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Power Distribution Analysis MNDSPEED

= Generally, the impedances of power distribution system (PDS) on packages and
motherboards monotonically increase in frequency domain due to inductive effects with
several resonant peaks caused by capacitive loops.

= On-chip decoupling capacitance with negligible parasitic inductance provides low power
supply impedance at high frequency (above hundreds of MHz ).

= Highest impedance peaks in frequency range of a few MHz to tens of MHz are reduced by
placing de-coupling capacitors across the power rail in motherboards.

= The formula of the target impedance introduced by Larry Smith is a very difficult goal to
achieve due to decreasing operating voltage and faster and larger current transients. In
our case,

Target impedance = (1.2 V) x 10%/ (2 A) = 60 mQ

= A huge amount of decoupling capacitors need to be placed, to meet this target impedance
over the mid-frequency range.

= This paper illustrates that the target impedance is frequency dependant.

= The correlation between the impedance of PDS over frequency and the voltage variation in
time domain is demonstrated, and an helpful simulation methodology for power delivery is
defined.

= The simulations were carried out using a commercial software tool from Sigrity,
SPEED2000.
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Power Distribution System of the EVM board



Dimension of the Board: Ax = 330 mm, Ay =95 mm  MNDSPEED
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The Stackup of the EVM Board
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Decoupling Capacitors at the Bottom Side of the Board MNDSPEED

28 Ceramic Capacitors, size 0603
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Impedance Calculation of the EVM Board MNDSPEED

3D full wave model of the board

Gaussian source excitation
at the top of the board

VDD and VSS nets are shorted at
the location of the voltage

regulator Module

Connect to
VDD vias

Connect to
VSS vias

Decoupling capacitors are placed
at the bottom side of the board



Impedance of the Board vs. Decoupling Capacitors ~ MNDSPEED
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Impedance (Q2)

10 15 20

200 400 GO0 200 1000 1200 1400
Fregquency {MHZ)

Freguency (MH2Z)

# of 0.01 uF #0f 0.1uF | #of 10 uF
Curves (0.38nH, 0.23Q)) | (0.69nH, 0.12 QY) (InH) ESR of 10 uF Peak impedance
Green 28 0 4 1 Q (tantalum) 210 mQ at 3.2 MHz
Magenta 28 0 4 0.5 Q (tantalum) 110 mQ at 3 MHz
Blue 14 14 4 0.5 Q (tantalum) 78.4 mQ at 1.8 MHz
Red 14 14 4 0.03 Q (ceramic Y5V 1206 ) | 28.5 mQ at 5.2 MHz

= The impedance peaks above operating frequency has less significant effect on power distribution system.
However, a impedance bump below 10 MHz can cause big undershoot and long ringing.
= 10 uF capacitors with different ESR affect the impedance only below 10 MHz, which determines the magnitude of

the voltage overshoot in this case.
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Transient Simulation of the EVM Board MNDSPEED

3D full wave model of the board
On-chip switching
circuit model VDD and.VSS nets are shorted at
the location of the voltage

_ requlator Module
C core annect to VDD g
- L wirebonds
® :
R_core "~ Connect to VSS
= wirebonds

Current source in parallel with
On-chip decoupling capacitance
C_core =40 nF

R_core = 0.625 mQ

Current source (A)

Decoupling capacitors are placed

0 500 1000 at the bottom side of the board
Tirme (ns)




Supply Voltage Droop vs. ESR of Decoupling Capacitors MNDSPEED _

A pulse current, switching from 1 Ato 2 Aatt=0, is applied at the top of the board.

Capacitor | Number | ERL ESR Type Size | Self Resonant Freq.
0.01 uF 28 0.9 nH 0.3Q | Ceramic X7R 0603 | 63 MHz
0.03 Q for Ceramic Y5V
10 uF 4 1.5nH 0.5 ~2 Q for tantalum 1206 | 1.3 MHz
Yoltage (W)

0.05 pr==m====—=7 R EEELLECE L

: ! : 5 ESR of Frequency,
ot RS o] A— Curves | 10uF AV Period, T UT
W ; ; Red | 003Q | 35.2mV | 86ns 11.6 MHz
009 o I oo e Blue 050Q | 83.8mV | Noripple | No ripple

Green 1.0Q 114 mV 360.17 ns 2.78 MHz

AV

DA pe N oo o Magenta | 1.5Q 130 mV. | 347.88ns | 2.87 MHz

20Q 139.4 mV | 345.77 ns 2.89 MHz

-0.145

EEID EH;EI
Time {ns)
When the four tantalum capacitors are replaced by low ESR ceramic capacitors, the noise magnitude reduced
at least 60%.
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| ' MNDSPEED
Supply Voltage Droop v.s. ESR of Decoupling Capacitors PEED
A pulse current, switching from 1 Ato 2 Aatt=0, is applied at the top of the board.
Capacitor | Number | ERL ESR Type Size | Self Resonant Freq.
0.01 uF 14 0.9nH 0.3Q | Ceramic X7R 0603 | 63 MHz
0.1uF 14 0.9 nH 0.08 Q | Ceramic X7R 0603 | 18 MHz
0.03 Q for Ceramic Y5V
10 uF 4 1.5nH 0.5~ 2 Q for tantalum 1206 | 1.3 MHz
Yoltage (V)
D0z
ESR of Period, Frequency,
; Curves | 10uF AV T UT
Red 0.03Q | 182mV | 220.7ns 4.5 MHz
o Blue 05Q | 543mV |807.98ns | 1.2MHz
Green 1Q 65.4mV | 772.17 ns 1.3 MHz
AV -0.04 p----§
Magenta [ 1.5Q 70.1 mV | 795.92 ns 1.3 MHz
-0.0F 2Q 72.9 mV 769.5 ns 1.3 MHz

500

Time {ns)

naa

When the four tantalum capacitors are replaced with low ESR ceramic capacitors and a half of 0603 ceramic
capacitors are replaced with 0.1uF values, the noise magnitude reduces.
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Measurement of Power Droop on the Board
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A pulse current, switching from 1 Ato 2 A, is applied at the top of the board
Decoupling capacitors: 28 x 0.01uF, TDK, size 0603
4 x 10 uF, TDK, tantalum
Regulator Output Across 10 uF Cap |
1] e VUL e LY
1.2V =g

— 40 mV

3 !

-+
: |
= == T
---’d ; ===

Ch1 2.00VQ

W 200s CHT 7~ T84V 15 apr 2039 A S
MENEl 20.0mv  200ns s Ch3 50.0

V0 M-200ns Chl S 1.64V 17 Apr 2039

| 00:30:21
Supply voltage has 40 mV variation and 10 mV overshoot, ~ LEUI 40.0mV - 200ms
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Simulation to Be Correlated to Measurement

Current source on the top of the board
Rise and fall time = 10 ns

Current (&)

MNDSPEED
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# of # of # of ESR of
Curves | 0.01 uF | 0.1uF | 10 uF 10uF Overshoot
Red 14 14 4 0.03Q None
Blue 28 0 4 0.5Q 49.7 mV
Green 28 0 4 1Q 87 mV

0 200 400 B0 800 1000 1200 1400
Time (ns)

waltage O

0.01uF, ERL=0.9 nH, ESR = 0.3 Q, Size 0603
0.1uF, ERL=0.9 nH, ESR =0.08 Q, Size 0603
10 uF, ESL = 1.5 nH, Size 1206

1.3

1.25

Magenta: Voltage source at VRM location
for comparison with measurement

0 200 400 G600 200 1000
Tirme (ns)
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The Effect of the Jumper Model on Supply Droop MNDSPEED

Decoupling capacitors:
28 x 0.01uF: ERL=0.9 nH, ESR = 0.3 Q, Size 0603
4x10uF:ESL=15nH ESR=1Q

Yoltage 0
1.24 - - -
1.22
1.2 }
Full plane size
118 1 97x34 mm
Narrow strip
116 f-- 1moO
114 |---B
1.12
1.1
1.08

1] 200 400 B00 ano
Time (ns)
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Power Distribution System
of the Package and the EVM Board



Impedance Simulation of the Package

Connect to

3D full wave model of the package

VDD wirebinds\

Y | o~ ‘,....-—""'-"
Connect to = ST - X
. | P SRET = -C.'--_.'\“il- P
VSS wirebonds = <grEtes s e SIAR
e T M 2
S :&‘ F=e-

Gaussian source excitation
at the top of the package

0.0z
0.018
0.016
0.014
0.012

0.01
0.003
0.006
0.004

0.002
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The solder balls of VDD and VSS

¥ nets at the bottom of the package
are shorted

1.7TGe-010

1.74e-010

1.72e-010

1.7e-010

1.68e-010

1.66e-010

1.64e-010

1.62e-010

1.6e-010

0.01 0.1 1

Frequency {(GHZ



Models of Package and On-chip Switching MNDSPEED

ﬂugh full wave simulation of the real packagm ﬁn-chip switching behavior is modeled by a\
geometry and curve fitting, the equivalent RL model

current source in parallel with on-chip decoupling

of the package is extracted. capacitors and parasitic resistance.
Zpkg = Rpkg + joLpk
wFr)le%e RpFI)<gg: 11_7 n?annd Lpkg = 162 pH. The on-chip decoupling capacitance is 40 nF in
series with 0.625 m Q.
14 : ; :
— RL lump Approximation
s — Full- Simulati . c
12 e e On-chip switching
1} 6.4% error at 900 MHz circuit model
(0.35 /tr)
E 0.8 - -
core
© o6} : Rl
04} - C‘ -
0| R_core I

D 1 1 1 L -
\ 0 0.2 04 06 0.8 1
\ Frequency (GHz)




Expensive Full-Wave Modeling Methodology MNDSPEED

On-chip switching 3D full wave model of the package The mesh size is
circuit model around the via pitch of
Cdie ~ Connectto VDD the package. A big

2 I wirebonds number of meshes on

a multiple layer PCB is
very expensive to be
modeled together with
the package.

®

Rdi

= wirebonds

_T_1.2V

An Ideal voltage supply is
placed at the location of the

voltage regulator Module.

3D full wave model of the board

Computation cost is high in
terms of memory and CPU time
due to uniform meshes in FDTD
scheme

TFII H -—-’

.~ { |
\M
v\\

Decoupling capacitors are placed
at the bottom side of the board
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Efficient Simulation Methodology g3

| I Jﬂﬂ_NV\_:_- The mesh size is around the via pitch
: cdie | 11 s1pH 36ma, [ Connectto of the boa.ro!. A big, multiple layer PCB
| — i L VDDvias can be efficiently modeled.

| (‘) 1 -

| . 11 | B

I Rdie I [ Caennectto

: 1 BIPH SO L ysk vias

| MM/ M\ —

On-chip switching Package lump model
circuit model

_]'_1.2v

» An Ideal voltage supply is
placed at the location of the

" nl'ih' T
voltage regulator Module.

o T ™— f |
\M

Decoupling capacitors are placed
at the bottom side of the board

3D full wave model of the board
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Current Demand on the Core MNDSPEED
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The system is excited by periodic current demand on the die.
The current source starts continuously switching at time zero with 2 ns cycle.

1. Non-Operation Cycle

No logical operation on chip, but there is clock switching current demand. 1,,6=05A (lya =1.25A).
2. Maximum-Operation Cycle

Logic gates switching at 1,5 =2 A. (lyax =5 A).

T=2ns

tr=0.4ns
- tf=12ns
%2.5—

2_

AN

Time_[(ns)

<«— Non-Operation Cycle —»{«—=Quad Maximum Cycle —»

a S05 10 515 520
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Two Sets of On-board Decoupling Capacitors =~ MNDSPEED

Case 1 = 28 x 0.01uF: ERL=0.9 nH, ESR = 0.3 Q, ceramic, Size 0603
= 4x10uF:ESL=15nH ESR= 1Q, tantalum
Case 2 = 14 x0.01uF, ERL=0.9 nH, ESR = 0.3 Q, Size 0603

14 x 0.1uF, ERL=0.9 nH, ESR =0.08 Q, Size 0603
4x10uF, ESL=1.5nH ESR =0.03 Q for ceramic Y5V 1206

The voltage and currents to be observed

Current into the package
n — M_AM\__r
Cdie 8lpH 36mQ [

Voltage Rail
On the switching (‘)Rd_
|

v
e
Current source 8LpH 36mQ |
— MMM —

Current into the on-chip decoupling capacitor
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PDS Impedance in Two Cases MNDSPEED
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Casel M1 Case 2
024 ;
0.2
g 014
3
<
D 0.1 : | :
=3 ! : : : : :
E Targetdmpedancg, 60 mQ | % .’ ; . .
L e — R R — | A s
|\43 \ 4 ) Mede;mce, 60 mQ
0 : : : 0 e ———— .
1e-0n3 DR ! 1e-003 0.01 0.1 1
reauency (GHz) Frequency (GHZ)
Impedance peaks
_ =M1: 723 mQ2 at 68 MHz
= M1: 239 mQ at 66.75 MHz “M2: 45 MOy at 32 MH
= M2: 215 mQ at 2.75 MHz -somila z

=M3: 31 mQ at 5 MHz
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Voltage Ralil of PDS in Case 1 MNDSPEED

(a) Voltage at the switching source on the die (Blue)
(b) Voltage at the top of the EVM board (Red)

(c) Voltage at the bottom of the EVM board (Green)

YVoltage &0
1.22

V3=458mV V3 =18.2mV {500 MHz)

Y, G S . ; S

f=67 MHz

V1=87mV

365 ns (:2.75 MHz )
s s —>

1] 200 400 EO0 ano 1000 1200 1400 1600
Time ins)

18.2/4.58 = 3.97 => V3 is linearly proportional to the current magnitude.
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Maximum Operation Cycle in Case 1 MNDSPEED
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(a) Voltage at the switching source on the die (Blue) (a) Current flowing from the source to the package (Red)
(b) Voltage at the top of the EVM board (Red) (b) Current flowing from the source to the on-chip
(c) Voltage at the bottom of the EVM board (Green) decoupling capacitor (Blue)
Waoltage W)
157
T T A S e S I | N N
| | | | | | \ AL
L4 T e { T
— @
ST 0 T 1 | | S SO S A O A =< {U
U . E 051
A . D‘wh[ R E'A'n'ﬁﬂ,llhuﬂ |
BRI Il
R R A i ]]UW 157
e | B i WWUUW:
N :WWWWW: ’ 2t
780 00 20 840 860 880 800 820 E“_l"j EEEIEI Ei:il:l Bél:l BBIEI 9|_l||:|
Tirme {ns)

Tirme (ns)
=The on-chip decoupling capacitor bypasses fast switching currents.
=The current flowing into the package oscillates at 67 MHz for 80 ns.
=The voltage rail on the die oscillates at 67 MHz and 500 MHz.
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Voltage Ralil of PDS in Case 2 MNDSPEED

(a) Voltage at the switching source on the die (Blue)
(b) Voltage at the top of the EVM board (Red)
(c) Voltage at the bottom of the EVM board (Green)

Yoltage (W

I A S S| R SO SO

1.21H

V1=17.24 mV

V3=18.55mV

1.18

vl

] 200 400 B00 ano 1000 1200
Tirme (ns)
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Non-Operation Cycle in Case 2 MNDSPEED

(a) Voltage at the switching source on the die (Blue) (a) Current flowing from the source to the package (Red)
(b) Voltage at the top of the EVM board (Red) (b) Current flowing from the source to the on-chip
(c) Voltage at the bottom of the EVM board (Green) decoupling capacitor (Blue)
WVoltage (V) Current ()
1.21 .
0.4 k-f-- , .....................
1.205 l‘ ;
02 | I ||||||||||||I|||||II|I|||’||!|'I|||"II!l'II i
LI ‘ ‘ ‘ H‘ “ \' \ RN
_D “|
1.14845
07 ‘ ‘ |‘ ||‘ H|
1.18 ‘ ‘ |
wl ]l ol
1.1845
-0 --------
a 50 Tir;e??ns) 150 200 . 100 0 10 a0

Time {ns)
=The on-chip decoupling capacitor bypasses fast switching currents.
=The current flowing into the package oscillates at 67 MHz for 80 ns.
=The voltage rail on the die oscillates at 67 MHz and 500 MHz.
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Maximum Operation Cycle in Case 2 MNDSPEED

(a) Voltage at the switching source on the die (Blue) (a) Current flowing from the source to the package (Red)
(b) Voltage at the top of the EVM board (Red) (b) Current flowing from the source to the on-chip
(c) Voltage at the bottom of the EVM board (Green) decoupling capacitor (Blue)
Current (A

1 "\'HHH\H 1

| I ‘ m h li !

S

600 B50 ?lljn 750 &00 E,Im ?,Im E,IJD 800
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Comparison of the Currents Flowing into the Package MNDSPEED
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Case 1l Case 2

Current (&) Current (&

1.4

1.2

1

0.8

0.6

0.4

0.2

i}

i 500 1000 1800 ] 200 400 . il a0o0 1000 1200
Time {ns) Titme {ns)

= |n case 1, due to the high impedance of the PDS at 3 MHz, less current is absorbed by the
package and the board.

= |n case 2, the impedance of PDS below 40 MHz is relatively small, most of the current can
flow through the package and the board.

= That is, if we reverse the direction of the current, the voltage supply in case 2 can provide
more dynamic current to the core and cause less voltage droop.
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Frequency Responses of Currents

29
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dB
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-140
-160
-180
-200

-140
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-140
-160
-180

-200

Case 1l

1e-003

0.01

Q.01
Freguency (GHD

-140
-160
-180
-200

-140
-160
-180
-200

-140
-160
-180
-200

Case 2

1e-003 0.01 0.1 1

1e-003 0.01 0.1 1

1e-003 0.01 0.1 1
Frequency {GHZ



Power Density Windows MNDSPEED

DC to 15 MHz
< > 500 MHz 1 GHz

-140

-160

-180

I "\'hln
iII|||||NH|i|iH

1e-003 0.01 0.1 1
Fregquency (GHZ

= The major power density windows in frequency domain are from DC to 15 MHz, 500 +/- 10 MHz,
and 1000 +/- 5 MHz.

= |n this case, 40 nF on-chip decoupling capacitor provides sufficient dynamic current in 500 MHz
and its harmonics.

= The power distribution system on the package and the board should have low impedance from
DC to 15 MHz.

= Since the power spectrum density from 15 MHz to 490 MHz is relatively low, the impedance

requirement in this region is relatively lower.
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Conclusion MNDSFEED

= Power distribution analysis in frequency domain is insightful to help identify the oscillation
frequencies of the system and determine suitable decoupling capacitors.

= The current waveform of the on-chip switching can be approximated as a periodic triangular
function and its frequency response is a sinc square function at DC and harmonics of the
current switching frequency.

= On-chip capacitors in tens of nF range should be able to provide low impedance above several
hundreds MHz range.

= The PDS in a package and a board should be designed as a low pass filter with a bandwidth
over the frequency spectrum of a single current pulse, which is from DC to 15 MHz in this case.

= Faster switching circuits usually result in a narrower current pulse. The narrower the single
current pulse is, the wider the bandwidth has to be.

= Itis very difficult to quantify the noise and determine the target impedance through calculation
of Ohm’s law because of the complexity of the system.

= However, since the power spectrum density reduces in frequency below the circuit switching
frequency, the target impedance of PDS should also increase in frequency.

= The high impedance at tens of MHz, which is beyond the power spectrum window, has less
impact on noise than the one at a few MHz.
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