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Abstract—On-chip parasitic inductanceinherent to the power distrib ution
network has becomingsignificant in high speeddigital circuits. Therefore,
current surgesresult in voltage fluctuations within the power distrib ution
network, creating delay uncertainty. On-chip simultaneousswitching noise
should therefore be considered when estimating the propagation delay of a
CMOS logic gatein high speedsynchronousCMOS integrated circuits.

. INTRODUCTION

As the operatingfrequeng increasesthe averageon-chip
currentrequiredto chage (and dischage) total load capaci-
tancealso Increaseswhile the time during which the current
is switcheddecreasefl]. Thereforea large changeof the on-
chip currentoccurswithin a shortperiodof time. The primary
sourcef the on-chipcurrentsulgesarethoselogic gatesthat
switchclosein timeto theclock edgesn asynchronou€MOS
integratedcircuit. Becaus®f thenon-n@ligible parasitianduc-
tanceinherentto the on-chippower distribution network, large
currentsuigesresultin voltagefluctuationsin the power distri-
bution network [2]. Thesevoltage fluctuationsare called on-
chip simultaneouswitchingnoise(SSN).

On-chipsimultaneouswitching noiseaffects the signalde-
lay, creatingdelayuncertaintysincethepower supplylevel tem-
porallychangeshelocaldrive current3, 4]. Furthermorelogic
malfunctionsmay be createdand excesspower may be dissi-
pateddueto faulty switchingif the power supply fluctuations
aresufiiciently large[5]. A modifiedtaperedouffer designtech-
niqueis presentedy Vemuruin [4] which considerghe delay
uncertaintycausedy off-chip simultaneouswitchingnoise.In
additionto the mary constraintsencounteredn the designof
on-chipclock andpower distribution networks, on-chipsimul-
taneousswitchingnoiseshouldbe consideredvhenestimating
the propagatiordelay of a logic gatein a synchronou<CMOS
integratedcircuit [6].

Il. ON-CHIP SIMULTANEOUS SWITCHING NOISE

An analyticalexpressioncharacterizinghe on-chip simulta-
neousswitchingnoisevoltageat the groundrail is developedin
this sectionfor a high-to-lav outputtransition.Ly, ,, Ry,,, and
Cy,, arethe parasiticinductanceresistanceand capacitance
of the groundrail, respectiely, asshavn in Fig. 1. In orderto
develop an analyticalexpressioncharacterizinghe on-chip si-
multaneouswitchingnoiseon the groundrail, the short-circuit
c_urrerlnis neglectedbasedn anassumptiorof a fastrampinput
signal,

@

Oncethe input voltage exceedsthe thresholdvoltage of an
NMOStransistortheNMOS transistoturnsON andis assumed
to operatein the saturationregion during the input transition.
The currentthroughthe NMOS transistor(Ix), the parasitic
inductancgIr.), andthe simultaneouswitchingnoisevoltage
(Vs) aregiven,respectiely, as

Vin(t) = Tind for 0<t< .

In =Bn(Vin — Vo — V5)", @
dVs
IL :mIN_CV“W, (3)
dI
Ve =Rv,.IL + Lv,, d_tL’ 4)
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Fig. 1. Equivalentcircuit for analyzingon-chipsimultaneouswitchingnoise

wherem is the numberof simultaneouslgwitchinglogic gates
andB,, isthetransconductanas theNMOStransistor Assum-
ing thatthemagnitudeof V; is smallascomparedo Vi, — V., ,
In canbeapproximateds

n dln
In = B, (Vin — - —Vs. 5
N (V VTN) dVGS V. ( )
Rewriting (5),
dIN n—1
= =nB,(Vin — — Vs .
fi= gy =nBaVin = Vi = Vo) ®)

f1isafunctionof V, ; (Vi for thecaseof aninverter).In order
to simplify the derwvation, f; is approximatedisingV;,, equal
t00.5 Vyq.

No closedform solutionof thesedifferentialequationsexists
dueto thenon-intgervalueof n andn — 1. In orderto derive

an analyticalexpressiorfor thesedifferentialequations(% —
“’/Td’; )™ and(L£ — ‘(,TTj)“‘l areapproximatedy a polynomial
expansionto thefifth order wherethe averageerroris lessthan
3%. Thesolutionof thesimultaneouswitchingnoisevoltagein
thisregion, 7, <t < 7,,is[7]

Vi(t) =co[l —e 7] e1f + e2€” + cag®
+ cat* + cs8° (7)
_ 1 = By, vy tlvy fim -
where 7 = e V= V(RV::h,m-“t/-l)Tr v fim =

mnBy(0.5Vaa — Vrn) ™Y, and¢ = (£ — VVTT{;). Theon-

chip simultaneouswitchingnoisevoltagereaches maximum
whentheinputvoltagecompleteghetransition,i.e, att = ..



~ TheNMOStransistoiis assumedo remainsaturatedfterthe
inputtransitionis completed Theon-chipsimultaneouswitch-
ing noisevoltagein thisregion, 7. < t < 744+, canbeexpressed
as

Vo) = Voo + [Va(r) = Vale 2077, ®)
where
mBnRVss (Vdd - VTN)n
Vs = , 9
! RV“f2,m + 1 ( )
RV f2 m + 1

= oo 2, , 10

" T Rv..Cv,, + Lyv,, fa,m (10)

fo,m =mnBy(Vaa — Ve — Vs(r,)) ™70, (11)

After 754+, theNMOS transistooperatesn thelinearregion.
In orderto derive atractablesxpressionthedrain-to-sourceur
rentis approximatedy v, Vp s, wherey,, is theeffective output
conductancef theNMOS transistor The on-chipsimultaneous
switchingnoisevoltagein thisregionis

B1t

_B1 _ Bat
V;(t)=K16 2 + Kee™ 2 for t2> 751,

Whereﬂl = B + \/Bl2 — 4B>, ﬁz = B; — \/B% — 4B,, and

(12)

mRy,,Cr + Ry, ,Cv,, + %
B = - ~___ (13)
Rv,,Cv,, 2k +mLy,,Cr + LvssCv,,
By 1 (14)

© Rv,,Cv,, % +mLy,,Cr + LvssCy,,

C'. istheloadcapacitanceK; andK areintegrationconstants
andcanbe determinedrom V;(7sqt) anst’(rwt). However,
the effective outputconductancef an MOS transistoralsode-
pendsupon the outputvoltagein the linear region, changing
from “nsqt 10 2900+ [8]. IN Orderto accuratelycharacterize
the on-chipsimultaneouswitchingnoisevoltage,y, is chosen
betweeny,sq: and2v,sq¢. Theon-chipsimultaneouswitching
noisevoltagecanbeapproximatedby forcingtheimaginarypart
to zero[4],

cos(Bat)

_ ﬂs(t—;sat )
COS(ﬂz;Tsat)

Vts(t) = ViTsate for ¢ > Tsat,

(15)

whereB; = By andf3s = 4/4B, — B2.

I11. PROPAGATION DELAY MODEL

Analytical expressiongharacterizinghe outputvoltageand
propagationdelay of a CMOS logic gate, which include the
effect of on-chip simultaneouswitching noise, are presented
for both a capacitve and resistve-capacitie load. The ana-
lytical resultsare also comparedto both an analyticalmodel
which doesnot consideron-chipsimultaneouswitchingnoise
andSPICE.

A. Capacitiveload

Analytical expressionscharacterizinghe output voltage of
a CMOS logic gatedriving a capacitve load basedon an as-
sumptionof a fastrampinput signalarelistedin Tablel, where

f1m andfs s = f2m K3 andK 4 aredeterminedrom

fl,s = "m m
Vo(7sat) and V, (7sq¢). Note that both hé—SL”Vs,g(t) in (16)

and fC%L Vs,3(t) in (18) causethe outputvoltageto drop slowvly

during a high-to-lov outputtransition. Therefore,the on-chip
simultaneouswitchingnoiseaffectsthe waveformshapeof the
outputvoltageandcauses changen the propagatiordelay of
a CMOSIlogic gatedriving a capacitve load.

The propagatiordelayof a CMOSIlogic gatest p is typically
definedasthetime from the 50% V4 point of theinputto the
50% V44 pointof theoutput. Thehigh-to-lov propagatiordelay
of aCMOSIlogic gatecanbedeterminedy (18) or (20) usinga
Newton-Raphsoriteration. Sincef; is greaterthan3, in (12),
theoutputvoltagein thisregion canbe approximateds

8
Vo(t) = Vo(tsar)e™ 2708 for t> 1. (21)
The drain-to-sourcesaturatiorvoltageis typically greaterthan
0.5V4a; thereforethehigh-to-lov propagatiordelaycanbe ex-
presseds

2 2%(Tsat)

—In

B2 Vaa
A comparisornof the analyticalpropagationdelay expressions
with SPICEis listedin Tablell for ahigh-to-low transition.It is

demonstratedn Tablell thatthe delay uncertaintycausedby

on-chip simultaneousswitching noise increaseswith increas-
ing input slew rate, parasiticinductance andresistanceof the

power supplyrails. The maximumerror of the propagatiorde-

lay basedon the analyticalexpressionds within 5%, ascom-

paredto nearly 16% of SPICEwhen not consideringon-chip

simultaneouswitchingnoise. The averageimprovementin ac-

curay is about8%.

+ Teat — % (22)

tryr =

B. Resistive-capacitiveload

In this discussionthe interconnects modeledasa resistie-
capacitve impedance. R is the load resistancedriven by
a CMOS logic gate. Analytical expressionscharacterizing
the output voltage of a CMOS logic gatedriving a resistive-
capacitve load impedanceare listed in Tablelll where3s

B3 + \/Bg — 4B, and,6’6 = B3 — \/Bg —4B4. K5 and

K, are also determinedfrom V,(7sq¢) and Vg (7sqt). Both
LueTry, o(t) in (23) and 22V, 5(t) in (24) causethe output
voltageto dropslowly duringahigh-to-lov outputtransitionfor
aresistve-capacitie loadimpedanceThereforetheon-chipsi-
multaneousswitching noiseaffects the waveform shapeof the
output voltage, increasingthe propagationdelay of a CMOS
logic gatedriving aresistve-capacitre loadimpedance.
Basedon the sameassumptioras for a capacitve load, the
outputvoltagein this region canbeapproximateds

8
Vo(t) = Vo(tsar)e™ 2708 for t> 1. (28)
If the drain-to-sourcesaturationvoltageis greaterthan0.5V44,
the high-to-lov propagatiordelaycanbe expresseds

2 2%(Tsat)
= —In——=*
Vaa

Be
A comparisorof thepropagatiordelaybasedntheseanalytical
expressionswith SPICEis listedin TablelV for a high-to-lav

transition. The estimategropagatiordelaybasedntheseana-
lytical expressionss within 5%, while the error of the estimate
which doesnot consideron-chip simultaneouswitchingnoise
cagreachls%. The averageimprovementin accurag is about
10%.

+ Toat — % (29)

tPyr,

IV. CONCLUSIONS

It is necessaryto consideron-chip simultaneousswitching
noisewhendetermininghe propagatiordelayof a CMOSlogic
gatein ahighspeedsynchronou€MOSintegratedcircuit. Ana-
lytical expressiongharacterizingpn-chipsimultaneouswitch-
ing noiseare presentedn this paper The effectsof on-chipsi-
multaneouswitchingnoiseon the waveformof the outputvolt-
ageandthe propagatiordelay of a CMOS logic gateare also
discussedTheestimategropagatiordelaybasedntheseana-
lytical expressionsgs within 5% ascomparedo SPICE theaver-
ageimprovementcanreachl 0% ascomparedo delayestimates



TABLE |

ANALYTICAL EXPRESSIONS CHARACTERIZING THE OUTPUT VOLTAGE OF A CMOS INVERTER DRIVING A CAPACITIVE LOAD

Operatingegion Analytical expressions
B, 1. Vg, f1,s7
%t:V _ nTrVad (n+1)+ »8 TVS t 16
(t) = Vaa 7(n+1)CL£ o 2(t) (16)
(7 77] e~ ¢ c c c c c
= Cle2 243 ) Bed | TAe5 | 5
Vso(t) = (E+ p )co+2§+3§+4§+5£+6§. a7
Bn n f2,s
Vo(t) = Vo(rr) — 5 (Vaa — Vo)™ (t — ) + == Vs 3(2) (18)
[Tr, Tsat] Cr Cr
Vealt) = Vit = 1) + LUVl gmmairo (19)
2
_ Bt _Bat
t > Tsat Vo(t) = Kze™ 2 + Kye™ 2 (20)
TABLE Il

COMPARISON OF HIGH-TO-LOW PROPAGATION DELAY WITH SPICE FOR A CMOS INVERTER DRIVING A CAPACITIVE LOAD INCLUDING THE EFFECTS OF
ON-CHIP SIMULTANEOUS SWITCHING NOISE

Input Impedancef Comparisorof Propagatiorelay
RiseTime GroundRail Simulation Analytic Estimation
Tr L R C SPICE Without SSN With SSN

(ps) (nH) [ () | (pF) (ps) (ps) | % Error | (ps) | % Error
5.0 0.1 182 172 55 183 11

1.0 | 100| 0.1 186 172 7.5 183 1.6

15.0] 0.1 190 172 9.5 186 2.1

200] 01 194 172 11.3 189 2.6

5.0 0.1 186 172 7.5 183 1.6

200 2.0 | 10.0| 0.1 190 172 9.5 186 2.1
15.0] 0.1 194 172 11.3 189 2.6

200] 01 198 172 13.1 192 3.0

5.0 0.1 191 172 10.0 187 2.1

3.0 | 10.0| 0.1 195 172 11.8 190 2.6

15.0] 0.1 199 172 13.6 192 35

200] 01 203 172 15.3 195 3.9

5.0 0.1 175 166 51 174 0.6

1.0 | 1I0.0] 01 180 166 7.7 177 1.7

15.0] 0.1 184 166 9.8 180 2.2

20.0| 0.1 189 166 12.2 183 3.2

5.0 0.1 179 166 7.3 177 1.1

150 20 [10.0] 01 184 166 9.7 180 2.2
15.0| 0.1 188 166 11.7 183 2.7

20.0| 0.1 193 166 14.0 185 4.1

5.0 0.1 185 166 10.3 180 2.7

3.0 [ 10.0] 01 188 166 11.7 182 3.2

15.0| 0.1 193 166 14.0 185 4.1

20.0| 0.1 197 166 15.7 188 4.6
Maximumerror (%) 15.7 46
Averageerror (%) 10.63 2.25

which do not consideron-chip simultaneousswitching noise.
Theanalyticalexpressionpresentedh this papermrovideanac-
curatetiming modelfor repeateinsertion tapereduffer design,
andrelatedhigh performancelesigntechniquedor thosehigh

speedsynchronou€MOS integratedcircuitswhereon-chipsi- 5
multaneouswitchingnoisecannotbe neglected.

=
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TABLE 1l
ANALYTICAL EXPRESSIONS CHARACTERIZING THE OUTPUT VOLTAGE OF A CMOS INVERTER DRIVING A RESISTIVE-CAPACITIVE LOAD

Operatingegion Analyfical expressions
BnTTVdeLi (n+1) n sn fl sTr
ny Tr o(t) = — - B, 2 s 23
[T T ] Ve (t) Vaa (n ¥ I)CL§ Ry, Vdd§ + CL V. ,Z(t) ( )
_ Bn n f2,s
[T, Tsat] Vo(t) = Vo(rr) — =~ (Vaa — Von )" (t — ) + 5= Vas(t) (24)
CL CL
B B
Volt) = Kse™ 3 + Kee 5 (25)
B mRy,,Cr + Ry,,Cy,, + C208L1m) 26)
3 =
t > Teat Ry,,Cy,, SLUELI) 4y, CL + LyssC,,
1
By = (27
Rvs.s‘ CVss CL(l:fL’Yn) + mLVss C'L + Ly s C'Vss

TABLE IV
COMPARISON OF HIGH-TO-LOW PROPAGATION DELAY WITH SPICE FOR A CMOS INVERTER DRIVING A RESISTIVE-CAPACITIVE LOAD INCLUDING THE
EFFECTS OF ON-CHIP SIMULTANEOUS SWITCHING NOISE

Tnput Impedancef Comparisorof Propagatiobelay
RiseTime GroundRail Simulation Analytic Estimation
Ty L R C SPICE Without SSN With SSN

(ps) (nH) [ () | (pF) (ps) (ps) | % Error | (ps) | % Error
5.0 0.1 163 152 6.7 162 0.6

1.0 | 100] 0.1 167 152 9.0 165 1.2

15.0| 0.1 172 152 11.6 168 2.3

200] 01 176 152 13.6 171 2.8

5.0 0.1 167 152 9.0 165 1.2

200 20 [ 100] 0.1 171 152 11.1 168 1.8
15.0| 0.1 176 152 13.6 171 2.8

200] 0.1 180 152 15.6 174 3.3

5.0 0.1 172 152 11.6 169 1.7

3.0 | 100] 0.1 176 152 13.6 172 2.3

15.0] 0.1 180 152 15.6 175 2.8

200] 01 184 152 17.4 177 3.8

50 | 0.1 157 146 7.0 156 0.6

1.0 | 10.0| 0.1 162 146 9.9 159 1.9

15.0] 0.1 166 146 12.0 162 24

20.0| 0.1 170 146 14.1 165 2.9

50 | 0.1 161 146 9.3 159 1.2

150 20 [10.0] 01 165 146 11.5 162 1.8
15.0] 0.1 170 146 14.1 165 2.9

20.0| 0.1 174 146 16.1 168 3.4

50 | 0.1 166 146 12.0 162 2.4

3.0 [ 10.0] 01 170 146 14.1 165 2.9

150 0.1 174 146 16.1 168 3.4

20.0| 0.1 170 146 18.0 170 4.5
Maximumerror (%) 18.0 4.5
Averageerror (%) 12,61 2.38




