 10.0 SN FRor 7
A . Decap?2 LVRM
/w\ s( 1.5 uF 15 nH //
E 1.00 - S C . Ldecapl
O / decap2 — Zz
; Target
o 100.m- L
c 3 decap? 875pH
% —_— e 100 pH = £ 2
S ) (24 mOhm)
= 10.0m \ \Flat Z Extended
— Target Z
24 mOhms ~ 1.5 uF
1.00m x x x x x x
1E3 1E4 1E5 1E6 1E7 1E8 1E9 ©6E9

LOG SCALE
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Surface Mount Capacitors with the Lowest L
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Ground Vias and PCB Stack-up Reduce Inductance

[ 63 mil PCB Stack-up

1 Gnd Via vs. 12 Gnd Vias

= 200.0m

=620 nH
100.0m-

Impedance Magnitude

10.00m~

1.0M 10.M

14t Annual Central PA Center for Signal Integrity Symposium Mf

50.M

Impedance Magnitude

—m__ 8 mil PCB Stack-up

1 Gnd Via vs. 12 Gnd Vias

200.0m

100.0m+

10.00m~

L=375 nH

1.0M

10.M

KEYSIGHT Copyright © 2021
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How to Measure the Capacitor.....

Mount included
(Used with SPICE Simulator)

\

N

Mount removed
Used with PCB EM model

KEYSIGHT Copyright © 2021
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Series R-L-C Model Doesn’t Match the Measurement

c OOCapacitor RLC Model vs. Measured S-Parameter (Magnitude)

1.00

(/)]
E
S
g 100.m] R-L-C Model ~_,
&
S \
g— Measured
£ 10.0m-

1.00m I I I

I I
1E3 1E4 1E5 1E6 1E7 1E8 1E9
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Ceramic Capacitors Can be Modeled as Parallel Caps

cap tune

_AC i Anchor values

SRC4 SRLC SRLC

lac=polar(1,0) A SRLC3 SRLC7 VAR 1E1

Freq=freq R=ESR mOhm R=R1 mOhm VAR1

L=L1 nH L=L2 nH L_tot=0.475 {t} . .
= C=C1uF C=C2uF C_tot=0.984 {t} Ceramic Ca paC|tor
Fr=6300000 {t}
ESR=16.01 {t
jp— 1 1
)
&
<
@) Measurement
o]
c 1E-1—
©
O
(]
o
£ Tune Model
1E-2— For Anchor Points
I I I I
1E4 1E5 1E6 1E7 1E8 1E9

freq, Hz
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cap tune

d ' .
After Tunin ! I} Shaping values
g |_AC SRLC SRLC
SRC4 SRLC3 SRLC7 VAR
C@ lac=polar(1,0) A R=R1 mOhm R=R1 mOhm Egn VAR3
Freqg=freq L=L1 nH L=L2 nH
C=C1uF C=C2 uF C1=0.75 {t}
R1=311 {t}
- 1E1
I Tune Parameters » Ceramic Capacitor
Simulate
While Slider Moves o
Tune a R1 1 ]
Parameters
Include Opt Params [0)]
Encble/Disae. £ Measurement
[] pisplay Full Name -» O
[ snap Slider to Step [a] (4] -
Traces and Values 8 1 E-1 1
Store... Recall... - c
©
Trace Visibility... [¥] o
Q ..
Reset Values o Opt|m|ze fOI‘
Close Unassociated Data Displays g ngh F|de||ty MOdE|
Update Schematic Lin = Wit - 1 E_2_
Close Help < >
| | |

TECHN
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Tantalum Capacitors Require a Different Model .

Default values and tuning

I_AC
SRC1
lac=polar(1,0) A

VAR Freq=freq
VARG
C1=K1*1E9/(8.89*F_break*R_break)
R2=K2*R_res cap sim
5E1 L2=K3*5E15/(39.5*F_res*F_res*C_tot) c <,
. C3=K4*1E9/(15*F_res*R2) Lo, . oo
2 Non-Polymer Bulk Capacitor R4=K5'R_res e
R3=K6*R
< 1E1— C_tot fos Model .
O_ Anchor values R R=R3 mOhm
8 VAR R=R1 mOhm L
= VAR9 ) I[ELz nH
© L_tot=1.76 {t} R=
© 1— C_tot=330 {t}
3] _
o % F_break=11520 {t} c
= L_tot R_break=42 {t L Sosur
£ - F_res=600000 {t} R
© R_res=12 {t} R=R2 mOhm
8 R
R4
(:/j.‘ 1 E'1 1 F break — R=R4 mOhm
© - F res
o R_break — — sro2
> \ R min lac=polar(1,0) A
—_ Freq=freq
1E-2 | | | | | e} L
1E1 1E2 1E3 1E4 1E5 7%% 1E7 4E7 I
. Measurement
freq, Hz Sne
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Mounting Inductance Can be Added as R-L to Ground

0.192

L = ——— = 764pH
mount = o . A0MHz p

m1
2E-1

m1
1E-1— freq=40.00MHz
mag(mount Z)=0.192

m
N
|

m2
freq=11.50kHz
mag(mount Z)=4.862E-4

Impedance, Ohms

1E-3—

m2
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An Optimizer Avoids Tedious Hand Tuning and Guessing
MeasEqn I&I AR | OPTIM

Goal Optim
cap_err OptimGoal1 Optim1
cap_err=mag(cap_meas)-mag(cap_sim) Expr="cap_err" OptimType=Random
* SimInstanceName="AC1" P yp
cap_meas=cap_s21*25/(1-cap_s21) Weight=1 Maxlters=1000
LimitName[1]="limit1" UseAllOptVars=yes
LimitType[1]="EqualTo" UseAllGoals=yes
LimitMin[1]=0 GoalName[1]=
LimitMax[1]=0 SaveAllTrials=no
Before OPT After OPT
_ OPTIMIZER
Shaping values Shaping values
VAR VAR
VAR12 VAR11
K1=1 {t} {o} K1=1.00876 {t} {o}
K2=1 {t} {0} K2=0.837194 {t} {0}
K3=1 {t} {0} K3=0.41982 {t} {o}
K4=1 {t} {0} K4=2.09546 {t} {o}
K5=1 {t} {0} K5=1.56776 {t} {o}
K6=1 {t} {0} K6=0.409425 {t} {0}
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After Optimization

I_AC

SRC1
lac=polar(1,0) A
Freqg=freq

R2
R=R2 mOhm

R4
R=R4 mOhm

OPTIMIZER DETERMINED COMPONENT VALUES

C1 val C2 val C3 val L1 val L2 val R1 val R2 val R3 val R4 val
234.522 95.478 23.176 1.760 0.447 30.000 10.046 4.913 18.813
5E0
Non-Polymer Bulk Capacitor
" 1—
e
<
@)
m\
(@]
[
© ..
T g Optimize for
v B . ) .
Q High Fidelity Model
£
Measurement
1E-2 | | | | |
1E2 1E3 1E4 1E5 1E6 1E7  4E7

Copyright © 2021
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FPGA Package/Die, PCB PDN EM, and Capacitor Models are Critical

Impedance measurements did not see the resonance at 30 MHz!

Measured

\
[

Pl Ecosystem Model

KEYSIGHT

Decoupling capacitors
dominate the impedance of
the VCCINT PDN.

Measurements with
VCCINT are only
accessible on the bottom
side of the FPGA and
include the via inductance.

PIPro PDN EM model with
package/die (CPM) in ADS
schematic accurately
predicts impedance peak
that measurement could
not see.

Copyright © 2021
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PCB PDN Model

Simulation vs. Measurement

Measurement
Techniques

KEYSIGHT Copyright © 2021
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Capacitor Models without Mounting Inductance

PCB EM Model
includes this...
remove from
capacitor model.

—_

S11 —

v

KEYSIGHT Copyright © 2021
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Measured Data Confirms the Simulated Results

Power Integrity is not intuitive! Simulation with measurement enables
predictive models for design optimization and troubleshooting ©

KEYSIGHT Copyright © 2021
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Summary

Individual Source Impedance

. . . . |
Flat impedance is the Pl design goal! VRM, PCB PDN, and Package+Die

* Learn how to make 2-port shunt impedance
measurements to get good models, verify
simulations, and debug noise problems.

N
m
N

. . Target Z
e Beware of vendor capacitor models....avoid A (g

Impedance, Ohms

double counting the mounting inductance when ¢ ,;, /‘ \
used with EM models of the PCB. VRM i Package
Supply PCB Die
1E-3 ‘ ‘ PDN‘ \
10.0k 100.k 1.00M 10.0M 100.M 300.M
freq, Hz
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History Lesson — The Transatlantic Cable
Engineered design vs. Costly Debug/redesign

What is so hard about stringing a wire between
the transmitter and the receiver?

Where was the SI Engineer in 1858?

Transatlantic telegraph cable

In 1858...signal quality declined rapidly, slowing
transmission to an almost unusable speed. The cable
was destroyed the following month when Wildman
Whitehouse applied excessive voltage to it while
trying to achieve faster operation.

KEYSIGHT Copyright © 2021
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Questions For Your Next Design

Pl Engineers require simulation and measurement tools

1. Are your designs still leveraging decade capacitor values?
2. Are poor designs band-aided with added filters and more capacitors?

3. Where is the Pl engineer?
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PathWave ADS Simulates the Power Integrity Ecosystem

How to Design for Power Integrity
5 Part Series on YouTube

Power Integrity Using ADS
Published 2019

Steve Sandler, Founder of Picotest
Over 40 years of experience in Power Electronics

“PathWave ADS is the only tool that can
simulate the end to end Power Integrity
Ecosystem”

KEY TAKE AWAY

Steve Sandler is an expert at Power
Integrity Ecosystem simulations, an
he does it all in PathWave ADS with
PIPro!
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Resources:

H. Barnes, J. Carrel, S. Sandler, “A Method for Dynamic Load Current Testing with a Benchtop Power Supply
DesignCon 2020.

+ Keysight sponsored “How to Design for Power Integrity” YouTube video series with Steve Sandler of Picotest:
http://www.keysight.com/find/how-to-videos-for-pi

+ Keysight PathWave ADS for Power Integrity: https://www.keysight.com/us/en/products/software/pathwave-
design-software/pathwave-advanced-design-system/pathwave-ads-high-speed-digital-design.html

* Picotest Power Integrity Measurement Test Accessories: www.Picotest.com

« Xilinx ZCU104 Evaluation Kit: https://www.xilinx.com/products/boards-and-kits/zcu104.html
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QUESTIONS?
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