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Abstract— On-chip simultaneous switching noise (SSN) has be-
come an important issuein the designof power distribution net-
works in current VLSI/ULSI circuits. An analytical expression
characterizing the simultaneousswitching noisevoltageis presented
here basedon a lumped RLC model. The waveform describingthe
SSNvoltageis quite closeto the waveform obtained from SPICE.
The peak value of the simultaneousswitching noise voltage based
on this analytical expressionis within 10% as compared to SPICE
simulations.

. INTRODUCTION

The trend of next generationintegratedcircuit (IC) technol-
ogy is towardshigher speedsand densities. The total capaci-
tive load associatedvith the internal circuitry is increasingin
both currentand next generationVLSI circuits [1], [2]. As
the operatingfrequeng increasesthe averageon-chip current
requiredto chage (and dischage) thesecapacitanceslso in-
creaseswhile thetime duringwhich the currentbeingswitched
decreasesThereforealargechangen thetotal on-chipcurrent
occurswithin ashortperiodof time.

The primary source®f the currentsuigesarethe I/O drivers
and the internal logic circuitry, particularly those gatesthat
switch closein time to the clock edges. Becauseof the self-
inductanceof the off-chip bondingwires andthe on-chippara-
sitic inductanceénherentto the power supplyrails, the fastcur
rentsulgesresultin voltagefluctuationsin the power distribu-
tion network [3]. Thesevoltagefluctuationsarecalledsimulta-
neousswitchingnoiseor delta-Inoise.

Most existing researcton simultaneouswitchingnoisehas
concentratedn the transientpower noisecausedy the current
throughthe inductive bondingwires at the I/O drivers [4—6].
However, simultaneouswitchingnoiseoriginatingfrom thein-
ternalcircuitry is becominganimportantissuein the designof
very deepsubmicrometeVDSM) high performancenicropro-
cessorg?2], [7]. This increasedmportancecan be attributed
to fastclock rates,large on-chipswitchingactiities, andlarge
on-chipcurrent,all of which areincreasinglycommoncharac-
teristicsof aVDSM synchronousdntegratedcircuit.

Forexample atgigahertoperatingrequenciesindhighinte-
grationdensitiespower dissipatiordensitiesareexpectedo ap-
proach20W/cm? [1], [8], apower densitylimit for anair-cooled
packagedievice. Sucha power densityis equivalentto 16.67
ampere®f currentfor a1.2V power supplyin a0.1ym CMOS
technology Assumingthatthe currentis uniformly distributed
alongalcmwide andl1pm thick Al-Cu interconnecplane the
averagecurrentdensityis approximatelyl.67mA/um?. For a
standardmeshstructuredpower distribution network, the cur
rentdensityis evengreatetthan1.67mA/pm?®. Foralmmlong
power bussline with a parasiticinductanceof 2nH/cm[9], if
the edgerate of the currentsignalis on the orderof an overly
conserative nanosecondhe amplitudeof the L di/dt noiseis
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approximately0.35volts. This peaknoiseis notinsignificantin
VDSM CMOScircuits.

Therefore pn-chipsimultaneouswitchingnoisehashecome
animportantissuein VDSM integratedcircuits. On-chipsimul-
taneousswitchingnoiseaffectsthe signaldelay creatingdelay
uncertaintysincethe power supplylevel temporallychangeshe
local drive current[10]. Furthermore)ogic malfunctionsmay
be createdand excesspower may be dissipateddue to faulty
switchingif the powver supplyfluctuationsaresuficiently large
[11], [12]. On-chipsimultaneouswitching noisemustthere-
fore be controlledor minimizedin high performancentegrated
circuits.

An analyticalexpressiorcharacterizingheon-chipSSNvolt-
ageis presentedherebasednalumpedR LC modelcharacter
izing the on-chippower supplyrails ratherthana singleinduc-
tor to model a bondingwire. The SSN voltage predictedby
theanalyticalexpressions comparedo SPICE.Thewaveforms
describinghe SSNvoltagearequitecloseto thewaveformsob-
tainedfrom SPICEsimulations. The peakvalue of the SSNis
within 10% of SPICE.

An analyticalexpressiorcharacterizingn-chipsimultaneous
switchingnoisevoltageis describedn Sectionll. A comparison
of theanalyticalestimatewvith SPICEsimulationds presentedh
Sectionlll followedby someconcludingremarksn SectionlV.

Il. SIMULTANEOUS SWITCHING NOISE VOLTAGE

The power supplyin high compleity CMOS circuits should
provide sufiicientcurrentto supportthe averagepower andpeak
power demandwithin all partsof anintegratedcircuit. An in-
ductie, capacitve, andresistve modelis usedin this analysis
to characterize¢he power supplyrails whena transientcurrent
is generatedby simultaneouswitchingof on-chipregistersand
logic gateswithin a synchronou€£MOS integratedcircuit. The
short-channelOStransistoraremodeledasnonlineamdevices
and characterizedy the nth power law -V model, which is
moreaccuratghanthealphapowerlaw modelin boththelinear
region andthe saturatiorregion[13].

A CMOSIlogic gatein thisdiscussioris modeledasa CMOS
inverter The power supply rail is characterizedy a lumped
RLC model. The currentthroughthe PMOS transistorwith
arising input signal,i.e.,, the short-circuitcurrent,is neglected
in this discussiorwhendeterminingthe simultaneouswitching
noisevoltageon a groundrail basedon anassumptiorof a fast
rampinputsignal[14]. Theequialentcircuit depictedn Fig. 1
is usedto characterizéhe simultaneouswitchingnoisevoltage
on the powver supplyrails. Lv,,, Cv,,, and Ry,, arethe para-
sitic inductancegcapacitanceandresistancef the groundrail,
respectrely. Theinputsignalis shapedasaramp,

Vi = ~Vaa for 0<t <. (@)

After the input voltagereachesV,,,,, the NMOS transistor
turnsON andbeginsto operatdn thesaturatiorregion. It is as-
sumedhattheNMOStransistoremaingn thesaturatiorregion
beforetheinputsignaltransitionis completed.

The currentthroughthe NMOS transistor(Z ), the parasitic
inductancg(I;), andthe simultaneouswitching noisevoltage
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Fig. 1. Simultaneouswitchingnoisewithin agroundrail.

(Vs) aregiven,respectiely, as

dVs
I =1In — == 3
L ~ — Cv,, T (3)
dI
Vi = Rv,, I + Lv,,~ @

dt
Assumingthat the magnitudeof V; is small as comparedto

Vin — V,n, In Canbeapproximateds
n dIn
Iy =~ Bn in — — ——Vg.
N (V VTN) dVGS V. (5)
From(5),
dIN n—1
= =nB,(Vin — — Vs -
fr= g =Bu(Vin = Vay = Vi) (6)

fi1 isafunctionof V. (Vs for thecaseof aninverter).In order
to simplify the deriation, f; is approximatedising V;,, equal
to0.5

Comblnlng(4) (5), and(6),

d?v,
LvssCVes pa + (Rvs Cvgy + L,

L+ 1)V =

d
Ry Bn(Vin — Vyn )" + L, E[Bn(Vin - VTN)"]- @)
Thefirst termontheleft handsideof (7) is neglectedsincethe
remainingtwo termson the left handside of (7) dominatethe
expression.

V
(Rv,,Cv,, + LV“fl) + Ry, i+ 1)V =

Ly, B, Vi, t _
Vss Pn dd(__yn)n 1,

B Vn)n + T T
Ed i

Ry,, Ban"d(i
Tr
wherev,, = % No closedform solutionof this differential
equationexists due to the non-intgyer valueof n andn — 1.
In orderto derive an analyticalexpressionfor the differential
equatlon(i —vp)" and(— —vy,)"~ ! areapproximatedy a
polynomlalexpansmrto thefifth order wheretheaverageerror
is lessthan3%,

R a4+ a1€ + ase” + az€® + ast” + ase’,

9)
€™ R bo + bi€ + bag? + bat® + bat® + bst?®,
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Fig. 2.  Simultaneousswitching noise voltage on the groundrail for a sin-
gle switching logic gate with Ly,, =2nH, Ry, =59, Cyv,, =0.1pF
o =29ps,andr,. =200 ps.

where¢ = T— — v,. Notethata; andb; fori = 0...5 are

mdependenof theinputtransitiontime .. The solutlon of the
simultaneouswitchingnoisevoltageis

Vi=co(l—e ) + 1€ + o€ + ca€® + cat? +c5§(,0
where

Bt

Tn = “//Tdd Tr = UnTr. (12)

Thesecoeficientsare

co =Aoy — A1y? + 2427 — 6 437" + 24447° — 1204575,
c1 =A1y — 2427 4 6A437% — 24 447" +120457°,

c2 =Aay — 3437 + 12447 — 60As~*,

c3 =Azy — 4447 + 20457°,

ca =Aay — 5A57°,

Cs =A5’y. (13)
TheA;fori=0...5are
A = -RVss BanT(LiTr a LVss BﬂVdT:l b
' Rv,,COv,, +Lv..fi ' Rv,.Cv,, +Lv,.f1
(14)

wherea; andb; aredefinedin (9). The simultaneouswitch-
ing noisevoltagereachesa maximumwhenthe input voltage
completeghetransition,i.e., t = 7,.

T )+ c1br + 2l + ek
+ C4§;1 + ngf,

Vs,mam 200(1 —e
(15)

where¢, =1 — v,.

Il. COMPARISON WITH SPICE

The simultaneouswitchingnoisevoltageon a groundrail as
predictedby (10) is comparedo SPICEin Fig. 2 for a single
CMOSinverterwith W, = 3.6 um, W, =7.2 pm, andC; =1 pF
basedna.5 pm CMOStechnology Thesolidline represents
the analyticalpredictionandthe dashedine representshe re-
sultsfrom SPICEsimulations.During the time periodfrom 7,
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Fig. 3. Simultaneouswitchingnoisevoltageon a groundrail for five simultane-
ously switchinglogic gateswith Ly, , =2nH, Ry, , =5, Cv,, =0.1pF
Tn =29ps,andr, =200 ps.

to 7., the analyticalresultagreegjuite closelywith SPICE(the
erroris lessthan10%).

If m simultaneouslyswitching logic gates (or inverters)
are connectedo the samegroundrail, the total simultaneous
switching noisevoltage can be obtainedby substitutingmB,,
for B,, in (11) and (14). Notethatall ¢; for: = 0...5 are
proportionalto m, # and B,,. Therefore,the simultaneous
switchingnoisevoltageincreasesvith the numberof simulta-
neousswitchinglogic gatesm, theinput slew rate % andthe
drive currentof thelogic gatesB,, .

Theanalyticalpredictionof the simultaneouswitchingnoise
voltage for five simultaneouslyswitching CMOS inverters
with W, =3.6 um, W, =7.2 yum, andC; =1 pF is comparedo
SPICEin Fig. 3, exhibiting lessthan7% error Duringthetime
interval from 7, to 7., theanalyticalexpressions shawvn to ac-
curatelymodeltheresultsfrom SPICEsimulations.

Similarly, the analytical expressionfor the simultaneous
switchingnoisevoltageon the power rail canbe derived based
onthissameprocedureAn estimateof thesimultaneouswitch-
ing noisevoltageonthepowerrail basedbnthemodelpresented
in [5] is lessaccuratébecausean assumptiorthatn is closeto
one(1 < n < 1.2) is made.This assumptions appropriateor
short-channeNMOS transistorsput the valueof n in a short-
channePMOStransistoiis higher typically in therangeof 1.5
to 1.8 (it is 1.68 in thetarget0.5 pm CMOStechnology).

A comparisorof thesimultaneouswitchingnoisevoltageon
the power rail is shavn in Fig. 4. The effect of the carrierve-
locity saturationon a PMOStransistoris smallascomparedo
anNMOStransistor Thereforeapredictionbasednthemodel
presentedby Vemuruin [5] cannotapproximatehe SSNvoltage
waveform shapeon the power rail asshawvn in Fig. 4 (although
thepeakvoltageis accuratelyestimatedn [5]). Notethatthean-
alytical expressiormpresentedhere(Tang00)accuratelypredicts
the SSNwaveformonthe power rails.

The peakvalue of the SSNascomparedo SPICEis shavn
in Fig. 5with W,, =1.8 um, W, =3.6 pm, andC; =1.0 pk The
dashedine representthepeakvalueof thepredictedSSNbased
on the analyticalexpressiondescribedoy (15). The dottedline

describegheresultsderived from the SPICEsimulations.The
accurag of the analytical predictionis within 10% as com-

paredto SPICE.The peakSSN voltagebasedon (15) is com-
paredto SPICEfor different conditions,as illustratedin Ta-
bles| andl for both the groundand V4 rails, respectiely,
with W,, =1.8 um, W, =3.6 um, andthe input transitiontime
7, =200 ps. Note thatthe maximumerror of the analyticalex-
pressions within 10%.

IV. CONCLUSIONS

An analytical expression characterizingthe simultaneous
switchingnoisevoltagein VDSM CMOS circuitsis presented
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Fig. 4. The simultaneouswitchingvoltageon a power rail with Ly, , =2nH,
Rvdd =5Q, CVdd =0.2 pF, 7, =39ps,andr, =200 ps.
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Fig. 5. The peak value of the simultaneousswitching noise voltage with
Ly,,=2nH, Ry,, =5%Q, Cy,, =0.1pF, andr,. =200 ps.

here. This expressionprovides a methodfor evaluatingthe si-
multaneouswitchingnoisevoltageatthe systenlevel. Thean-
alytically derived waveform characterizinghe on-chip simul-
taneousswitching noise voltageis quite closeto SPICE.The
predictedpeakon-chipsimultaneouswitchingnoisevoltageis
within 10%ascomparedo SPICE.
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TABLE |
COMPARISON OF PEAK SIMULTANEOUS SWITCHING NOISE VOLTAGE ON THE Vs RAIL, NUM IS THE NUMBER OF SIMULTANEOUSLY SWITCHING LOGIC GATES

COMPARISON OF PEAK SIMULTANEOUS SWITCHING NOISE VOLTAGE ON THE Vg4 RAIL, NUM IS THE NUMBER OF SIMULTANEOUSLY SWITCHING LOGIC GATES

Power Rail Numberof switchinglogic gates
R L C PeakSSN(V) (Num=5) PeakSSN(V) (Num=10) | PeakSSN(V) (Num=15)
(2) | (nH) | (pF) | Analytic | SPICE| § (%) | Analytic | SPICE| 4 (%) | Analytic | SPICE| ¢ (%)
0.1 0.0802 | 0.0762| 5.2 0.159 | 0.150 | 6.0 0.236 | 0.218 | 8.2
1.0 | 0.2 0.0802 | 0.0806| 0.5 0.159 | 0.152 | 4.6 0.236 | 0.219 | 7.7
0.3 0.0801 | 0.0790| 0.3 0.159 | 0.151 | 5.3 0.235 | 0.217 | 8.2
0.1 0.143 | 0.141 | 14 0.282 | 0.265| 6.4 0.417 | 0381 | 94
20 | 0.2 0.143 | 0.137 | 4.3 0.282 | 0.263 | 7.2 0.417 | 0.380 | 9.7
2.0 0.3 0.142 | 0.138 | 2.9 0.281 | 0.260 | 8.0 0.415 | 0.378 | 9.8
0.1 0.267 | 0.256 | 4.3 0.522 | 0490 | 6.5 0.760 | 0.697 | 9.0
40 | 0.2 0.267 | 0.252 | 5.9 0.522 | 0500 | 4.4 0.766 | 0.710 | 3.6
0.3 0.267 | 0.286 | 6.6 0.521 | 0530 | 1.7 0.765 | 0.742 | 35
0.1 0.104 | 0.102 | 1.9 0.206 | 0.197 | 4.6 0.300 | 0.284 | 5.6
1.0 | 0.2 0.104 | 0.106 | 1.8 0.206 | 0.199 | 35 0.300 | 0.283 | 6.0
0.3 0.104 | 0.104 | 0.0 0.206 | 0.198 | 4.0 0.300 | 0.282 | 6.3
0.1 0.167 | 0.165| 1.2 0.320 | 0.310 | 3.2 0.470 | 0438 | 7.3
20 | 0.2 0.167 | 0.162 | 3.1 0.320 | 0.308 | 3.9 0.470 | 0.436 | 7.7
5.0 0.3 0.166 | 0.153 | 8.5 0.319 | 0.302 | 5.6 0.469 | 0.434 | 8.0
0.1 0.288 | 0.278 | 3.6 0.560 | 0.526 | 6.4 0.810 | 0.750 | 8.0
40 | 0.2 0.288 | 0.281 | 25 0.560 | 0.534 | 4.8 0.810 | 0.752 | 7.7
0.3 0.287 | 0.308 | 6.5 0.559 | 0.567 | 0.1 0.810 | 0.790 | 2.5
Maximumerror (%) 8.5 8.0 9.8
Averageerror (%) 3.4 4.7 7.1
TABLE Il

Power Rail Numberof switchinglogic gates
R L C PeakSSN(V) (Num=5) PeakSSN(V) (Num=10) | PeakSSN(V) (Num=15)
() | (nH) | (pF) | Analytic | SPICE| 4 (%) | Analytic | SPICE| § (%) | Analytic | SPICE| § (%)
0.1 4.890 4.89 0.0 4,778 4.78 0.0 4.672 4.68 0.1
1.0 | 0.2 4.890 4.89 0.0 4.778 4.79 0.1 4.670 4.68 0.1
0.3 4.890 4.89 0.0 4.776 4.79 0.1 4.670 4.67 0.0
0.1 4.794 481 0.3 4.599 4.63 0.6 4.412 4.47 1.3
20| 0.2 4,793 4.79 0.1 4.598 4.61 0.4 4.412 4.47 1.3
2.0 0.3 4.794 4.79 0.1 4.600 4.61 0.1 4.410 4.46 1.3
0.1 4.604 4.62 0.3 4.261 4.35 2.0 3.995 4.14 3.6
40 | 0.2 4.604 4.63 0.4 4.260 4.36 2.0 3.994 4.13 3.6
0.3 4.603 4.62 0.3 4.262 4.34 2.1 3.990 4.13 3.5
0.1 4.861 4.86 0.0 4.728 4.73 0.2 4.601 4.62 0.4
1.0 | 0.2 4.860 4.86 0.0 4.726 4.73 0.2 4.600 4.62 0.4
0.3 4.860 4.87 0.0 4.726 4.74 0.3 4.600 4.61 0.4
0.1 4.770 4.78 0.2 4.554 4.59 0.8 4.351 4.42 1.6
20| 0.2 4771 4.78 0.2 4.552 4.59 0.8 4.350 4.41 15
5.0 0.3 4.770 4.76 0.2 4.552 4.58 0.8 4.350 4.42 1.6
0.1 4.692 461 1.8 4.224 4.32 2.3 3.900 4.10 9.2
40 | 0.2 4.690 461 1.7 4.220 4.32 2.3 3.905 4.11 9.3
0.3 4.690 4.60 1.7 4.220 4.31 2.1 3.905 4.12 9.3
Maximumerror (%) 1.8 2.3 9.3
Averageerror (%) 0.4 1.0 2.8




