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= Know what your target PDN impedance needs to be for your VRM, board,
substrate and die.

= A clear methodology on how to know if the voltage ripple at the die bumps
on a substrate is within the defined specification of the ASIC
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= Power integrity challenges and drivers with ASICs
= PlI Methodology workflow with ASICs

= CPM model generation

= Calculating your target impedance

» Substrate model generation and optimization
= Full PDN analysis

= CPM modulation

» Time domain analysis with voltage ripple

= Next steps

= Summary

= Questions
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Key drivers of Pl Challenges

=  Smaller silicon technology

»  Higher power (& current) densities on ASIC chips
=  Lower voltage margins on ASIC chips

PDN Example

PDN Resonance

SYSTEM IMPEDANCE

10k 100k 1 10x 100x 19
Frequency (log) (Hz)

Impedance Target for ASICs ~10 years ago g

Impedance Target for today’s ASICs %\J @

100m

dwo o pasealou|

10m

Impedance (mOhms)

NGC’s ASIC
designs

Impedance design targets for today’s ASICs cost more money & time to develop
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4 Main Blocks for Pl System Analysis

PKG
PCB
Voltage Regulator Die VRM Substrate
Module pkgcap pkg cap
(VRM) DCsensepoint | T TTTTTTTTTm AT |
deca paCkage Filter [ ] ! :
pwr " - - VRM ASIC | PCB Package die die DIE I
g & 2 ! ] 1
VRM 8| | & PCB I| Substrate " spice i
o I
PCB . *E| % §‘| i."’i‘ = Model i
8 8 3 i 8 o8 g i
= I - Packaged I
decap  decap decap decap decap decap decap vy ¥ ¢ |L73{77?7777\'[77777777777:&75'52?!91777:

Power Integrity System Model Power Integrity System Diagram Model

= As node geometries decrease on ASICs, there are more transistors causing additional current draw and voltage
ripple requirements are tighter.

We cannot change the current draw, but we can manage the voltage ripple
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Definition of Pl Workflow with ASICs

Die
Modeling
. ‘ Tools
KR R KL R
"y ‘\.‘w \\, ,J ‘\b \J\\\J V
CPM Generation CPM Modulation
, : MCM
i ) . Die-PKG Impedance System Level PI Analysis CPM
ASIC D Die Model — CPM G .
SIC Design | M) | Die Mode eneration | mE) Modeling . e ulation Modeling
I Tools e
PKG Model . o
) ) B
Design - PKG EM Extraction ) — Q
Al —
o
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CCA Design | mp CCA EM Extraction ) CCA. >
T Modeling | @
\-_- ---____-- _|
VRM & Passive Measurement
i ; 3
VRM Design | mmp & Modeling ;
’ b 5" CCA EM Extraction
& P L |
1 Lo o o o o - — VRM
L e e o Measurement &
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Partial die Model Looped die Model

SRL L L L
SRL - L - LPCB Lpk Lpkg_b
LPCB_wdd Lpkg_a_vdd Lpkg_b_vdd i Lvrm prg_a Prg_t Di
Lvrmv ! Prg_a_ PKg_B_! Die = = = e
L=LvmvnH L=LpcbvpH L=Lpkgav pH L=Lpkgbv pH L=Lvm nH L=Lpcb pH L=Lpkga pH L=Lpkgb pH VDD
AN o o o, VDD AN L' 'Y Sy La'a'at
l SRC
Die_wvdd_C WL
VRM Board Package R=RdievmOhm | igie_vid VRM Board Package

v be C=CdievnF v_pe ‘ -

= SRLC SRLC SRLC + SRLC SRLC SRLC HPWL
+] sRei SRC2 srC -
= Vde=10V Bulk_Cap Bulk_Cap_N Pkg_Cap = Vde=10V 2 Bulk_Cap1 Bulk_Cap_N1 Pkg_Cap1 <L Die © Idie
_T R=ESRbulk mOhm3 R=ESRbulk mOhm R=ESRpkgC mOhm _T R=ESRbulk mOhm{ R=ESRbulk mOhm R=ESRpkgC mOhm T R-eid' on

L=ESLbulk pH L=ESLbulk pH L=ESLpkgC pH PWL _i_ L=ESLbulk pH L=ESLbulk pH L=ESLpkgC pH =Rdie mOhm
I C=Cbulk uF I C=Cbulk uF T C=Cpkg uF SRC Idie_vss — = C=Cbulk uF = c=Cbulk uF = C=Cpkg uF C=Cdie uF

SRL L L L Die_vss_C

Lvrmg LPCB_vss Lpkg_a_vss Lpkg_b_vss R=Rdieg mOhm

L=Lwmg nH L=Lpcbg pH L=Lpkgag pH L=Lpkgbg pH C=Cdieg nF

vy o o Ss VSS9

Spice Node 0 disabled

die Spice Node 0 enabled with die model

= By disabling spice node 0, VDD and VSS are referenced to each other which is essential
for the current loop when generating the CPM model

= For looped models, the passive elements on the VDD rail is the combination of passive
elements of the actual VDD and actual VSS rails
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Lumped die Model Distributed die Model

VDDa

VDD 1 il
CdieA - wab_Qwab vgab Cvgab <+> I_loadA
%\ PWL
RdieA L

VSSa

Cdie |_load

PWL §Rgvab—rf<gvab
Rdie VDDb
\VVSS
" CdieB :g gﬂggai@gab <+> L joads

RdieB 3 .
VSSb,

* Lumped models have one load current, one C, R, and two nodes
= Distributed models have multiple load currents, with multiple C, R, one node per die
bump, and passive interaction between all nodes
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Raw PWL waveform, original repeated Die Only Impedance
50 - . 1E-1
DS Project: Project Alpha dl= 29.133 A ADS
- -| Revision: Voltus GDS Rev 8 dT=30.000 ps
- Rail: +0.8Y_VDD m31 di’dT= 0.971 Alps
40; Allowed ripple: + 0.040 V \ 4 Ztarget= 1.373 mQ
] 1E-2— -
] ~ Cdie =1.531 uF
e
| = Sn
30— Z
< ] =35 Ztarget=1.3713mQ
- i < |
2 :| ol o 1E3—
% L
jud S
- 20 L7 - RdieVoltus =29.276 uOhms
] le Red HaWk SC Rdie RH7 = 20.826 uOhms
4 m32
o] 4 1E-4— VOltUS
. m28
B Project: Project Alpha
7 Revision: Voltus GDS Rev 8
Rail; +0.8V_VDD
0 T ‘ T | T ‘ T ‘ T | T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T 1E-5 == ‘ ‘ ‘ ‘
0o 1 8 4 5 6 7 8 9 10 1 12 13 14 1E6 1E7 1E8 1E9 1E10 1E1
time, nsec freq, Hz

» The CPM Die model Extractions consists of 2 primary components:
1. Piece-wise linear (PWL) waveform representing current at the die bumps
2. Passive spice model which includes Ry e and Cp e

*Recommendation is to generate CPMs as lumped and looped model

Extracted die model shows great correlation with 2 EDA tools, which also validates our passive die model!
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= Typically, the expectation is to calculate Z g6t Raw PWL waveform, original repeated
based on the maximum transient current. 0 T T B s o e
= Using the PWL waveform example shown (o Aloveitege o0t v ¥ i
AV < ]
Z =— : ]
TARGET = pp E
= AVis the allowed voltage variation 0]
Al is the current change where dI/dT is maximum Pt et N R e O
AV = Vg o e = 5% of 0.8V = 40mV, Al = 29.133A 0Tz s 4s e T s s 02
time, nsec

= This makes Z;,pcr = 1.37 mQ

= Analysis shows that violation of this impedance target will still provide a Vo in spec.
Therefore, this Z,,;sc7 is too conservative!
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Impedance of Original RAW PWL Waveform Repeated

A0S 1E1 Project Project Alpha
o Revision: Voltus GDS Rev 8
Rail: +0.8V_VDD
7 _ _YrippLE _ _ 40mMV
PWLTaw = snag(ipwy) ~ magpwi) 1=
=
Y
Source: screenrant.com —g-l 1E-1—
AV h
Zrarcer(fo) ATCFD 182 Zmin nge
(fo) mA9 =E 8=
freg=500.0MHz 7 MAX
7 500 MH 40 mVv 6.5 mQ e Zpwl_raw=6.446m TARGET
)= ——= ~0. m ) I | |
TARGET MAX( ) 6.2A ﬂ 1E7 1E8 1E9 5E9

Or we can plot Z,,,, gay to determine Z;ypcer max

Zp\y,_raw LOWest impedance point can be used to calculate Z; g for entire PDN for this CPM’s PWL waveform
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= CPM generation is very compute intensive
= Modeled dynamic current only represents a short window of actual die activity (typically a few
clock cycles)
= When repeating the CPM data, artifacts are created in the noise spectrum.

L = ~71 MHz Noise Spectrum of original RAW PWL waveform repeated

14 ns - (
Raw PWL waveform, original repeated F”33 So0p bt A 4 500 MHz Clock
Teq=500.0MHz [
ine O [Proect Project Alpha dl= 29.133A — dpm(f:_L bumps_caseA_@y)=23.80
- — Revision: Voltus GDS Rev 8 dT= 30.000 ps g
4 Rail: +0.8V_VDD m31 dl/dT= 0.971 Alps © i
401 Allowed ripple: + 0.040 V \ Ztarget= 1.373 mQ LI m34
B P 10— freq=71 1MHz m3a4
i @ - dBm(fs_|_bumps_caseA raw =3.953
h 7]
—]} w —
< 3] o 0
s ] ml 4 Peak is from
g Q.  -10— data repeating
20— I=
m$2 =2 |
4 DI 20—
10— ) —
£ 30
0 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T E 7
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 % -40—Project: Project Alpha
" _|Revision: Voltus GDS Rev 8
Ime, nsec Rail: +0.8v_VDD
50 | \ N |
1E6 1E7 1E8 1E9 5E9
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Die Only Impedance

* |Impedance of Ry, should never be above that
Ztarget= 6.446 mQ
C = ! = 1 247 nF
DIEMIN = 5 7 epr  (2m)(100MHz)(6.446ma) ' ™" . 1E3— Cdie = 1.531 uF
5
<DI
._EI
N iEa ]
= |deally the ASIC should provide enough capacitance
to meet Z, ;57 above 100 MHz P i
ision: t a =
B YA i Rdie = 29.276 uOhms
= Present substrate technology limits the L e L 1o e
freq, Hz

effectiveness of the PCB PDN to around 100 MHz
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Die and Substrate Only Impedance, No caps, shorted VRM Die and Substrate Only Impedance, No caps, shorted VRM
g 1E-1 —3 g 4E-2— .

— freg=df SandH = Cdie” " SOMHz N - ”
55 > Z- die -anel. pKg_roe s piro_sda_ 4L 16.26m kpkgc_d;?pip:a‘]kdiog‘] o B5 > 7_die_and_pkg_nocaps_pipra_sds_y14=10.26m :p‘,(g_d';iepép:ﬁ'}éug] oH
v=E0 m3 Lpkg_clarty = /39,963 pH o== o M. Lpkg_clarity = 39.963 pH
=S@ 0 freq=49, 53MHz 2 Lpkg menior= 31 850 pH c =0 req=49.50MHz . pkg_mentor = 31 850 pH
= o= Z_die_and_pkg_nocaps_clanty=5.441m m Lpkg Tpowersi = 60 704 pH = qgm Z_die_and_pkg_nocaps_clarity=5.441m - Lokg_powersi = 60,704 pH
8_ = QIO 1E-2|me - 8_ =o OI ) miz Loka_powersi = 60.704 p
PRt e Ztargets 6 446 mo) ! w5 1E2— Ztarget= 6.446 r
8 o2g ook T B 2aSg o L e
cO®8] freql=53 200Kz ca S
5] 8 o 8- Z_dieland_pkg_nocaps polwers o 8 o 3
0 Q¢ o= c
S 548 1E-3 Cdie = 1.350 uF €S mg

oD o |
2aacs ggge
o Q-l i a2 1]

5o 2 5o 2
e2cga BeSa
©C o 1E4— © O gl 1E3
o2 % & iy 0 022 :
= Feq=20 26kHz =50 ®
-D|_0|N| I Z gle_a.'\d_pkg_nocaps_clanly=1|a.?u _D‘_D| [N Cadence Powers| .
Y % ?13 bt ;_\ e N N o Siemens (Mentor) HyperLynx Advanced Solver — Hybrid

| 1E-5 AL dndllpkg |nocaps| lpipro, eds| v1H=84 86U | |7 ldie_and_pkg nbcaps |powersi=262 Su _UI Cadence Clarity
N [ [ [ [ [ N Keysight PathWave PIPro [
1E4 1ES 1E6 1ET 1E8 1E9 1E10 1ENM 1E7 1E8 2E8
freq, Hz freq, Hz

Setup for Model Shown

cPM

i MCM 2
v Artwork

et

Looped Die
Spice Model

Correlation shown across multiple EM tools, this validates substrate artwork extraction
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= Calculating max Lpkg (Lpkg ipea) t0 meet design goal of Zygeer

] ~ Z 1 ARGET B 6.446 m()
PKG IDEAL 2ncf (2m)(100MH2z)

=10.3 pH

» However, (Lpks peaL) Fepresents a very low inductance that would require an excessively high
number of substrate balls (both die bumps and BGA balls) to meet this inductance.

Next step is to consider adding mid-to-high frequency decoupling on-substrate
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= After substrate artwork extraction

A B

A: BGA_BALLS grounded

| B: BGA_BALLS grounded
Includes substrate caps

No stbstrate caps

C

C: BGA_BALLS matched to
Ztargat, No substrate caps

to Ziarget

Substrate optimization
needs to occur
matched to a Z;,pqer
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Die and Substrate Only Impedance, Non-optimized
3E-2 Project: Project Alpha
Die and Substrate Only Impedance, Non-optimized -8 Egﬁlﬂ%ﬂé\\jo{%sDGDS Rev/8
1E-1 [Project Project Alpha 0 __IQ ‘ a8
g Rai by von &5 g
"o S i gl 3 | 1E-2— Ztarget="6.446 mQ
o ;A EI 162 Lpkg= Zpk/2pif = 47.143 p > gl 2
g m | _l@
EE2 jpad [ m38 ;
ool T 22 freq=41.60MHz )
5‘ 5 EI T a8 Z_ste_and_pg_nocaps=1238m
o _E‘E mie 00T freq=3.508MHz Lol
v E‘:‘ ® 1E4— T .EI-C,I 5I Z_die_and_pkg_nocaps_malched=6.685m
N S NMNo' g3
N o
coe 1ES 1 I 1 N
. 1ES 1E6 1E7 1E8 1E9 ]
i freq, Hz 1E6 1E7 1E8
- freq, Hz
. . Percent Impedance Change
PDN Configuration Impedance Peak (m<2) pe . g
> from configuration B
B: BGA balls grounded, no caps included on
12.35 -
the substrate
A: BGA balls grounded, 43 0.01uF caps
/ g P 11.49 -6.9%
included on the substrate
C: BGA balls connected to a resistor matching 0
. 6.685 -46%
Z-anceT, N0 €APS included on the substrate
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Die and Substrate Only Impedance

= Green is non-optimized, and pink is optimized (with a

a 3E-2 Project Project Alpha
matched board impedance). 2B 5w caps=tdom Rl 0BV DD
. g W u—;B rmglemar?;ﬂ:é _nocaps=12 35m maig’
= QTYx14 of the 0.01uF (0201 pkg) capacitors were *§§I§§, 12— Zregle T
. - o w
replaced with QTYx5 0.022uF (0201 pkg) capacitors gpal L ——
sggs
* Impedance peak drops from 3.94 mQ (BLUE)t0 3.19mQ 2.
(PINK) or 19% g_;._g@
EUIUIMI i
(UII\I N % 153_/
N
I\II
A s
C
freq, Hz
ZypraeT cPM
! MCM : Looped Dle A: BGA_BALLS grounded B: BGA_BALLS grounded C: BGA_BALLS matched te gKtG' W/ch) gi%s r‘r/]a.tChed tFt) I«Z1TACF;GtETZ
¢ Artwork Spice Mode| Includes substrate caps Mo substrate caps Ztarget, No substrate caps p Imlze W Caps ma C e O TARGET
val oz

R Matched
Ztarget

Rdie Rdie

v v v J l cne/\ l Caie
T

Il e N
I AN
\Ik-—-f-'vvv—);l—-—\
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Full PDN Impedance, Non-optimized vs. Optimized

BLUE = Optimized on-package and PCB SE-2 o P
. : ? A0S roject: Project Alpha [ LHI
capacitors, removal of filter inductor and Revision: Voltus GDS Rev 8 Non-optimized PDN
il: 2 | T
Rail: +0.8V_VDD m » OptImIZEd 5DN

resistor
Ztarget= 6.446 mQ

S
IS 1
_gﬂl ZTARGET_£3—7zl(i—————-——-—————- - . .-
NIN 1E-3— /
m2 m1
freq=6-446MHz freg=561MHz
Z-bumps=17-00m Z-humpsF13-5om
mé m3
freq=7413MHz freq=22 47MHz
Z bumps_opt=5.334m Z_bumps_opt=7.379m
14 | | | | | |
1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E9
freq, Hz

After Optimization only 1 impedance peak exceeds Z;ypger = 6.446 mQ)

W
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Noise Spectrum, Non-modulated (case A), Non-optimized vs. Optimized

. ADS 20 Project: I?rojectAIpha
= Capacitor changes had no effect above ~65 MHz _ R PN GDS| Rev 3 PoeaT. 1Mz _
ol dBm(fs_|_bumps_caseA_opt)=-4.942
. o 2 00— m5
» At 9 MHz, noise was reduced by 2.5 dBm L0 Y8 _sbo oharke
O @ - dBm (fs_|_bumps_ caseA)=-29.08
. . . . ®w o b
= Noise is directly comparable to the impedance 8y 20 v g :
profile in the PDN. ae
g 'Q| Frr]ezs—s 889MHz
o -40— dBm(. | bumps_caseA=-19.97
~ = m26
& e freq=20.00MHz ~
5 % 60— dBm(fs_|_bumps_caseA_opt)=:21.76
_O -
-80 I I
1ES 1E6 1E7 1E8 1E9 3E9
freq, Hz

Non-optimized PDN — No Modulation
Optimized PDN — No Modulation
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= ASIC designs expect the IR drop from the bumps Die Voltage Ripple, Full PDN, Non-optimized, Non-modulated
to the transistors not to exceed 7.5% of the on- e 008 m29
chip voltage ripple threshold | i
., 0802
»= Time domain ripple without modulation on the = .
Non-Optimized PDN shows o 0800 (
o AV = 8.189 mV pk-pk £ “ w ’
|
= 0.797—0 w ﬁ
= Lower volta_tge r_|pple at A_SIC dlc_e bumps provides . V_nonopt nonmod._ripple = 8.189 mV
moremargInWIthlnthedledeSIgn 0?95 IIII|III\|IIII‘\III|I\II|III\|IIII‘\III|I\II

100 110 120 130 140 150 160 170 180 180

time, nsec
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CPM Modulation
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CPM Modulator added to Pl System Model

| |
Filter | . di :
pWr | —T—T——=T""™~|VRM  Asic —LipcB Pack die el PWL 1
o S %- | aC age Roi |
VRM |&] & 2 PCB | i
© | Substrate Cor |
s 9 v ' o =

R i | i . Die
v Vol - | *E_' N Z Die passive  CPM current :
ol © % : © ] E model Modulator source |
ol © O |
- T T : e - Modified Die Model I
vV v I v v v |

With modulation, it is possible to check for Rouge Wave conditions on the system PDN

W

v
WHERE THE CHIP MEETS THE BOARD | !
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Modulated CPM Current with 50ns period (20MHz)

Raw Project Alpha CPM current from Voltus System impedance model shows 20MHz impedance peaks
Raw PWL waveform, original repeated Die raw PWL Current 20MHz 70% Modulated
sne 30 JProect Project Alpha 291534 C g1
Revision: Voltus GDS Rev 8 dT= 30.000 ps ]
- Rail: +0.8V_VDD m31 dl/dT= 0.971 Alps "]
401 Allowed ripple: + 0.040 V. Ztarget= 1.373 mQ )
] 3
- ‘E}
] =) <
< 3 :‘ s o
C E > 1E3— Ztarget_rh = 1.637 mOhms 9
e g :
= 20 2 Z t voltus = 1.111 mOhms F\
] &
10—7
1 T T T T T T T
4 1E3 1E4 1E5 1E6 1E7 1E8 1E9 1E10 1EN
L L L L B L L L L L L R RS R freq, Hz e — . — T —
0 1 2 3 4 5 6 7 8 e 10 M 12 13 14 0 20 40 60 80 100 120 140 160 180 200
time, nsec time, nsec
FFT of raw Project Alpha CPM Current from Voltus [
[ FFT of Modulated CPM Current with 50ns period (20MHz)
Noise Spectrum of original RAW PWL waveform repeated . . .
% P 9 , P Modulation Current with 50ns period (20MHz) Noise Spectrum raw, full PDN

] o500 0z Modulated vs. non modulated
20! ‘dBm(fs_|_bumps_caseA_raw)=2586

100% Amplitude

m3s
freq=71 11MHz mas
4 dBm(fs_|_bumps_caseA_ raw)=3 963

nonopt)
bhoso
LI
T———
T

caseA_raw)
5
[

o B Peak is from =
& 0 data repeating = 16—

i 20—
£ =
3 20-] o 24— N Ny
-

& a0 32-

£ B 36—

@ -40—
40— PToject: Project Alpha

© Revision: Valtus GDS Rev | 44—

+0.8V_VDD 48—

ST 1 1 52

1E6 1E7 1E8 1E9 5E9 | 56

70% Amplitude

freq, Hz
*CPM Current waveform has no low frequency content.

dB(rail_full_pdn_freqspectrum_nomaod)
pdn_fregspec
2
|

dB(rail_full
=
|

i
I \

I
a 100 w 300 00 70 166 1E7 188 10 20

Entire frequency range of PDN is not covered by raw CPM

QU *Duty cycle =100% current for 25ns and 70% current for 25ns *New modulated CPM Current waveform now has low

frequency content included

W
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CPM Modulation Waveforms

Raw PWL waveform, original repeated

= Based on Non-optimized and optimized PDN, voe * PETS |
waveforms shown reflect simultaneous
modulation at 2 impedance peaks. <

= Non-Optimized PDN modulation frequencies 15.6 MHz and 8.4 :
MHz

Optimized PDN modulation frequencies 22.5 MHz and 7.4 MHz

T T T T T T
50 100 150 200 250 300 350 400 450

time, nsec
Raw PWL waveform, non-optimized PDN, modulated Raw PWL waveform, optimized PDN, modulated

at two impedance peaks 50 at two impedance peaks
roject Project Alpha ADS Project. Project Alpha
Rewsmn Vc\lus GDS Rev -[Revision: Voltus GDS Rev |
Rail: +0.8V_VDD Rail: +0.8Y_VDD

15.6 MHz

Full PDN Impedance, Non—optimizeﬁ. Optimized

ADS 5E-2 raject Project/Alpha - 40
h Revision: Voltus GDS Rev 8 = <
Rail: +0.8V_VDD & <
c S 30
EI o
o
1E-2— ‘é g
5 — g ;
ml3 g -
8¢
£,
ON' g3 b b S ot M T e
N 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
?é%.:a 446MHz g‘e1q:15.61MHz time, nsec time, nsec
Z bumps=17-00m Z_humps=13-55n
L e AT Non-optimized PDN Modulated PWL  Optimized PDN Modulated PWL
Z_bumps_opt=5.334m | Z_bumps_opt=7.379m
1E4 1 1 1 1 1 1

1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E9

With CPM modulation, it is possible to stimulate the PDN at more than 1 frequency
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Noise Spectrum, Non-optimized, Non-modulated (case A) vs. Modulated (case B)

o ] DS 20 ;roj.eg:tj P{?JletC‘t A('I_-}%?R d mil g
= As shovv_n on the Non-optlmlzed PDN, with “Rail: 0.8V_VDD T Non-optimized PDN Modplated
modulation a difference of o% o on-optimized PDN Non{Modulated
. . oo
o +32 dBm @ 8.8 MHz vs. without modulation SISI i
. . ww -20—
o +31 dBm @ 15.5 MHz vs. without modulation £ &
= 3 N
= Without modulation, it is not obvious if there is —-1 a0
an impact on the PDN changes implemented  ££ 1.,
%C% 60— drgﬁn_f?so_tgﬂw;]s_casesj=12DIS drgm'_}s?_lzl_btgﬂmzps_casij|=1D137
T T _ .
] dgﬁnzljsil\jftglllﬁnésfc aseAE-19/97 -:j’gqmz-_:éil?fbri_]ﬁlﬁnzpfgasaﬁ.j::-z' il
-80 | | |
1E5 1E6 1E7 1E8 1ES
freq, Hz

Modulation of the Non-optimized PDN shows an increase of noise by 32 dBm
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Noise Spectrum, Optimized, Non-modulated (case A) vs. Modulated (case B)

= As shown on the optimized PDN, with pns 20 et st AT T
. . _[Revision; Voltus GDS Rev §
modulation a difference of: =g Rail: +0.6V] VDU Optimized PDN Modulated
) i ©,9 0+ Optimjzed PDN NaonsMpdulated
o +32 dBm @ 6.6 MHz vs. without modulation < i
[P )]
. . T ©
o +35dBm @ 22.2 MHz vs. without modulation ©,°, -20—
= Without modulation, it is not obvious if there is £&€
an impact on the PDN changes implemented =2 7]
&I&I u
EE _60—fTe1q4=6.667MHz ??e1q3=22.22MHz
mo dBm(fs_|_bumps| caseB _opt)=8.168 dBm(fs_|_bumps caseB| opt)=13.05
T O m12 mi1
—freq=6.667MHz freqr22.2RMHz
dBm(fs|_|_bumps| caseA| opt)=-23.96 |dBm (fs| | |bumps| caseA| opt)=-22.05
-80 | I —
1E5 1E6 1E7 1E8 1E9

freq, Hz

Modulation of the Optimized PDN shows an increase of noise by 35 dBm
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Noise Spectrum, Non-optimized vs. Optimized

= By creating the forced response in the system, wos 2 AR Profeet Projeot Al
this shows designers where modulating the CPM ‘é:a‘% . R
has a large impact on their design Do<s b
% o|$ UI Non-modulated, \
18 98 20— N
BEBE
= After optimizing the PDN and with modulation, it §f.§ 2 4o
IS easier to determine where the largest noise —le-lg
. . Led £ Non-optimized PDN Modulated
T T | Non-optimized PDN Non- Modulated
50 Optimized PDN Non+Modulated
1ES 1I‘56 1 IlET 1 éB 1E9 3E9
Peak Noise (dBm) freq, Hz

PDN Configuration

Non-Optimized | Optimized | \Cis€ Change : : .
No Modulation 20| -24 4 dB
impedance peak +10.7]+13 +2.3dB 4|/1—| Noise increased with modulation
impedance peak .

(o) i __(
84% Modulation at second +12.1]+8.1 -4 dB Noise decreased with modulation
impedance peak

By optimizing the PDN, the noise increased by 2.3 dB and reduced by 4 dB at the modulation peaks in comparison to
the non-optimized PDN, but overall noise is reduced
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1E-2

_target)
_target) g

caseB _new tar
caseB_trad

mag(AC.Vdie_bumps

mag(AC.Vdie_bumps_caseB_opt_trad_target)
mag(AC.Vdie_bumps_caseB_opt_new_target
mag(AC.Vdie_bumps

ZTARG ET

v
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al VRM & Board PDN matching Target Impedance, e;dracted subs1rate and die

1E-3—

= / New Zyaeer= 6.54mQ |
Y
New Ztarget Calc
6.540 mOhms
Traditional Ztarget Calc
’”‘ 1 1.467 mOhms
m61
freq=42.01MHz T
[AC Vdie_bumps_caseB_new_target)=9.073m
MHz
> Vdie| bumps_caseB_opt_new|_targef}=2.599r
m
freq=44.50MHz
(AC.Vdie_bumps_caseB_trad_target)=3.375m
WMHzZ
die| bumps_caseB opt_trad| target)=3.18
I I T |
1ES 1E6 1E7 1E8 2E8
freq, Hz
Model Setup
CPM
1 MCM 2 .
P Looped Die
rtwor .
Spice Model
- o] = J
3| &l 2
v v v

DesicnCon eza

WHERE THE CHIP MEETS THE BOARD

~15 mV pk-pk

Note: Voltage offset is intentional for better viewing

Full Ideal VRM & Board PDN Voltage Ripple

_|Traditional Ztarget Calc Non-optimized Traditional Ztarget Calc Optimized
Vripple ‘Igeédg mv Vripple 14.682 mV

ps_caseB_opt_trad_target,

ps_caseB_opt_new_target,
ps_caseB_trad_target,
ps_caseB_new_target,

New Ztarget Calc Optimized

New Ztarget Calc Non-opum\zed
Vripple 20.430 mV

Vripple 20.430 mV

TRAN.Vdie_bum

TRAN.Vdie_bum

TRAN.Vdie_bum

LALLM B

0 50 100 150 200 250 300 350 400 450

TRAN.Vdie_bum

time, nsec

Non-optimized PKG-DIE Modulated matched to 1.46 mOhm Z;sgeer
Optimized PKG-DIE Modulated matched to 1.46 mOhm Z;arget

Non-optimized PKG-DIE Modulated matched to 6.54 mOhm Z;sgeer

The closer the PDN is to matching Z;,z¢er » the lower overall voltage noise response

W
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Determining Simulation Duration for Steady State Amplitude

. . . Full PDN Impedance, Non-optimized vs. Optimized
= Each signal requires a minimum number of cycles to reach -
steady-state amplitudes [1]

Non-optimized PDN
Optimized PDN

Q can be found in the PDN by: o]
o Peakh 5
Afo — Bfo 2| a
8¢
Where Af, and Bfj, are the respective -3dB points giﬂ
[
N

From Q the minimum cycles or simulation time required to
achieve a steady state amplitude by:

Q_full_PDN=2/093, min time = 247.763 ns
Q_full_PDN_opt=2.432, min time = 108.228 ns

« |

1E7 1E8 2E8

minimum cycles = ——

freq, Hz

For the forced response to work, the simulation needs a minimum number of cycle to charge the PDN [1]

W
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BOTH PDNs show the voltage ripple is less than the specification! Full PDN Voltage Ripple
0.850— 59.48 mV
= | - m19 I
?'g 0.834— Non-optimized PDN 59.485 mV +5% Limit
s Optimized PDN
A . o 2 -
52% reduction in voltage %E %% 0.817—]
. . . o (o]
ripple by optimization gﬂlg'cl
o= v 0.800—
5 0Ea
oS53€E
» e _QI 5
3 > 0783
Ea >
. | 25
vem 1 9 e | package o - e ‘ >, 0.767— 5o Limit
84 vV ¥ *;| 'i‘ Z ier’ 7‘ t’ lﬁ Model > —
;e,je. %;-,.;,ue, A;g(::s;gmi 0.750 LN L L Y L O L
0 50 100 150 200 250 300 350 400 450
CPM Load Vol_tage Ripple Pk-Pk_ (mV) Percent Voltage time, nsec
- Non-Optimized PDN | Optimized PDN Change *Limits shown are based on (0.8V +/-40mV) +/-5% or 80mV pk-pk
No Modulation 54154 - o _ . .
Modulation 59.5]|28.8 52% *PDN Optimization only consists of changing capacitor values on PCB

& on-substrate, removal of filter inductor and resistor

By optimizing the PDN, the ripple was reduced by 52% (from 59.5 mV to 28.8 mV)
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This methodology prevents both
excessive over design and under
design of the PDN —

YES

. Frequency domain Generate the modulated CPM System level .
Build System . . . "y . . . Voltage ripple .
PDN analysis to identify that could excite impedance simulation with B nassed Sign-off
impedance peaks peak (forced response) modulated CPM pecp

NO

Optimize impedance in
frequency domain analysis
including ODC, package,
and PCB

Initial analysis occurs in the frequency domain with PDN design - Design sign-off occurs in the time domain!
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Impedance Correlation, Simulation vs. Measured
) ) E_ 1 m'E ll;‘T m48
Room for improvement in measurement R Toq=310.2 iz Eff;d;m;“ —
correlation could be addressed by: %0 049 o] o Sk SoaRt 4t || an-emsared o i i Cobt=es
y: o Olol Zpdn_simulation_no_mem_at, C581)_optHz=2/162m | ZPgn—simulation ne_mem_at_C361 optHz=114.
O wle
= To more accurately depict the inductor IEE iy TR o A S mar:
DCR E E E Zpdn_simulation_no_mem_at_C581_optHz=1.582m
g oo [ SIM — Non-optimized |
] o'S, S 1E2—
= VRM model improvement oS
§3% Mﬁ&
. . — =3
. Vendor CapaCItor mOdel Improvement % 8 E 1E-3—W Note, for simulated optimized case;
EE® . Yere shorted. No sapaciiar changas.
L. . »c o Pio] i
= PCB measurement indicates extractions Clg_é_ E’e".\ﬁi‘fé‘n'?{?é‘ﬁﬁ;’%%‘g Hovd
are less resistive EN N g4 Raill +|°-3V VDD I | | |
1E2 1E3 1E4 1E5 1E6 1E7  5E7 ouTPUT CH1
VRM and Board Pf?gqon'l_yi"ZMCM not installed (4 ) “aose100 O
PDN Configuration Impedance | Impedance @ Impedance @ Peak Inductance @ 45.88 Common Mode
Choke or Isolator
@310.2Hz | 122.1 kHz 45.88 MHz MHz et
Measured PDN 1.31 mQ 2.91 mQ 295.7 mQ 1.03 nH Source: Picotest.com
Simulated PDN 4.68 mQ 1.82 mQ 127.3 mQ 441.59 pH *Rs = 0Q on P2102A-1X Probe
Simulated PDN (shorted
L ( - 2.16 mQ 1.58 mQ 118.8 mQ 412.11 pH Measurement Setup
series inductors and resistor)
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47uF Capacitor Model With vs. Without PCB Mount

Next steps include: . 1E1 T
» Analysis of PDN with capacitor models that [ Model = /
£ WithPCB =~
have mounting inductance removed to % e S6UF 486 pH "‘"*7/
Q 1E-1
achieve better measurement correlation. § \
[
S 1E-2- _ .
» Analysis using VRM state space average £ N \1/\él(§hcl)-lm PCB
models 155 ‘ | | p‘
10.0k 100k 1.00M 10.0M 100.M 1.00G
Frequency (Hz)

= Measurements in the time domain to
In this example, the measured capacitor has the

validate the CPM models same impedance as the vendor model at nearly
10x the frequency

Source: EDICon 2021 Partial Inductance — The secret o correlating
simulation and measurement — S. Sandler, B. Dannan, & H. Barnes
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= Demonstrated Pl methodology with ASICs to achieve For Power Integrity Designs

higher fidelity simulation using CPMs with ASICs

» Discussed the importance of CPM modulation to

generate a forced response as well as use to check

for rogue wave conditions

» Showed how design sign-off can occur in time

domain, after initial analysis in the frequency domain

» Discussed how target impedance analysis can be Source: youtube.com

used with this method but does not correlate 100% to

time domain simulation.
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: GRUMMAN
Thank you!
(1 DION'T KNOW | || (™ oN vacaTTION ONCE I HAD THE
HOw TO DESIGN A | [E| | TOMORROW, SO TLL IDEA, IT ALL
POWER SUPPLY, 50 i| | GIVE YOU MY FILES CAME TOGETHER
T PUT A NAIL IN A 21 | TN CASE YOU MNEED PRETTY QUICKLY.
| PLECT OF LJOOD. :

TO MAKE CHANGES.

V

SN

'.'1!".'|11 B 1880 Usited Fopiure Byndicats, Ing
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