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Abstract

Driven by 10T, automotive and even networking applicationsatheunt of mixeesignal

content on ICs are increasing dramatically. Designers are driven to use advanced process
technologies to integrate more and more capabilities and yet create smaller and cheaper
ICs — competing requirement€ommon techniques used foost reduction can lead to
significant performance degradation with intensified coupbfhgubstrate noise. The

paper illustrates ease of ahip failuredue to coupling noiseaused byy groundmerge
onthepackagdor cost reductionincluded in this illustratioms a system aware substrate

noise analysisvhich canreproduceand detect the root cause for ttiep failure. Lastly,

the paper proposes performance improgetrimethodslesigned to also reducest.
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Introduction

In the highly competitivéoT(Internet of Thingsand Automotivenmarketsforce Mixed-
signalIC developergo male a chip with the highest performance at the lowest voltage
level, be strongin reliability, maximize battery lifewhile maintining the smallest
footprint and costo secure a dominant positi in the market. Throughdeep submicron
process technology, IC designers ceaatea smaller chip working at lower voltage level.
However,as Figure 1 showshe smalletthe chip, thegreater theeoupling effect due to
the shorter distance between aggressor and vibtooks Higher peak currg of faster
transistorwill dampena benefitfrom lower voltagelevel. Consequentlythe amount of
powerwill be kept at thesamelevel by tradingoff performanceor increased duériven
by the need fohigherperformanceand more complicated design specspite of lower
voltage level In other words, IC desigrehave to find a moreeffective coupling noise
suppression method to protect victim blocks fitvacloser and stronger aggressaith

a shrunk chip.
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Figure 1: Chip size vs. distance between aggressor and victim inside Mixec

In the design of mixedignal ICs that go into a systerhgetmost effective way for cost
saving is to reduce the number of or amount of materials like balls, layers and decoupling
capacitors used on package and bodehcemany package designers haaentrying

to optimize the elementseepingthe target perfomance. However, this kind of cost
reduction activity is commonly done withot#tking the chip intacconsiderationand it
oftencauss significant performance problesrin thispaper, we introduca real product
caseconfronted witha major functional failre due towhat was thought of aa cost
effective package design combat coupling noise fromchip with built-in protection
against coupling noisé&nd we will showa wholeprocess to find root cause of the chip
failure using package aware substrateis®analysisand correlation ofthe simulation
resuls with measured data at silicon level. Lastly, the papepgsesa substrate noise
suppression solutidior bothat chip and system levelndcosteffective package design
for amixed-signallCs.



Root Cause Diagnosis of a Real Mixed-Signal IC

In this session, wdo a case study of a mixatgnal IC witha realfunctional failure due
to switchingnoise The chipin this case waa NFC (Near Field Communicatiorgesign
targetingSmartphonepplication. Therequirements for thehip wereto besmaller than
its previous versiomndsupport advanced featuries high performance.

To minimize the potentially increasecbupling caused by thehorter distance between
aggressor andictim due toshrinkingof thechip while increagng theamount of current
to supporadvanced functias)thechip designehadappliedastrong guard ringshielding
around aggressa@nd victim and evencustomizedan existing process techrogy. In
addition, to guarantee chigvel performancethe designerperformed apower noise
analysis with substrateoiseandmade sure that tteubstrate noise reflected voltage drop
satisfied atarget speication. Yet, a significantchip failurewas detecte@n a system
level performancevalidationafter ta-out.

At the system levelwhen thedesigner testeddvanced features of the chip usimg
parallel NFC based data exchange®locks A andV, the Block V exchangedid not
work asper thetarget speification. To find theroot cause of the chip failurhe designer
measurec time-domain voltage dropt power and ground padelated toBlock A and
Block V. As shown inFigure 2 anunexpectedarge ripplevoltage- about 140mMvhich

is greatetthanthe expectedraluewas deéectedon the ground pad of Block V.

oA

PP PP

»\*A'\MM,MHM

|Jk

vv\/wmv‘m/'

Block A

[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
*
"
"
"
[]
"
[]
"
[]
"
"
"
"
[]
"
L

Figure 2: Chip failure phenomenon at measurement Stag

Blocks A and V (shown in Figure 3), which are different from each otaerfully

separated byonneding them to completely different power and ground rgetvith
differentpower routing and pad locations insithe chip. In addition,the measurement

point of Block V isalsofurtherfrom Block A (see Figure B However the ripplevoltage
ontheground pad of Block \bccurredonly when Block Awasworking with a specific
scenaridhatrequiressimultaneouslata exchangdgsom Blocks A and Block V. Even the

shape ofipple voltageonthe ground pad of Block V folloedB| oc k A’'psttemo | t age
on power padThe large ripple voltag did not occurri Block V' standalone moder

other modes oBlock A that arenot relevant with Block V



Figure 3: Chip level power noise analysis environment compatible with the measuren

With unexpected power nois¢a ground netwetentativelyconcludedhatthe functioral
failure occurred due t@ substrate noise antlencetried to reproduce the same
phenomenomsingsimulation The simulation was also going to be the mechanism to
identify the safe voltage drop tolerance fdhe nextgenerationdesign. Without
simulation if the designerencounteed a similar problem ata late design stagsuch as
system level validatigrhe/she is immediately pressured both from a tme resource
point of viewto solve a problenin thesimulation, for proper analysis wsel the same
current noise model of Block A and intentally assignethesame current noise to Block
V for mimicking the parallel operation moddhe \ltage dropsvere probed frontwo
points; at transistorlevel andon thechip pad.The left side picturgin both Figure 4a)
and 4(b)llustratethetransistor or bulk levein caseof includingsubstratenoise voltage
drop mapwhile the right side pictures bothFigure 4a) and 4(b)showthetime-domain
voltage drop waveform at the ground pad of Block V. Unlike what we expecitage
drops at the bulkshownin Figure 4b) were smallin spiteof the existence ofubstrate
noise andvoltage ripples at the ground pad of Block V in btittnormaland substrate
noise reflected casevere much smaller comparedto that seen irthe measuremat.
Substrate noise reflected cas&igure 4(bshowsrelativelyhigher ripple thathenormal
operationFigure4(a) but the voltage levelaksnot explainthe severe voltage drogeen
in themeasurement
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(a): Chip level voltage drowithout substrate noise
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(b): chip level voltage drop with substrate nois
Figure 4: Chip level voltage drop according to substrate noise

Substrate noise caalso be injected frompackage,and hencewe searchedor that
possibility. As shown in Figure 5, wielentified a ground on the package module wiaere
package designdrad merged different ground domains to one common grgusito
reduce BOM(BIlls of Material) costThe mckage design ia type ofwire-bond.A chip
padis conneatdto a package modulesingalong andnarrow diametejump wire and
completelyseparang ground domainand ground network routingssidethechip. This
shows thathe packagewas desigred believing thatthe ground network mergen the
package moduldoes notring anysignificant performance degradation duestibstrate
noise

Aggressor

Merged Package
Ground Ball

Figure 5: Aggressor and victim inside chip and connectivity info between chip and packag

To seethe effect ofpower supplynoise due tothe packagePDN (Power Delivery
Network)with merged ground routing and balie extractedherespectivgarasiticdata
for each powerand grounddomain ofthe package The parasitic data is generally



representedsingS-parameteformatfor AC analysis The Sparaneter is a loop model,

which means all ground parasitic effects are movealgowerinterconnectBut chi p’ s
PDN s a partial model wh separatgpower and ground netwaskwith current source

attached tahem Thereforea chip leveltransientvoltagedrop with Sparameter results

in unbalanced voltage drop betwearpower and groundnterconnectWith the S

parameter moddhe powerinterconnecis expectedo have aelatively highervoltage

drop while ground pattas a mucBmalervoltage droghantherealdrops This is exactly

what we saw with th&-parameter fothe chip level voltage drop analysigherewe
encountered severe voltage drop at powes patothBlock V and Block Adue tothe

mismatch betweethe loop modé of package PDNand partial modelof chip PDN To

preventthe above behavipwe extractedhe parasitis of thepackage PDN in the format

of partial mode(RLCG netlist)usingquaststatic solverand connectedach chip patb
thecorresponthg package ball. Ashown inFigure @a), when packwege'’' s par a
includedfor the chip level voltage drop analysis, the voltage dropthe transistoand

the ground pathcreasedalightly due to the effect ahductance in thpackageeompare

to thenormal operationvithout package
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(a). Chip level voltage drop with package design only

However, wherthepackage PDNhesubstrataoisewere includedoverall voltage drop
of thetransistordrastically increaseftom 83nV up to about 332mV compared the
normal operationwith chip only The voltage dropat the ground pad of Block
increased as welind as shown in Figure 6 (bhe shape ofoltage ripple and peakto-
peak voltage levedeems to be simildo the measurement
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(b). Chip level voltage drop with substrate noise and with package

Figure 6: Chip level voltage drop according to package and substrate noise

As shown inFigure 7,about 10% of error rate exists in voltaggple between simulation

and measuremertience we foundthatonly chip level voltage drop analyseking into
consideratiorsubstrate noise and pack®&® N’ s p ar a s designestopradict enabl e
performance degradation dueacoupling noisebetween aggressor and victias well

asthe effect ofsubstrate noise injection through merged ground nea package-

typically done forcost saving

The drastiosoltage ripplewasdetectedht the package level measurement because that is
chip and package only connected moghl@wveve, if voltage ripple oveatarget spec is
found froma systemlevel measurement conogeal of chip, package and boamchip
designermay reproduce the same phenomenon by considering substratef fduip,
package and boaRDN as well as chip PDN
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Figure 7: Comparison power noise at ground pad of Block V between simulation and measurel

For the simulation, we us@dNSY S Totemsubstrate for chip level transient voltage drop
analysis with substrate noise and packagdl Phe package PBin the formof RLCG
was extracted fromANSYS SlwaveCPA which is based 08D FEM (Finite Element
Method) andsolver compatible with Q3Dut much faster and can handle high capacity



Why Package Design should be included with Substrate
Noise Analysis for Mixed-Signal IC’s

In the previous s#ion, we showedhatthe root cause dheirrational voltage ripple at
the victim ground part wanly detected bya substrate noise analysis with package
design.Includingthe substrate niseof chip PDN increased chip level voltage drop, but
it could not represent the real power noisesesn by theneasurement-or accurate
mixed-signal chip level analysis, vy do we need to takito consideratiora package
design or evensystem likeaboad desigr? In this setion, we willdiscushowapackage
PDN affectsMixed-Signall C posver noiseand suggestisingan appropriat@package
PDN inductancdor suppressingower noise due to substrate noise.

Digital circuits and analog/RF circuitdn Mixed-Signal ICs typically have dedicated
power/ground networksTheyinteract through a monolithic conductive substsitared

by both digital and analog/RF circuittorming a medium for noise ppagation as

depicted in Figure 8. B
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Figure 8:Interactions among the digital, analog/RF circuitMixed ICs [2]

A total ground noisés composed afwo different noise voltages. The firsbise voltage
is caused by the source current of ttamsistor, and the second noisstage is aused
by the bulk current of the substraiéne individual contributionsf the source and bulk
currents to the overall groumsbise are summaap based on th following superposition
principle. The total current that flows through the ground network is

™ QI oxEAROIRE

The bulk current is generalheglected due tibs relatively small magnitude as compared
to the source currenthe assumption isdeally acceptable under the condititrat the
ground networkhas only resistive termHowever, n reality, all power and ground
networksarecomposed of passive components of R, Lar@2] hence theeal total ground
noiseis beingrepresented by

ff? LT ir :I . - fir?.'-.-. At
source | Ltip(t)R+ bulk\ L)

AV =i (R
Paource 1) 10 fdt dt
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Al | el ectr i acaresnynscte@ fmmschipP gadkage to boattugreforeall
resistances, capwances and inductanceof full PDN compassing chip, package and
board should be included for the real ground noise calcul&tiother words, to represent
a real ground noise of Mixed #Cshould include all currentf both transistor and
substrate all parasistics of PDN of package and boardifsi involved isourc{t)R +

i €01 O

D)as wel |l as c h(ispt)R PiRk)RWVeidéntifibdtheldvel of

ground noiseversus package PDN parasitiandthe amount of inductande seethe
impactpackage’DN has orperformance

Vpp at the ground pad of Block V vs. Inductance
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(a). Timedomain voltage droy (b). Peakto-peak voltage drop
(X denotes inductance of original package)

Figure 9:Voltage ripple at the ground pad of Block V accordingaskage inductance

In addition, we clarifiechow the propeinductancedecreaseshe peakto-peak voltage
drop at the ground pad the levelat power pad foBlock V. The inductancesalue
determineds about 31% of theriginal one(see Figure 9)The voltage dsp map of the
original package design aB8%of reduced inductanasase arshown in Figure 10The
voltage drop range per colmap alsshowshow a69% reduction brings at least 83mV
decrement irthip level votage drop compared to thaginal package.
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Figure 10:Voltage drop at the ground pad of Block V according to package inductance




Substrate Noise Suppression Solution

The inductance leveldentified in the previousection for decreasinghe ground noise
down to a level supporting the advancedttire is not realistic because it needs atdra
package design change like makeafeaground network routingp meet such a low level
inductanceConsequently, the faite was fixed by separating ground netvecakd bals
between Block A and Block V on the package design. How#venext generation spec
of the MixedSignallC requiredalarger and sharp@mount of currerfior aggressoBlock

A due to more advanced teees. Even the size oBlock A was about X bigger.From a
packagepoint of view, cost saving by memg ground ball was necessary for a price
advantage in the marketndfinally, substrate noise suppression methtwsoth chip and
package desigwere nevitable.The targetgoal for the noise suppression methaggo
makethe peakto-peak voltage drop at ajround padselatedto Block V with all of chip,
package and substrate includedbe assame ashevoltage drop othecase with chip and
package PDN without substrate part.

To simplify key elementsn determining aground noise, weefinedthe ground noisen
terms offrequencyas shown irthe following equatiorandFigure 11 below.

€01 OO Qo aQ n

Vdrop =isoure(t)R + U+ ibu(t)R + 3] (Time-domain)
= I(f) x Z(f) (Frequencydomain)

Current (A)
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0.000
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I{f): Current Spectrum at frequency Z(f):Impedance of Full PDN

Figure 11:Voltage drop represented by frequency domain

I(f) is decided bythe slew rate, switching and idle period thie chip’ surrent signature.

To prevent di/dt max currenthip designersnake changes to the architectureduoling

skew and slewate control or a clock distributi@theme and ugmrallel processingithin

timing specFromthe chipphysical desigmoint ofview, for lowering thecurrent noise at

the overall frequencyafter physical design implementation [&hip designers added
normal decoupling capacitors to #hle availablevhite spaceAndto reduceBl oc k A’ s
sharp di/dt Atheyadded a new customizeddecoupling capacitawhich is larger than a

normal decap and composedl a minimized ESR(Effective Seies Resistance)and
maximizedtheamount of capacitanq#aced closé¢o Block A.

This contributed toa lowering the value ofpeaksupply current t&/8%. In addition,to



reduce thanoise injection trough substrate aheé effect due tanductance, chip designers
divided Bock V into three sulbblocks and enclosedach blockwvith separatguard ring

and placeghieldingbetween critical signal and other networkie increased capacitance
and decreased inductandaninished theoverall selfimpedance of the chipOn the
package sidemost of the changes have been done for mitigating impedance, Z(f). A
package designaompletelychangedhe power and grounaetworkrouting to reduce
inductancdevel down t069% of the preious version, but 3% reduction was possiblgy
keepingsmaller design size and by merging gineund ball Placement info ohnaggressor
and victim blockof the new chipand package desigs depicted in the Figure 12

on-die decap

=g¢l7 i

Figure 12:Voltage drop represented by frequency domain

The subgrate noise suppression methadsedthe function failure problenseen inthe
previous versiomand prevented a new iteration of the Mix@iginal IC.This isdespitethe
Block A of the new versiobeing 4X bigger in size arfitving 1.5X larger di/dtand max
current than the previous versiorhe voltage drop of the new onaslowered down to
87.8%as depicted in Figure 1¥he new version was successfudljoptedn a brandnew
smartphone.
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(a): Ground noise map comparison with package parasitic and substrate noise
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Figure 13:Voltage drop comparison function failure case vs. substrate noise suppression case

Summary

Using dedicatedoower and ground domain to each digital, analog and RF circuits and
adding thick guard ring, shieldingnd substrate contacire still the most effective
methods for a substrate noise suppression of M8igdallCs. Howeversome failures
due to substratnoise camot be solved with such a chip level suppression metAdid
circuits inside MixedSignallCs interact through a monolithic conductive substratee
conductive substrate idtimatelyconnectedo afull ground network composed ohip,
packageandboard which can beheorigin or source of substrate noise. In theper we
took up areal MixedSignall C ‘costdriven functional failure due to substrateise
(through merged ground networkh @ackage side and suggestd a system aware
substate noise analysis comped of full ground network of both chip and package as
well as substrate for reproduciolip failure and detedéhg aroot cause of the chip failure.
Lastly, the paper proposea substrate noe suppression method applied dioip and
package foperformance improveantandcost reduction.
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