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Abstract— In this paper, we present a new decoupled model o WO om nw

1
for two coupled transmission lines with consideration of the in- 1o ! M é PR
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we derive a closed-form time domain response for an isolated Vo ROy o)1 4P
transmission line using a one-segmenkRLC II model. Com- R ¥ @

bining the two models, we have an analytical time-domain solu-

tion to two coupled transmission lines. The model gives satisfied (D) | <—
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simulation over an accurate distributed RLC circuit model, and ’ LT Lo
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For integrated circuits in the deep submicron (DSM) tech- R P LR

nology, interconnects play an important role in determining

the performance and signal integrity [1, 2]. An efficient orFigure 1: (a) Two identical coupled transmission lines. (b) The
chip interconnect model is critical to interconnect optimizalecoupled model in [7, 4], where the two lines are decoupled, but
tion at high-level design, logic synthesis and physical desiduts (1(0) and12(0)) and outputs (1(D) and V(D)) of the

as circuit simulation is overkill or not affordable at these déecoupled lines are still coupled. (c) The new decoupled model
sign stages. Closed-form formulas are particularly efficigffPPosed in this paper, where the two lines are decoupled, and the

and effective for these design stages. Previous work includd!ts ¢s1 andVs:) and outputs¥y (D) andVz (D)) of the decou-
formulas for the delay [5, 15, 10], and formulas for the tim(ﬁled lines are also decoupled. Analytical formulas are developed to

domain response [6, 11, 12]. The interconnect inductanc?iﬁk Ve1 andVes 10 the inputs of the original coupled lines, and to

considered in [10, 6, 12], but not in [5, 15, 11]. EVl(D) andVz(D) to the outputs of the original coupled lines.

All above methods consider only one isolated wire and

ignore the coupling effect from neighboring wires. In DSM  Recently, a closed-form formula was developed for the
designs, the wire thickness is often larger than the wire widdaupling noise voltage in two identical RLC lines [16]. It
and the spacing between adjacent wires is often smaller thgBssumed that one wire is switching, and the other stays
the distance between adjacent metal layers. This makesdfgt. Further, both lines are open-ended without drivers and
coupling capacitance between adjacent wires on the sa@ivers. The formula is based on an approximate solution
layer larger than the ground capacitance to adjacent laygsshe transfer function of the two coupled wires, and is valid
The dominant coupling capacitance may cause delay vaggty for the loosely coupled wires where the coupling noise
tions and crosstalk. Further, the coupling inductance exXigishe switching wire can be ignored.
between both adjacent and non-adjacent wires. Ignoring the|n this paper, we derive closed-form formulas for the
coupling inductance among a number of parallel wires M@ighe domain responses for two coupled RLC wires. The two
severely underestimate signal crosstalk [8]. wires are identical with identical drivers and receivers. We
*This research was partially supported by a grant from Intel, a@l€ able to consider an arbitrary combination of inpUtS and
used machines donated by SUN Microsystems. Address comment&gparbitrary coupling strength. Our method is based on the
Ihe@ece.wisc.edu. modal analysis, which can decouplecoupled lines into:
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isolated lines[3, 4, 7, 17]. Thereforethe coupledmulti-line
problemcanbesimplifiedasanumberof isolatedsingle-line
problems. However, the decoupledrelationwas not devel-
opedfor driversandrecevers,andnumericalmethodswere
usedto solve the boundaryproblemdueto driversandre-
cewers[7, 4]. Thecircuit modelusedin [4, 7] is shawvn in
Figure1(b)with theboundariesighlightedby boxes.

Our primarycontributionin this papetis to shov thatthe
thedecoupledelationholdsfor theboundariegor two iden-
tical RLC wires (seeFigure 1(c)). Therefore,two coupled
lines can be completelydecoupledinto two isolatedlines,
eachwith its own driver andreceiver. We also proposea
simple one sggment RLC' II modelto approximatea sin-
gle interconnect.The one-sgmentcircuit modelis justified
by the factthatthe on-chipwire (dueto buffer insertion)is
often shorterthan the wave length at the signal operating
frequeng. Combiningthe decoupledmodel and the one-
segmentmodel,we have a closed-formtime domainmodel
for thetwo coupledwires.

The remainderof the paperis organizedasfollows: In
section2, we introducethe modalanalysisandthe extension
of the decouplednodelto driversandrecevers. In section
3, we presenthe time domainclosed-formsolutionfor the
one-sgmentcircuit model. We showv experimentatesultsin
sectiord, anddraw conclusionsn section5.

2 Decoupledmodel

T A
| ‘1(T|) Tz) | ‘(12
—1ma; Vi ( 1)\ hS @ Z/ 1mlj(@) E: 1mjlj(w2) @ 17”1/ 112)

| 12(11 V (11

J 1m2J le) f @ Zj 1Ml (1) EJ 1Ml
I

)
I (12 1

Valea)
o 6;0 o

Figure2: Decoupledequivalenttransmissionine model.

Thetwo coupledtransmissiorinesis describedy
\'%

w(v) = (v o) (y)

whereV (= (V4 (z) Va(z))T), I(= (I1(z) LI(z))T) arethe
line voltageandcurrentvectors.Z(= R + sL), Y(= G +
sC) areunit impedanceand conductancenatricesfor cou-
pled transmissiorines, respectiely. Their dimensionsare
2 x 2. Further 0 < z < D with D beingthelengthof the
transmissionine.

In themodalanalysis(1) canbedescribechs

(1) - (3 9)(7)
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with

A% M 0 A%

(7) = (Vo )(7) ©
whereV (= (Vi (z) Va(2))T), I(= (I1(z) L(z))T) arevolt-
ageand currentvectorsfor the decoupledines. M is the
voltageeigervectormatrix. Theequvalenttransmlssmrllne
modelis shavnin Figure2. Z(= R+sL), Y (= G+sC) are
theunitimpedanceandconductancenatricesor two decou-
pled transmissiorines respectiely. Z and¥Y arediagonal
matriceswith thedimensionof 2 x 2, andaregivenby

Z

~

Y

M71Z(MT)71
MTYM

(4)
®)

Basedon the above equationswe canderive the expression
of M. If two linesareidenticalin termsof unit impedance,
unit conductancandwire length,from (4) and(5)
M:(mﬂ ):(‘/5/2 v2/2 ) (6)
ma21

mi2
M2 V2/2 —/2/2
Theabove derivationareonly valid for 0 < x < D because
the telegrapherequation(1) doesnot hold at the driver and
receverends.

To extendthe decouplednodelto driversandrecevers,
we modelthe driver by a voltage sourcewith outputresis-
tance,and model the receier by a load capacitance. As
shawn in Figure 1(a), we denotethe driver voltagesas V1,
V2 for two lines, respectiely. Thedriverresistancéor both
linesis R, andload capacitancés C,. We have thefollow-
ing theorem:

Theorem The decouplednodel (3) canbe extendedto the
boundariegz = 0, D) with

~

Vsl -1 V-sl
5 M 7
(+) () o
Ra =Ry R, (8)
Cri=Cra = Cp )

whereV}; andV}, arethedrivervoltages k! andR2 arethe
driverresistancesandC} andC?% andtheloadcapacitances,
all for thetwo decoupledines, respectiely. The decoupled
circuit with driver/receveris shavn in Figurel1(c).

Proof: Let's considerthe driver ends(z = 0) first. By
circuit analysis,we canderive the boundaryconditionsof
two networks

V1(0) _ Vs1 — I (0) R,
( V3 (0) ) = ( Vio — L(O)R, ) (10)
( 11 (0) ) _ ( Vi — L{0)R, ) an
12(0) Vso — I(0)Rs
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If therelation(3) holdsatthedriverendsfrom (10)and(11),

we have
) (

( Vi — Li(0)R,

Vor = L(0) Ry
‘/s2 - IQ(O)RS ( Rs2

Vsa — I (0)
Because
Va1
Vs2
and
I (0)R;
I,(0)R;

From(3), (6) and(13), we have

1 - A 1 A -
L(O)Rs = 511 (0)(Rs1 + Rs2) + 512(0)(1331 — Rs2)

1 - A 1 A -
I2(O)RS = 5-[1 (0)(R81 - RS2) + 5-[2 (0)(Rsl + Rs2)

ThenR,; = Ry, = R,. Similarly we canprove Cr; =
Cr2 = Cy, atthereceverends.

We useFigures3, 4 and5 to illustrate our decoupled
model. We apply exponentialsignalsswitchingat opposite
directionsto the two coupledlines, and comparethe spice
simulationresultsover the coupledliineswith theresultsde-
rived from the decouplednodel. The responsef eachiso-
lated(i.e., decoupled)ine is alsocomputedby spicesimu-
lation. Further the casewhereoneline is switchingandthe
otherline is quietwill be presentedn section4.

() x107

Figure 3: Input componentge;;) to decoupledines: (a) decou-
pledline 1, and(b) decoupledine 2. Basedon equation(12), in-
putstoisolatedinesareVi; = e11 + ea1, Vaa = €1 + ez, Where
ei; = (M™1);;V; with 4,5 = 1,2. Parameters:D = 3000y,
R = 12.94Q, L = 4.70nH, C = 110fF, C, = 96.5fF and
K12 = 0.895. Vi1 andVs» areboth exponentialinputswherethe
rising constanis 10ps for V1, andis 30ps for V..

(b)

Figure4: Outputcomponentst the receier endsof two decou-
pledlines. f;; is SPICEsimulationoutputof singletransmission
line (decoupledine) wherethe inputis e;;. (a) At line 1 where

Vi(D) = fu1 + f21. (b) At line 2 whereV2(D) = fi2 + foo.
HereD = 30004.

— — Direct Simulation
—— Decouple Method

— — Direct Simulation
—— Decouple Method

Figure 5: Comparisonof direct simulation and the result from
decouplingmethodby coupling four componentfrom Figure 4.
(a) Comparisorat the outputendof line 1. (b) Comparisorat the
outputendof line 2. Obviously They arealmostthe same.
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3 Solutionto oneline

Using the modal analysisand driver/recever mapping,we
can simplify the coupledline probleminto the single-line
problem. Becausehe open-endedransmissiorline is as-
sumedin [6] andthe inductances not consideredn [11],

the singleline solutionsin [6, 11] arenot applicableto our
case As huffersareoftenusedin DSM designgo breakiong

wires into shortwires, on-chipwires are often shorterthan
thewave lengthatthesignaloperatingrequeng. Therefore,
the distributedeffect oftenis not distinctfor on-chipwires,
andwe canmodelanon-chipinterconnectsa one-sgment
RLC TI circuit. As shaovn asin Figure6, R, L, C arethere-
sistanceinductanceandcapacitancef theline, respectiely.

R, is thedriver resistanceand Cy, is the load capacitance.

C1 = 1C andC; = 1C + Cy. Thetransferfunctionof the

circuitis
1
= 14
1+ ais+ azs? + azs® (14)
where

an = (R+ R,;)Cy+ R;Cy (15)
a; = (RR,Cis+L)Cq (16)
a3 = R,CiCoL (17)

Thetransferfunction (14) canbe expressedn rationalform

k k k
H = 1 24 3 (18)
§—=p1 S$—p2 S—P3
where
1 tg 2 i3 1as
= =2 = 19
b 6 as 3 a3t2 3 as ( )
- 1k 1t la
P2 = 12 as 3 a3t2 3 as
V3, ty Aty
Y3t s 20
+ 12 (ag + a3t2 ( )
1 tg 1 t3 1 a9
ps = —o—to o
12 as 3 a3t2 3 as
V3, ty  Ats
- I (24 B 21
12 (ag +a3t2) ( )
and
t1 = 4alaz —ala3 — 18ajaza3 + 27a3 + 4a3
t2 = </36a1a2a3 — 108@% — Sag + 12\/ 3t1a3
t3 = 3(11(13 - ag

Further p; is arealnumberandp, andps arecomplex
values,.e.,ps = py, + Ip, andps = p,, — Ip,. Similarly,
kq isreal,andk, andks canbeexpressedsks = k. + Ikg

andks = k. — kg, respectiely. By setting(14)=(18),k1, k2
andks; canbecalculated.

1
ki = : 22
O R R B Sy (@2)
1
k., = — 23
¢ 2a3(p? + P2, + P2 — 2p1Pm) @3)
P1 — Pm
ke = (24)
2pnas(p? + p2, + P2 — 2p1pm)
ky = ko+Tky (25)
ks = ko— Iky (26)
R R L
Vin o) Cy Vout

. 1

Figure6: One-sgmentRLC I model

Thes-domainexpressiorfor exponentiakisinginputcan
beexpressedis

1
s+tr

1
Ving = VO(; - ) (27)
whereVj is theamplitudeandt, is therising time constant.
Combine(27) and(18), the outputis

Vout, HVing

1
> GG )

1<i<3 _p’

S Vokil t;l !

1<i<3 pilpi+ ') s —pi

1 1
- T

pis  (pi+tr )(s+tr)

(28)

Thereforethetime domainresponsef outputsignalis

Vout, = Y  Voki[——"——e"'
1<i<3 (p tr )
_ 1 1 — eftr‘lt] (29)

4 Experimental Results

Combiningthe oneline closed-formsolution (29) and our
new decouplednodel,we achiese a closed-formsolutionto
two coupledlines. In this section,we compareour closed-
form solutionsto spice simulationresultsover a full RLC
model[9]. In thefull model,we use30 RLC sggmentsto
approximatealongwire. We considetthemutualinductance
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(b) Line 2

Figure 7: Comparisonof closed-formsolution with full model
spicesimulationresults. Parameters:D = 1000u, R = 4.319,
L = 1.350H, C = 36.7fF, C, = 32.2fF andK;, = 0.88
whereK is the couplingcoeficient betweertwo lines.

betweerany two sggmentsin orderto achiese anhighly ac-
curatemodel.

We testthreedifferencecaseswherethewire lengthare
1000, 3000p and 5000y, respectiely. Theline width and
the distancebetweentwo lines are both 2. The compar
isonsare shovn in Figures7, 8 and9. For all cases,one
exponentialrising input with rising 7,. = 10ps andampli-
tudeV, = 1.05V is appliedto line 1 while line 2 staysquiet.
In all figures,(a) representshe outputsignalat the output
endof theaggressqrnd(b) for theoutputof thevictim line.

() Lline 1

(b) Line 2

Figure 8: Comparisonof closed-formsolution with full model
spicesimulationresults. Parameters:D = 3000y, R = 12.94Q,
L =4.70nH,C = 110fF, C, = 96.5fF and K> = 0.895.

For wireswith lengthof 10004 (seeFigure7), thewave-
form givenby closed-fornformulasis almostidenticalto the
full modelsimulationresults. It verifiesour previous obser
vationthatwhenan interconnecis shortenoughcompared
to thewavelengthof the signaloperatingfrequeng, the dis-
tributedtransmissioriine modelis not necessaryor inter-
connectanalysis.

The solutionto the 5000u-long wires hasthe worst ac-

10
(b) Line 2 x10 N

Figure 9: Comparisonof closed-formsolution with full model
spicesimulationresults. Parameters:D = 5000u, R = 21.571,
L =8.35nH, C = 183fF, C, = 160fF and K2 = 0.90.

curay (Figure9), while the accurag for 3000u-long wires
(Figure8) is betweerthosefor 1000u- and5000u-longwires.
In the following, we measurehe error comparedo SPICE
simulation over the full RLC modelfor the first peaksat
recevver ends. For the switching aggressoi(Figure 9(a)),
boththe peakvoltageandthe 50% delaydiffer by 3%. For
the quiet victim (Figure 9(b)), the peakvoltage differs by
5%, and the 50% delay differs by 18%. Clearly, the dis-
tributedeffectbecomestrongemith theincreasef thewire
length.Neverthelessthe closed-formsolutionto the 5000 -
long wires is still good enoughto guide interconnecibpti-
mization.

In real designs,5000u is often larger thanthe allowed
maximumwire lengthwith consideratiorof buffer insertion.
Becausethe noisefor the 5000u-long wires is more than
20% of supplyvoltage(Figure9), suchlong wiresareoften
brokeninto several shortwires by buffers for performance
andsignalintegrity purposed1, 2]. Thereforethe closed-
form solutionof theone-sgmentRLC II modelis sufficient
for interconnectinalysisn mostrealdesigns.

5 Conclusion

In this paperwe presentanew decouplednalysismodelfor
two coupledRLC wires. It mapstwo coupledtransmission
lines into two isolatedlines with separatediriver/recever.
Furthermorewe useaone-sgmentRLC II circuit to model
a singleisolatedwire, and then derive a closed-formtime
domainresponsdor exponentialrising inputs. Combining
the decouplednodelandthe one-sgmentRLC II model,
we have a closed-formtime domainmodelfor the two cou-
pledlines. This modelcanbe usedto guidethe layout de-
sign,logic synthesisandhigh-level design.Our future work
will extendthe methodto multiple nets,andto non-identical
driversandrecevers.
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