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4k
v =~(s) = /(sL+ R)(sC + G), (3)
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70 = dVLC. (15)

B (10) A1 (12) &, (2) HMbh

N N
V(O’S)YO Z cnun - I(Oa '5) = QO l:V(d’ S)YO Z Cnun - I(dv S)} exP(_STO)QN(S)a (163)
n=0 n=0

N

N
V(d, s)Yo Z cenu™ + I{d,5) = Qo [V (0,8)Ys Z cnu™ + I(0, s)j' exp(—s70)@n(s). (16Db)
n=0 n=0
7 (16) A9, &
I, (0,s) = V(0, s)Yyu, (17a)
Ii(d,s) = V(d,s)You; (17b)
I141(0,5) = V{0, 5)You ! = ;(0,5), (18a)
Ii1(d,s) = V({d,s)You' ! = I;(d,s)u, j=1,2,---,N—1; (18b)
(16) KA
N
V(0,8)Yo — 1(0,8) + Y _ cnln(0,5)
n=1
N
= QO V(da S)YO - I(d’ S) + Z CnIn(da s):l exP(—STO)QN(s)a (193)
n=1
N
V(d,8)Yo + I(d,s) + > _ ealn(d, s)
n=1

N
= Qo [wo, Yo +1(0,9)+ 3 ealn(0, s)] exp(-sm)Qn(s).  (19b)

n=1

R (19) X Qn(s) REMSET W B KA SR BT BIT, W (19) RATR E A
HeEletE. R (13) T Qn(s) BAEREER, THMTH Taylor B A FETIELL:

n 1 i
Qn(s) ~ 1+ ;bj (?ﬁ) _ (20)
Besb b; BXRA Taylor R, B B, TRLEBE Qn(s) Wik R KT P(t):

P(H)=6()+3 bjzj—j—l)'tj‘l exp(—t). (21)
j=1 ‘



794 mOF OB % 2 21 %

Xt (19) KfAT R A B, 793 AT B Py 77 72

N

You(0,8) = 4(0,8) + Y cain(0,1)
n=1
N
= QO YOU(d)t - TO) - Z(d’t e TO) + Z Cnin(drt - TO) * P(t)’ (223')
n=1
N
You(d,t) +i(d,t) + D cnin(d, 1)
n=1
N
= Qo |You(0,t — 70) +4(0,t — 7o) + Z cnin(0,t — 70) [ * P(2); (22b)
n=1
QYQU(O,t) = ﬂil(O,t) + di, (0, t)/dt, (238,)
aYov(d,t) = Biy(d, t) + diy (d, t)/d¢; (23b)
ij(0,t) = Bi1+1(0,t) + di;14(0,t)/dt, (24a)
aij(d, t) = ﬁ’ij+1(d, t) +dij+1(d, t)/dt, i=L2,--- N-1 (24b)

(22) AFFEHHARNRIFERE, K * BB, MEPKRERE, SHREABRSNE T L%
T3KkB. (22) AFHFEREE 70 MBERME T Qo MR T 154 LA EAFFE.

EXCHR (9] 7, BHSBRME-SRETRAY, FERIBRE; WaimEd, (23) R
HEMERTRER AL RTFELRENE, RREREHFTABRARAE; B Taylor
IS T SCHk [9] #F Pade SBIE AT S BN A RS HE.

X THA ERL, ATFASCER 5] FRTEETERMR, SRR BRIk
AR,

3 RESER

B 1 FRR B BER AR MCM EE s B —#5r, MERER— I mEbk, HEA TR
{h#RR 0.5ns, ] 1V BFRREE 2ns . (RRKRBESEN

. o _|494.6 633 _ 62,8 —49
line# 1: d =0.1m, L = [ 63.3 494.6](nH/m), C= [_4.9 62. ](pF/m),

R= [‘;’8 ;8} (Q/m), G=0,
line# 2: d = 0.06m, L = 360nH/m, C = 100pF/m, R = 50Q/m, G = 0.01S/m ;
HES¥H Ry = 1000, R, = Rs = Ry, = 500, L, = 10nH, C; = 2pF; FIHA %, 7£ (22)-(24)
KW N =2, (20) RFE n =1, HHLERWE 2 PR, FERHARCHE (7]  FFT #3CH
[10] A4 Kk (Differential Quadrature Method, DQM) it 4R, DQM B—F3sF

ENENEEN %, ERKES AHEL TTURIIEERNER, NETTR, 27EgR
HNEE RS2 il M FFT B TR BBV ERLE ] S ERRRE. RN, (22)-(29)

KAHH N M (20)-(21) KPiy n ERK, RSN, ETEREOELTREER. B,



6 #1 ®REPTE HRIESRSEUNRERAINE 795

line # 1 ) .
R, b - ———— = g line # 2 A

e(l)(; ;; C,
R, L _ . 18 R, I

M1l EELERRE

I (b)
(a) 0.015 ;_:_ EXHE
6.8~ o FFT
0.010
é - DQM
5 0.6 0.005 ' J
H S .
® 9.4 {5 0.000}
w
0.2 -0.005}
-0.010}- N'
0 Or %
{ 1 i | | ~0.015 l | | | | Il
[} 2 4 6 8 10 0 2 4 6 8 10
Et1E (ns) Bt (8 (ns)
(a) A HeEMEEEE (b) B & & KA BB
B2 HHEE

AT EVTEREMTEEEZR—NTE, N=2/n=1REEM05EE IHELTHY
BHTHEBER AR DQM # (14/6) 5.

HE 2 WERTUERY, HTLELMY, F5EHT A SRPETRAMEE, FfE
B R TRN(ES.

4 & #®

AR T —MREEE VLS 1 MCM ¥ S E AR RPN 80 g, E58
PFI B Taylor REGHITEE, B KA HREBR] —ANBHAMBIIAR. RAE LR EE
K, BESMYTLGEERE, ARATHEEITE. 3038 FRERIEHLFNEERRY
HH, BfZAETURREENEER #HERASE2STEHMRESEX, AR EME
ME; AFEMA Taylor BT, B4 TAEELFSBWARENE. BETREREN, &
XHET AR ERORE .

2 £ X W
(1]  ZEW. KRR BN MR SR, BFEH, 1992, 20(5): 67-73.

[2] Djordjevic A R, Sarkar T K, Harrington R F. Time-domain response of multiconductor transmis-
sion lines. IEEE Proc. 1987, 75(6): 743-764.
{3] Liu Y K. Transient analysis of TEM transmission lines. Proc. IEEE(letters), 1968, 56(6): 1090-

1092.
[4] Romeo F, Santomauro M. Time domain simulation of n coupled transmission lines. IEEE Trans.

on MTT, 1987, MTT-35(2): 131-137.



796 A - 21 %

[5] Chang F-Y. The generalized method of characteristics for waveform relaxation analysis of lossy
coupled transmission lines. IEEE Trans. on MTT, 1989, MTT-37(12): 2028-2038.

[6] Mao J-F, Li Z-F. Analysis of the time response of transmission lines with frequency-dependent
losses by the method of convolution characteristic. JEEE Trans. on MTT, 1992, MTT-40(4):
637-645.

[7]  Mao J-F, Kuh E S. Fast simulation and sensitivity analysis of lossy transmission lines by the
method of characteristics. IEEE Trans. on CAS, 1997, CAS-44(5): 391-401.

[8] Pillage L T, Rohrer R A. Asymptotic waveform evaluation for timing analysis. IEEE Trans. on
CAD, 1990, CAD-9(4): 352-377.

[9] Lin S, Kuh E S. Transient simulation of lossy interconnects based on the recursive convolution
formulation. IEEE Trans. on CAS, 1992, CAS-39(11): 879-892.

[10] #&T, FEMW, B X MOREERBEEAEBL BB TERNBEWY. K5 RgyiR, 1998,
3(2): 76-81.

STABLE RECURSIVE ALGORITHM FOR THE TRANSIENT
SIMULATION OF LOSSY INTERCONNECTS

Xu Qinwei Li Zhengfan Mao Jifeng Wang Juan

(Department of Electronic Engineering, Shanghai Jiaotong University, Shanghai 200030)

Abstract A stable recursive algorithm is presented for the transient simulation of intercon-
nect systems in the high-speed VLSI and multichip modules (MCMs). The Taylor approxima-
tion is employed in the frequency domain, then a set of recursive formulas is derived by the
inverse Laplace transform. The recursive convolution includes no unknowns, it is only related
with the computed quantities. The algorithm concerns only the quantities at two ends of the
lines, so it consumes less computer time and less memory in comparison with other methods.
The algorithm is useful for both delay and crosstalk estimation and can be used to evaluate
transient responses of high-speed interconnect circuits. Applications show that the method
gives high accuracy.

Key words High-speed VLSI, MCMs, Interconnect, Transient response, Taylor approxima-
tion, Recursive algorithm
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