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* Power integrity challenges and solution
* New PI features in R14.5

* Power integrity case study
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Power Integrity Challenges and Solution

3 © 2011 ANSYS, Inc. July 24, 2019



Trends Requiring Chip Aware System Design

The die-to-die system is extremely
complex: —
Package Backplane Connector | Daughter Card Package
* Silicon driver/receiver o e e
* 3D component interconnect

* Chip to package = =
* Package to daughter card

* Daughter card to backplane i : 2
| PRI, Mol s s T,
* Power delivery network effects R rrrsceses |

Complex problems
* High risk

— New unfamiliar phenomena?
* High cost of design errors

Solving them is requiring new
strategies and simulation tools.
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What is a Power Distribution Network (PDN)?

Complex multi-stage network supplying power to all devices in a system.

For typical products the
PDN includes:

* Voltage regulator
module (VRM)

* Board power/ground
planes and decoupling
capacitors

* Package power/ground
planes and decoupling
capacitors

» Chip power/ground
structures and
capacitance

PDN Requirements:
* Must deliver clean power to the ICs

* Must provide low impedance, low noise reference path for signals
* Must not contribute excessive EMI
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Board Level Power Integrity?

Full PDN

Discrete Decoupling Capacitor on PCB

Chip Low Inductance Capacitor on Package
E - — Ball Grid Array Package

= _——BallBonding

Bulk Capacitor

Wire Package Ball PCB
P/G Network Bonding P/G Network

Medium Frequency Curren 3

High Frequency Current

Board Leve

T T P/G Impedance?

_Packagce

I L} UUI\Ub\.— /

i Decoupling Capacitor Bulk Capacitor

j \ Decoupling Capacitor Decoupling Capacitor
2 @ On Package On PCB Near VRM PCB

VRM
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ANSYS Chip-Aware PDN Solution

Redhawk generates a chip power
model (CPM) including chip PDN
parasitics and switching currents.

PSI and Slwave provide robust
extraction of IC packages and
boards with broadband S-
parameter models.

Pl Advisor optimizes decoupling
capacitor selection to meet a
target impedance.

Designer Sl simulates power noise in
the time domain.
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Chip Power Model (CPM)
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FIREN CPS Convergence Using CPM

Prototype Selection,
Planning
Design Package Design
Sign-off System
Sign-off
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What’s in a CPM?

PCB + Package

i:r

EEEETEE L RS

+ Pad name
+ DPOWERZ1
N OGROUND 20

* No connec
el 1 pl p2
E pl nd
n3 p2
pl nd
nd p2
pl nf
nb pl
Pl nh
nb pl

=

[

- -
[ R e 0 = =

{52 S A T T e i |
%Iblblwlwlmlml'—.l

. SUBCET PowerModel pl p2

EE Rt R R L R el R e e e R L e
* Bpache RedHawlk Chip Power Model [Accurate RC reduction]

Each C4 bump (power & ground)
will be associated to its corresponding:

v'Chip PDN RLC
Physical model of chip layout
v'Transistor/cell current /cap/ESR

E R R R R R R R R R R

+ hpache RedHawk Chip Power Model [ ¥Wer 1.00 ]

+ Wersion: 10 2 LimwzgdZed (Jan 20 00:31:13 20113
[+ttt ddtrrrtdirdrdbbr bbb d bt bbbt d bt i et

.INCLUDE "PowerModel. sp. inc"

* Begin Chip Package Protocol --—->

* die_area 0 0 4920.62 5000. 36

* Start Units

+  Length um

+ End Units

+ DPOWERZ1 : (4005, 000000 3279, 000000) oopl
+ DGROUNDZ0 : (4280, 000000 2219, 000000) :opl
+ End Chip Package Protocol <(---

.subckt adsPowerModel pl p2

Xpdn pl pZ PowerModel

Icursigl pl p2 pwli

+ 0.000000ps 0.589435

+ 150.000000ps 0. 854897
+ 240.000000ps 0. BAT186
+ 330.000000ps 0. 827372

Electrical model of chip layout

CPM is topological,
physical and activity based
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ASyS [

nefits of CPM

(. = . | ]
—— Traditional die model Apache CPM
O
Simplifying Apache CPM:
1 assumption of all supports both
f'\ gates stwitching at static annl
same time dynamic models
O
Current Drawn Pin o1
o through Supply :'::i
. Triangular ek vlue TqangulmTrape:mdal :é‘ " EE.
i — / 2 —r
] | & -— Pin 12
— — 8 o Fio 1y
o S T50ps s . — e
Fm Fm‘ = Curtopl Drawn‘ lhrouol.\ Orounc_! pins / ) ::: ::
‘ Tim;a (in é) ) " m
CPM includes all die parasitics
Power-grid RLC
Estimated Cdie Intrinsic De-cap
Missing Rdie, Ldie Intentional De-cap
Instance Load Capacitance
i Single Lumped Model Well Capacitance
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Slwave CPM Integration

Slwave CPM integration includes
the following:

* Import of die PDN for inclusion in
frequency-domain extractions

* Automatic matching of die pin to
CPM pin locations
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Silwave CPM Setu

i Apache CPM/PLOC Import [ i Apache CPM/PLOC Import ==
PartName: |FCHIP - Reference Designator: |FCHIP v] PartName: |FCHIP v] Reference Designator: [FCHIP v]
IC Die Information IC Die Information
CPM File: CPMFile:  C:\Jsersliwaldron\Pemos\STwave\CPMicpm.sp
Rotation in degrees (counter dockwise): 0 Rotation in degrees (counter clockwise): 0
Location of die center on package: (0,0)um Location of die center on package: {0.000000, 0.000000)
[ Flip Die [ Reset ] [ Auto Connect ] [ Manual Connect [¥] Flip Die [ Reset ] [ Auto Connect ] [ Manual Connect ]
Package Pins | Package Pins
Index Pin Name X ¥ Net Connected Die Pin Die Pin Index i Index Pin Name X L) Net Connected Die Pin Die Pin Index m
1 Al -191 191 FCHIP_AL 1 Al -191 191 FCHIP_A1
2 A2 -1.69 1.51 FCHIP_A2 2 A2 -1.69 1.91 FCHIP_A2
3 A3 -1.46 1.91 FCHIP_A3 3 A3 -1.46 191 FCHIP_A3
4 A -0.79 191 FCHIP_AS 4 A -0.79 191 FCHIP_AS
5 A7 -0.56 1.91 FCHIP_A7 5 A7 -0.56 1.91 FCHIP_A7
c an LT a1 unn_ic S z an LT 1 unn 4 i
Add One Pair ] [ Delete One Pair ] [ Delete ALL Pairs ] [ Pin Pair Connect. Add One Pair ] [ Delete One Pair ] [ Delete ALL Pairs ] l Pin Pair Connect. ]
Die Pins Die Pins
Index  Pin Name SPICE Node Group Name GroupNet  Ref. Group Name Package Pir| Index  Pin Name SPICE Node Group Name GroupMet  Ref. Group Name Package *
1 bumpnode_150#a3 p3 VDD_15_FCHIP_VDD_15_2
2 bumpnode_151£a10 p3 VDO_15_FCHIP_VDD_15_2
3 bumpnode_1582h2 p4 VSS_FCHIP_VSS_2
4 bumpnode_163#b7 p3 VDD_15_FCHIP_VDD_15_2
5 bumpnode_164#b& p3 VDD_15_FCHIP_VDD_15_2
5 bumpnode_1652ha p3 VDD_15_FCHIP_VDD_15_2
7 bumpnode_166%b10 p3 VDD_15_FCHIP_VDD_15_2
3 bumpnode_167#b11 p3 VDD_15_FCHIP_VDD_15_2
I g bumpnode_1682h12 p3 VDD_15_FCHIP_VDD_15_2 il
an et anabas o v e uee
4 1, b 1 r
Operations Operations
Merge selected groups Merge groups on same net Merge selected groups Merge groups on same net
Change reference group for to [vDD_t5_FcHP_vDD_t5 2 +| [ Update
Cancel Cancel
\ A
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Slwave CPM Setup

M
i Apache CPM/PLOC Import [
Part Name: [FCH[F - Reference Designator: [FCHIP v]
IC Die Information
e . Pins mapped: 106
CPMFile:  C:\Jsersliwaldron\Demos\Slwave \CPMicpm.sp Browse... pEpa
Rotation in degrees (counter dockwise): 0
Location of die center on package: (0.000000, 0,000000) Update
L7 i
Fiip Die [ Reset | AutoComnect | [ Manual Connect | el e e
| = S,
Package Pins
Index Pin Name X ¥ Net Connected Die Pin Die Pin Index e
I 1 Al -191 191 FCHIP_AL1 D
i 2 A2 -1.69 1.91 FCHIP_A2
3 A3 -1.46 191 FCHIP_A3
4 A -0.79 191 FCHIP_AS
5 A7 -0.56 1.91 FCHIP_A7
c an LT 4 unn_ic bimmmnndn 1EASan E S
AddOnePar | | DeleteOnePar | [ Delete ALLPars | [ PinPar Connect |
Die Pins
Index  Pin Name SPICE Node Group Name GroupNet  Ref. Group Name Package *
1 bumpnode_150#a3 p3 YDO_15_FCHIP_VDD_15_2  VDD_i5 VSS_FCHIP_ySS_2 An
2 bumpriode_151%a10 p3 YDO_15_FCHIP_VOD_15 2 VDD_15 VSS_FCHIP_VSS_2 A10
3 bumpnode_158%h2 p4 WS5_FCHIP_VSS_2 vss B2
4 bumpnode_163#b7 p3 YDO_15_FCHIP_VDD_15_2  VDD_15 VSS_FCHIP_ySS_2 B7
5 bumpnode_164#b& p3 YDD_15_FCHIP_VDD_15_2  VDD_i5 VS5_FCHIP_ySS_2 Ba
3 bumpriode_165%h3 p3 YDD_15_FCHIP_VDD_15 2  VDD_15 V55_FCHIP_VSS_2 By
7 bumprode_166%010 p3 YDO_15_FCHIP_VDD_15_2  VDD_15 VSS_FCHIP_YSS_2 B10
3 bumpnode_167#b11 p3 YDD_15_FCHIP_VDD_15_2  VDD_i5 VS5_FCHIP_ySS_2 Bi1
9 bumpnode_16585012 p3 YDD_15_FCHIP_VDD_15 2  VDD_15 VSS_FCHIP_VSS_2 Bl2
- i 4 —n e o en o e fe
4 m | 3
Operations
| Merge selected groups | [ Merge groups on same net ]
Change reference group for to [!IDDJS}C!—L[FJ‘DDJSJ vl [ Update ]
Lo | [ o |
A
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CPM Impedance Effect
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Sentinel PSI
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ANSYS Package/Board Solvers

Hybrid full-wave

Sentinel-PSI

* Fast FEM using prism elements
* Tailored for Pl package analysis

Trade-off speed for 3D accuracy
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Slwave

* FAST Hybrid method for PKG/BRD
* Handles many, but not all 3D effects

Fast

SPEED



Sentinel PSI Strengths

Package/PCB structures Containing

Highly perforated metal planes
— Swiss Cheese PWR/GND planes
— Hatched PWR/GND planes

Two layer PCBs without reference layers

Transmission lines over non-ideal ground

Ports with unreferenced terminals
Visualization of PWR/GND AC currents
Vias with large anti-pads

Port With Unreferenced Terminal

Large continuous anti-pads

Lines over non-ideal ground cutouts

Typical Hatched Plane
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Pl Advisor

19

Pl Advisor is an addon for Siwave
that automatically optimizes
capacitor selection to meet a
target impedance:

Inputs:

e Capacitor locations
e Candidate capacitors
Outputs:

e Capacitor schemes that indicate
which candidate, if any, to
populate at each location.

* Impedance versus target for each
scheme.
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Target Impedance
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Target Impedance

* Designing for power integrity often involves a target impedance

— Maximum allowable impedance magnitude over frequency which will result in acceptable
voltage noise

+

| () V__. PDN _ (Quantities
EEIANY nc)Ise|_> Vnoise_ IIf)wr ZPDN

are phasors)

ZPDN
* Several technical references contain something like
A

Mag. of Z
Vnoise(max) =

V4

target — i

pwr(ACpeak) Ztarget

f
* An example can illustrate the complexities with this approach...
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A Simple Target Impedance Example

* Suppose we have a power current with the periodic AC component shown
below (peak amplitude of 2A):

Current (A) I(t) = |I;]| cos(2mt + 61)
+|1,| cos(4mt + 6,,)
+|I5]| cos(6mt + 0,3)

2.5

* Suppose we have a maximum allowable voltage amplitude of 1V

* The simple approach suggests a max Z,, of 0.5Q2 over the frequency
components contained in the current will satisfy the noise requirement

%//////%__ o O =11z ] cos(anft+ 6, + 0)
N

|ZPDN

/

But our impedance tolerance
does not specify phase

> Freq
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Effects of Different Impedance Phases

* Assume our PDN impedance just satisfies the requirement at each frequency:
|1Z,]= 1Z,|= |Z;|= 0.5Q2, but vary the impedance phase assumptions

A /\i \ \

T T T T T T T T O /I 1

. . . . \\ \\ 2 75 ==Voltage (V)
-1 -1 \} -1
-2 -2 \} -2

OZI = Ozz - Oz3 = 0 GZI =0 OZZ =90° ez3 - 0 Zl '90 922 '90 923 - '90

=

Simple approaches to calculating target impedance can
provide a useful guide, but results should be verified with
time-domain simulation
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Target Impedance Notes

Reliance on a purely resistive target impedance may not bound the
resulting time-domain voltage waveform to the desired amplitude.

Target impedance calculations should take into account the impedance
phase as well as magnitude, but the current state-of-the-art does not.

More to come from ANSYS on this topic...
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Power Integrity Case Study
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PDN Under Test

1.5V power supply for FPGA on
board.

Chip included as Apache CPM.

Package included as static S-
parameters.

Board extracted with Slwave 7.
Simulation includes:

* GND

* VCC_1V5

System excited by CPM currents.
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NWSSHE Time Domain Circuit
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Die Curjent

<
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V

Name=ul vcc

FGB Channel Power Only

Port2

A

Name=i_ul

Portl

|
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Die Current

NamEZUJ'_VCCFGB Channel Power Only

Die Curfent A Port2 Portl
- A
5 :
O Names=i_ul
’//7 K\\
( ) V5
-/
<
1)
7]
C=1.5V
_10
Die Current
1000.00
- | Name X Y Name Delta(X) Delta(Y) Slope(Y) InvSlope(Y) Curve Info
. ml 7.3200 | 444.1449 || d(m1,m2) 2.5500 -21.3847 -8.3862 -0.1192 H c — |p05iti\(e(i_ul)
N I t
. m2 9.8700 | 422.7601 D I e u rre nt exximiransien
900.00 —
800.00 —
< 700.00 —
£ i
I
=] —4
|
T -
2
g m
2 600.00 —
500.00 —
7] ml
v
] m2
] v
400.00 —
30000 T T T I T T T I T T T I T T T I T T T T
0.00 2.00 4.00 6.00 8.00 10.00
Time [ns]
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PDN Channel
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Port?

Die

Die PDN VCC_DI

FGB Package

July 24, 2019

Package

CC_BGA

P

rtl

Board

FGB Board

VCC_B .A VCC_VRM Port1

E

=ul
e ’VCCFGB Channel Power Only
@Lﬂi A Port2 o
<
Q
(¢}
<
0
[}
10

|
Q V5



PDN Impedance Components

PDN Impedance Components FGB Board 4
1000.00 —
= Curve Info
7 —— Board
-1 Boa rd LinearFrequency
7 —— Package
l Package |™
g —— Die
100.00 — CP Imported
10.00 5
E
<
=R 1.00 —
- =
> 7
0.10
0.01 —
OOO T T T T T T 17T I T T T T T T T 7T I T T T T T T 17T I T T T T T L
1.00 10.00 100.00 1000.00 10000.00

F [MHZ]
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Full PDN Impedance

Full PDN Impedance FGB Channel Power Only 4

Curve Info

F " PDN Fﬁrgggﬁﬁortz,%nz»
u quency

1.00

0.10 —
T ]
<
S, -
g
S i
o
o
Nh —
=
o
o
N -
o
©
£
0.01 —
000 T T T T T T T T I T T T T T T T T I T T T T T L T T T T T T T T
1.00 10.00 100.00 1000.00 10000.00
F [MHZ]
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Package Model Fit
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%ortl

]

l

C237

485.35pF
|

L239
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!

R241

0.01390hm

l

C236
883.15 pF
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|
L238
23.855 pH 2355501
]
R240
13.6 mohm
0.01360hm
_10

July 24, 2019

485.35 pF

23.855 pH

13.9 mohm



Package Model Fit

Package Model Fit Circuit3 4
1000.00
- Curve Info
3 H - Package Fit
] PaCkage Flt LinearFrequency
] = Package
| Package s
100.00 —|
10.00 —
T ]
<
=R -
-
> —
1.00 —
0.10 —
001 T T T T T T 171 I T T T T T T 17T I T T T T T L I T T T T T T 171
0.00 0.01 0.10 1.00 10.00
F [GHZ]
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Die Model Fit

ortl

3 nF =5

3e-009farad

0.3 ohm ™4
0.3
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Die Model Fit

Die Model Fit Circuitl 4
100.00
- Curve Info
: H H - Die Fit
- Dle Flt LinearFrequency
. - Die
Die Imported
10.00 —
= -
<
2 4
-
>
1.00 —
010 T T IIIIIII T T IIIIIII T T IIIIIII T T T 1 T 1T 17T
0.00 0.01 0.10 1.00 10.00
F [GHZ]
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Board with Package/Die Fits

Board PDN Impedance FGB Board 4

1.00
Curve Info

- Board w ith Package/Die Fits
LinearFrequency

= Full PDN
Imported

Y1 [ohm]

Board w/ Package/Die Fits
Full PDN

0.00 T T L N T T T T T T T T T T T T T T T T T T T T T T T
1.00 10.00 100.00 1000.00 10000.00

F [MHZ]
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Board Variations Analyzed

1. Asinitially designed.
—  Eight 100 uF bulk capacitors at VRM output, two 10 uF capacitors, and two 1
uF capacitors.

2. With added high-frequency capacitors.
— 12 0.01 uF capacitors placed on bottom layer below FPGA

3. With PI Advisor-optimized capacitor solution.
—  Target impedance: 0.3 ohms up to 1 GHz
—  Package RLC fit and die RC fit included at board FPGA footprint
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Variation 1: As-Designed

Ul vcCcC CPM Current 4
1.550 Curve Info min max pk2pk avg
| U1 VCC iUl YCC) | 14632 15255 00623 14901
T o L]
| Final period peak-to-peak: 62.3 mV
1.525 —
E -
8
2,500 —
3
4 |
1.475 —
1.450 T T T T T T T T T T T T T T T T T T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00

Time [ns]
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Variation 2: Added Capacitors
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1.00

Y1 [ohm]
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Variation 2: Added Capacitors

Ul vcCcC CPM Current 4
1.550 _
Curve Info min max pk2pk avg
- U1 VCC oL V) | 14671 15344 00672 | 14988
| Final period peak-to-peak: 67.2 mV
1525 —
E -
g
2,500 —|
3
S
1.475 —
1.450 T T T T T T T T T T T T T T T T T T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00

Time [ns]
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Variation 3: Pl Advisor

B | Pl Opt Sim with PKG DIE Op3ochm Optimization Results - lth
Schemes
Impedance at port "U1_VCC_1V5" for Scheme 9
Name Goodness of Fit Price (§)  Mum Caps Cap Types i 180
Scheme 9 1 0 8 6
Scheme 8 0.999397 0 8 6
Scheme 7 0.998395 0 8 7
Scheme & 0.998208 0 9 7 =
Scheme 5 0.987173 0 15 9
Scheme 4 0.996733 0 13 11
Scheme 3 0.985231 0 8 6
Scheme 2 0.985109 0 9 7
Scheme 1 0.994306 0 16 9
Scheme 0 0.971573 0 14 5 ag
Apply Scheme to Design | ‘ Export Scheme BOM. ..
1E1
Capadtors Selected for Scheme @

Capacitor Value (F) Vendor  Series Part Price ($)
c4 4.7E-09 Murata GRM21 GRM2165C1H472]A01 O E
cs (empty) =l
Cc45 1E-09 Murata GRMO3 GRMO33R7IE10ZKAOL O -
cs0 (empty) N
Cc51 4.7E-10 Murata GRMO3 GRMO33R7IE47IKAOL O
c52 2.2E-09 Murata GRMO3 GRMO33R701222KA01 0O
C53 2.2E-09 Murata GRMO3 GRMO33R701222KA01 0
C54 {empty)
Cs51 2.2E-09 Murata GRMO3 GRMO33R70J222KA01 0 1E-2
C52 {empty)
C83 2.2E-08 Murata GRMO3 GRMO33R60J223KE0L 0
C54 4.7E-09 Murata GRMO3 GRMO33R61A472KA01 0
C85 {empty)
CE6 {empty)
€303 {empty)
C304 (empty)

1E3

1E-3 1E-2 1E-1 1E0 1E1 1E2 163
Frequency [MHz]
Port: (U1 _VCC_1V5 S
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Variation 3: Pl Advisor

Full PDN Impedance

FGB Channel Power Only 4

0.10 —
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- mag(Z(Port2,Port2))

Curve Info

LinearFrequency

= mag(Z(Port2,Port2))_1

Imported
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Variation 3: Pl Advisor

Ul vcCcC CPM Current 4
1550 Curve Info min max pk2pk avg
| U1 VCC @in:’T(r‘;ﬁg‘i’:n? 1.4771 15177 0.0406  1.5005
| Final period peak-to-peak: 40.6 mV
1.525 —]
E -
B
2,500 —
S
2 |
1.475 —
1.450 T T T T T T T T T T T T T T T T T T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00

Time [ns]
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WSS Conclusion

Power integrity simulation requires accurate package and chip PDN models
to ensure correct designs.

The ANSYS chip-package-system technologies provide full coverage for PI
simulation needs:

CPM: chip PDN and current draw

Slwave and PSI: package PDN
Slwave: board PDN

Designer: frequency- and time-domain simulation for full PDN
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