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Abstract — The design automation of high-speed digital system
interconnects is a challenging problem which requires control-
ling reflections from discontinuities and noise due to crosstalk.
On-chip interconnect design automation is well defined since
the objective is to minimize R and C to minimize delay. In con-
trast, for boards and packaging interconnect, the design objec-
tive is much more difficult to specify in terms of a metric.

This paper presents a generalized approach for RLC inter-
connect design automation. A new metric is defined that speci-
fies the optimal design as a function of input signal rise-time,
loading conditions on the line, parasitic resistance in the circuit
and discontinuities in the interconnect. The approach is based
on the recognition of the relation between moments of the
responses and critical damping of the circuit. The metric is eval-
uated without any time-domain simulations to obtain the opti-
mal termination. No simplifying assumptions are required for
combinations of lumped and distributed lossy lines, with non-
ideal terminations.

|. INTRODUCTION AND BACKGROUND

(2)The circuit has significant capacitive loading; (3)There is signifi-
cant parasitic resistance in the circuit (e.g. lossy line); (4)There are
discontinuities or a humber of transmission lines with different pa-
rameters.

When any or all of these conditions are true, the “optimal” value
of a termination resistor will be less than the characteristic imped-
ance value. Terminating the line with the characteristic impedance
can overdamp the response and increase the circuit delay. Notice,
however, that all of the conditions stated above are rather subjective.
That is, the designer will have to determine what “significant” means
due to the absence of any appropriate metrics. For this reason, de-
signers usually select a termination resistance value through trial and
error, requiring a detailed time-domain simulation at each iteration.

Previous work on a quantified approach to optimal termination
has utilized an interconnect model to generate a simplified pole-zero
description of the circuit behavior [3,17,18]. A single-lump RLC
model is used for the interconnect path in order to generate a closed-
form expression for the two-pole voltage response at the driving
point, and the optimal series resistance is defined as the value which
produces a critically damped circuit based on this two-pole model.
Since the 2-poles are not theactdominant poles of the system, the

The design of system-level interconnects remains a challengitermination resistance value produced, in general, cannot be truly op-
problem for high-speed digital systems. Without proper termindimal. In [5] a distributed interconnect model is used for self-damped
tions, reflections from discontinuities and induced voltages due lossy transmission lines under the restriction that the highest frequen-
crosstalk can adversely influence the delay and the signal integricy component transmitted by the line does not exceed the quarter-
It is often the case that an additional lumped resistance is introduwavelength limit. However, the main limitation of this technique, as
either in series with the driver (series termination) or in parallel witwell as the single-RLC lump approaches, is their restriction to pin-
the load (parallel termination). The lumped resistance value is geto-pin nets and the inability to consider driver rise-time effects or

erally selected to be equal to the characteristic impedance of
transmission line.

loading effects on the interconnect.

In this paper, a completely new metric has been defined for opti-

Experienced designers recognize, however, that these terminatmal termination of transmission lines that uses the coefficients of the
schemes are “optimal” only for a limited class of interconnect ciiTaylor series expansion of the “exact” time domain response, as a
cuits, and are inappropriate when any of the following conditions asymbolic function of the resistances in the circuit, to determine the
true: (1)The unloaded line driver has a significant rise/fall timeconditions for critical damping. The optimal termination choice is
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shown to be a trade-off between the rise time of the signal and the ac-
ceptable amount of peak overshoot, and is a direct function of the
loading conditions, driving signal characteristics and the resistivity
of the line. The foundation for this approach lies in the relation be-
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sent the time-weighted integrals of the exact time-domain responses.
No time-domain analysis is required and there are no restrictions on
the type of interconnect circuit. Moreover, the symbolic resistances
can be either distributed or lumped circuit parameters. Self-termina-
tion of a transmission line has been considered in [15]. Examples of
the optimal termination metric and the overall methodology are
shown for series and ac terminations.



Il. OPTIMAL TERMINATION with Rg as the series termination. The transfer func@gs) is:

Off-chip interconnect and packaging are generally modeled as _ VZ(S) _ o sinh(rd)
combinations of distributed and lumped RLC elements. Since these G(9 = V, () - Rs 7 + cosh("d) (3)
interconnect circuits are characterized by a time-of-flight delay and _l ) 0 )
ringing, defining and optimizing the delay is much more complicate‘éfhere I = s./Ic_is thepropagation constanand Z, = Ji/c is

than for the on-chip RC propagation case. For example, for an una%llgcharacteristic impedancef the transmiss'ior.\ Iiné.andc are the
damped waveform the delay is determined by the settling time a uctance and C:_:lpamtance of the trgnsmlssmn !lne per unit length
the logic thresholds for the signal line. Increasing the resistancerﬁ?‘peCt'veW’ and is the length of the line. Expanding abes0,:

the circuit will decrease the settling time, and hence the delay. How-
ever, excessive resistance will cause the line to be overdamped, and 0
the time at which the waveform crosses some threshold, say 90%E@ich momentny in (4), is a polynomial function of the series termi-

G(s) =m +mys+ mzsz+... +mksk+... (4)

the final value, will occur at a later point. nation resistance and can be evaluaigdbolicallyin terms ofRg:
The most general and desirable condition for optimal termination p p—1
is to decrease the time at which the signal first crosses some logic m = apRs + ap—le +..+a; pON ©)

threshold and control the maximum overshoot and undershoot a sigfor a positive value @R, asR_ - ,m, — *oo (i.emy grows
nal can experience. Achieving this condition requires a positive vl magnitude without bound) which is the asymptotic limit of the
ue of termination resistance which is guaranteed to be less tharp@érdamped case. A% is reduced from infinity, therefore, the first
equal to the characteristic impedance of a given line. zero-crossing of the moment expressignin (5), in terms of, is
the point at which thé‘-weighted time domain respongg) has the
ORI 1) integral fromt = Oto o exactly equal to zero. As the order of the
y moment being considered is increased (larger value of k), this first
_\— V4s) zero-crossing of the momenm,, as a function oRs, signifies the
G(s)=V(s) / Vy(s) Sonnt at which the circuit changes from overdamped to critically
amped.

The moments of the output respoisés)in Fig.1 for a step input
are shown as a symbolic function of the series termination resistance
in Fig.2. The first, second, fourth, sixth and eighth momengsn(y,
FIGURE 1. Open circuited lossless line with series termination at My, Mg andmg) are plotted as a function B§. The moments magni-
source end~=0.2nH/mm,c=0.15pF/mmlengtt=25mm,Z,=36.51, tudes are not plotted on the same scale, but it is evident that the great-

Ti=0.14ns. ; .
! est zero-crossing oy, ask is increased, converges to a valu®gf

From tra_nsmissio_n line theory it is yvell knoyvn that apure LC Iine‘equal to the characteristic impedance of the transmission line.
as shown in Fig.1, is perfectly terminated with a series impedance

given by Z,, the characteristic impedanceof the line. With

R, = Z, there is maximum power transfer and no overshoot. With
R, = 0 and a parallel termination dRL =Z, , there is no reflec-
tion, and the line is equivalent to an infinitely long line insofar as the .
source is concerned [16]. g
3
A. The Moment Representation g
Moment-matching techniques such Asymptotic Waveform g
Evaluation AWE have been widely applied for efficient waveform §
estimation of large RLC lumped and distributed circuits [12,14]. Mo-
ments of a time-domain wavefori(t), are classically defined via
the Laplace domain representation of the waveform, as follows: 0 5 1g__d5 20— o& ® S‘o ® 40
© st 2 FIGURE 2: Momentsimy, my, my, mg andmg of the voltage response
V(9 = J-e v(t)dt = m0 + mls+ mzs + ... Q) V, as a function of the termination resistariRe Z,=36.5Q
0 This symbolic approach to optimal termination via the moment
wherem, are the Maclaurin series coefficienta/g§). Thus, the&-th  representation provides a metric that is powerful and offers impor-
moment,my is: tant advantages in terms of generality and efficiency. Considering
K o loading effects on the termination requirements for a transmission
m, = (;ll)_ Itkv(t) dt 2) line, for example, a onv-loss transmission line with a capacitive load
K 0 has the transfer function:
The zero-th momeniyy, is the time domain integral of the wave- G(s = sCL(RScosi(rd) + %sinh(rd) )+
form fromt = 0 tot = oo . Similarly, thek-th momentm, is thet- R

weighted time-domain integral of the wavefowft). Our definition Z—Ssinh(rd) + cosh(I"d)

of optimal terminatioris in terms of these moments. 0 (6)
Consider the lossless line in Fig.1, open-circuited at the end, agflere, I = ./(r +sl) (s¢ andzo = J(r+sh)/(s0 .A low-



system become real ? [15]". For the LC line example in Fig.1, the

to-high input transition with non-zero rise-tinig,is given by:
movement of the first pole pair as a function of the termination value

S
U _1-e b - Rgis shown in Fig.4. WheRS = 0 |, the poles of the lossless trans-
(s) = g Q) mission line system lie on thes  -axis. Rgis increased, the poles
r move away from th¢w -axis, andRf = Z , the first pole pair be-
This input can be convolved with the impulse response of the trar®mes a repeated real pole, after which the poles move in opposite
mission line to obtain moments for the output respovi&s, directions on the real axis.
Y(9 =G(9W(9
g -sto
= +m,s+ 32+ Oft—e O — 15
mMg* My S+ M+ O F——0 < :
O st 0O =
r (8) = 10
As explained above, the expression fmwment-3of the output re- =z
sponse is of the form: A 57
(=]
4 3 2 = b
— PE S * * -
my Rsf4 * Rsf3 + Rsfz * Rsfl + Rs ©) § < il
v_vherefi Ef(R, .L, C _tﬂ CL) is a function of the loagf and rise- %D g /V
time of the driving signé. E Pale-pair became
-9 real forgfZ, )
9
‘ ‘ ‘ ‘ — ‘ Vin — -1 T T T T T T 1
s BEE BB e ~140-120-100 -80 -60 -40 -20 0
Fan ’.’ ‘\ 1 Real part of pnd&sm j
g 6 :': “‘l FARN 1
5 sl ! A e FIGURE 4: Movement of first pole-pair as a function of the
% I | P N 1 termination resistand&,. Pole-pair becomes real fBg = Z,,.
Y e ) ]
N ] C. Convergence of First Pole Pair
o T . - . .
2F 1 Moments, obtained as coefficients of a Maclaurin series expan-
1} : i sion of an RLC distributed interconnect, can be uséaeoretically
o ¢ ‘ ‘ ‘ ‘ ‘ show “convergence” of a single pole-pair model to the exact first
0 20 40 R0y B0 100 120 pole-pair of a system as higher and higher moments of the system are
FIGURE 3: Output response of low-loss linEy36.51Q ) with used to derive the two-pole model. Fay-th order system defined
capacitive load@, ) and optimal series termination resistariRg ( in the form of poles and residues as:
obtained usingng via symbolic analysi<C; = 50.0pF.
For a rise-time 00.05nsand a capacitive load 60pFon the cir- G(9 = E ; ki O (10)
cuit in Fig.1, the maximum root ofz as a function oRgyields a val- 0Z,st DE

ue of 1X3 . Time-domain waveforms shown in Fig.3 contrast thig o 1, th momentn.. is defined as:
i .

termination value against a no-termination condition and termination K K 0
equal to the characteristic impedangg Kotice the underdamped m = _B_:] . _f] N N _?1% 1)

response foR=0 and the overdamped signal =2,

The above discussion shows that we can determine the point at
which the circuit becomes critically damped without performing &ince the complex poles of the system exist as complex conjugate
time-domain analysis. Further,zsirrugis thetl-weighted integral of pairs, the poles can be ordered as:
the voltage wavefor is thet“-weighted integral, and so on, con- — - —
sidering optimal ternr:]:?]Zation to be the highest zero-crossing &f the 0<[py| = P <[Pg| =[P4| <[Pe| = [Pg| - (12)
th moment plotted against the series resistance ensures that a Id@dolar form, we rewrite (11) as:

order moment allows more signal overshoot/undershoot at “optimal 6. -8,
termination” than a higher moment. We will show next how to ap- ki =re ! ki = re
proximate the overshoot from the moments in order to facilitate fast ) io (13)
; i i imizati ip; 1P

delay/overshoot trade-off choices during optimization. p =ye' P, = ve
B. Laplace Domain Representation 1810 e, 1(8,-6y) O

° EH € +DI g _° B (14)

The distributed model of a transmission line represents the systendn,= " - " + ..
o . —j2 -
as an infinite pole system. It can be argued that, in general, the con- %ejpgg E‘EJ p%p O] r Hej (Po=Py) Ep E
dition for optimal termination for a step-response translates in the 1 1
Laplace domain to “What makes the first complex pole pair (pole- Since y,/y, <1 (from (12)) and,/r, <1 [13], all terms be-
. Thus,

pair closest to the real-axis) of the infinite-order transmission lingond the first two in (14) become arbitrarily smallras, o



considering moments,, Myy1, My42 and myy3, by the Caley- 2
Hamilton theorem [1], the first two poles of the system can be exact- S *a,s+ 1=0 (16)
ly determined, and a two-pole model converges to system'’s firghere,
pole-pair. m m

As higher order moments are considered for determining the opti- a. = __i‘, a = __5_5, m. =0 17)
mal termination for a transmission line system, the time-domain out- 2 m, 1 m, 3

put-response of the interconnect is increasingly dominated by theTne exact first pole-pair for an RLC transmission line response
first pole pair. Thus, the greatest zero-crossing of a high-order Mgqyides a pessimistic approximation for the signal overshoot/under-
ment, saymy, corresponds to a response due to the first-pole pair oot as compared with a second order moment matching approxi-
contains minimal or no ringing. This corresponds to a real pole-pa{ation AWE [14]), as shown in Fig.6. However, a “tight’ bound
[15], and hence follows our argument for optimal termination ifequires consideration of the second pole pair when the first pole-
Section Il B. The convergence of the highest moment root for a l0s4ir approaches the real-axis at optimal termination [15].

less line taZg (as the moment-orden, is increased) and the move-

ment of the first pole-pair corroborates this argument.

16 T T
D. Approximating Signal Overshoot/Undershoot 14t Rm%“s‘efi“/&&*v?p“ﬁ% o
Response - Actual pole pair ---
The Laplace domain treatment of a distributed model of a trans- e e Y ]
mission line in Section B led to a criterion for optimal termination z ! e ——
based on the first “exact” pole-pair of the infinite order system. For g 08
a loss-less line it can be shown using Fourier analysis that between § 06 ’./."" /
the undamped and the critically damped conditions, the first pole- 5 o4 i
pair and its corresponding residues provide bounds on the signal am- 3 oz} ,f;"
plitude. When the line is unterminated, the output response oscillates k-
between V and 2V, as shown in Fig.5, where V is the amplitude of 02l
the step-input. For this output, the Fourier series is: o
0 0.1 0.2 0.3 04 Tin(‘l)é?ns) 0.6 0.7 0.8 0.9 1.0

4v O O m
v(t) = V+ T D—COSDf% + FIGURE 6: Time domain response of a low-loss transmission line

g ) ICdZD with a capacitive load of 0.1pF=0.13Q /mm,|=0.2nH/mm,c=0.15pF/
mm. lengthF25mm,Z;=36.51,T;=0.14ns.

lofl dm § 1,0 65m 0, O
3°00 50 I1l. Variants Affecting Optimal Termination
Dicd®D Doyicd®D O (15) gop

Since4/m>1 , it is clear that the amplitude of the first harmonicp_ Optimal Termination as Function of Capacitive Load
which corresponds to the first pole-pair of the lossless transmission

line system, bounds its output response. A capacitive load at the end of a transmission line due to the input

capacitance of a receiver drastically affects the characteristics of the
signal on the line. The charging and dischargin@,ohas a time-

[}
(2]
5 oV constant ofZ,C, for a lossless line. This time-constant should be
S . . s
I small compared to the time-of-flight of the transmission line for the
g v capacitive effects of the load to be negligible [2]. As shown in Fig.7,
a2 - this relation can be easily analyzed with the metric from this paper.
5 1T 3% 5%
time 35
FIGURE 5: Output response of an unterminated, open-circuited — 36L
lossless lineT; = time of flight. g
The exact first pole-pair for an RLC system can be obtained using <34 e

moment shifting [1] which effectively involves exciting the system E 324 -

with a low frequency inputl/s™ , if moments,, My.1, My+2 Mp+3 '§ 201 .

are used to converge to the actual pole-pair. From linear system the- :

ory, it is well known that low frequency signals “excite” the low fre- g 25 b

guency poles of a system more than the poles high is-piemne. § 26 .

Thus the residues corresponding to the first pole pair increase in = 24

magnitude as the low frequency content of the input signal increases. g - o .

For an input excitation given llYs™ , @s-» o |, the first pole-pair o * 2, *

is said to have converged to the exact pole-pair, and the time-domain e

. . 0 5 10 15 20 2530 35 40 45 5¢
response due to this pole-pair bounds that due to the second order .
AWEapproximation Load capacitance (pF}
) S . . . FIGURE 7: Optimal termination resistancB,) as function of
For optimal termination obtained usingpment-3the first pole- capacitive 10ad@ ). Cjne=3.75pF. FOC, <Ciine, Rop=Zo-

pair can be obtained by solving the quadratic equation:



B. Optimal Termination as Function of Line-loss condition is empirically known to be equivalent tp=2.2T,
Interconnections for multi-chip modules and thin-film wirin SwhereTf s the time-of-flight of the signal on the line [2].

L . P . vinng Rise-timef,, of the input signal is determined by the rate at which
have S|gn|f|c.an.t re5|.stance anq cannot be app.roxmated using a l?ﬁgdriver for the line is turned on. This depends on the driver char-
less transmission line analysis. From_ e_mp|r!cal obser_vahon It Steristics and the ratio of the driver source resistance to the line im-
!(nown that V\{herR””.e< Zo/2 the transmission Ilne_ behavior of the pedance. Thus, owing to practical consideratignis, always> 0
interconnect is dominant, and whije> 57, the line can be con- and can be mot,jeled as a saturated ramp ' '
sidered to be a distributed RC line[2]. For long lines and fast rising As shown in Fig.10, the optimal termiﬁal resista
signals, inductive effects in interconnects are considerable, and ? hsmission line rédu,ces with increase in the rise-ﬁismbe)f the
p:.)r?”?:]i tgcT]'nnat'Zn dgggzgl!:iﬁ.gm;”e; 5Zg can be obtained driving signal. The sensitivity d®ptto variations irt; is very high
using A Ique descrl In this paper. L for values oft = 2T, which is also the condition when transmission

The optlmal termlna_tlon value for a lossy transmission line has”%e effects cease to be dominant, and the line can be considered to
monotonically decreasing dependence on the value of the line resis, lumped circuit. Moment domain symbolic analysis gives an op-
tance Rjjne, @s shown in Fig.8. The moment representation results jin s X .

a 7610 \I/g‘leue of optimal termination fer. =17 which can betlmal termination value of zero fdf > 2T,  since the RC effects be-
pimal ine” "“0 in to dominate, and minimization of RC delay follows the usual

shown to be the condition for self-termination for an unloaded Ios%rategy for delay reduction as in on-chip interconnects [2]

line [15]. Fig.9 shows the time-domain response for a lossy line wi ’

v for a

optimal termination obtained using versus a termination value -
equal taZ, T¥eee,
— ...
E 304 .,
*
40 = 25 *e
Z3ste B *e
E *e & 204 .
< *e s .
g e, £15 .
525 . 2
2 * E 10y
g 20 * £
£ i
* o
£15 5
E . & o seseeed
S 10 * - . . . .
E 5 . ] 0.1 02 03 04 05
© Rise-time of driver (ns)
DD 0 40 é0 %0 1m + 130 FIGURE 10: Optimi\l termination resistandg,y, as function of input
- . signal rise-timet,. T¢ = 0.14nsR;; obtained from moment analysis
Total line reistance (ohos) (usingmg) equalsd for t = 2T, .
FIGURE 8: Optimal termination resistancegRlotted as a function . . r . . .
of the resistance of the transmission liRg,e. @2: 36.5Q . Self . The time-domain respor_wse_for a lossy tran_smlss_lon |Ine.WIth a
A2 rise-time of 0.35ns, open-circuited at the end with a time-of-flight of

termination condition for the line Rj,e= 109
0.14ns, is shown in Fig.11. Considering the resistance of the line and
rise-time, the moment analysis usimpment-3yields a zero value

of termination.

7
Vin —
” Rs=0.0 ohms ---
N Rs=20.30hms - - -
6 FARY Rs=36.50hms --- 1
l’ ‘\
sl f Y . | 6 — .
7 T, S Vin, tr =0.35ns —
5 [ Rs=000hms --
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5 1 P
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= 3H @ i’
g i N N A ]
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FIGURE 9: Time-domain response for lossy transmission lis=( ;f:i
36.51Q |R;,e=40Q ) with termination valuR=0.0Q , J;
0 L L L L
1.5e-09 2e-09 2.5e-09 3e-09 3.5e-09

. .
0 5e-10 1e-09 )
time (ns)

20.3Q (termination value frommg) and 36.82 .

C. Optimal Termination as Function of Rise-time of Driver FIGURE 11:  Output response of lossy linBj(e=60.0Q _
Z4=36.51Q ) for input signal rise-timg= 0.35nsR=0.0Q (o&tlmal

Transmission line phenomenon becomes significant for fast-ris- SfefieS termination feSiSEanC%g%btained from momerg3)L,5.0
ing signals where the smallest wavelength component of the signal (o™ moment-6) an&, = 36.52  Zq).
is comparable to the interconnect length. In terms of rise-tjntleist



D. AC Termination Towards the objective of providing a reliable metric that can effi-
ciently evaluate the trade-off between the overshoot/undershoot of a
signal and delay, future work will involve determining accurate

Vo(S) bounds on the signal. Estimating the sensitivity of the signal to pa-
J_ C rameter changes owing to process variations is also an important
V(s P consideration. Finally, calculating the moments as a symbolic func-
Ro tion of various R’s will be considered for more complex interconnect
circuits.
FIGURE 12: Low loss line terminated in parallel witg,C,, ACKNOWLEDGEMENTS
combinationr=0.13Q /mm|=0.2nH/mmc=0.15pF/mm, . L .
length=25mm. The authors would like to acknowledge the contribution of Jin
Chen and Jessica Qian during the initial stages of this project.
! — o REFERENCES
Rp =35.68 OhmRS’pC:pSZS.Z?Ob?\ %FS -
6 Rp =365 0nms -~ 1 [1] D.F. Anastasakis, N. Gopal, S.Y. Kim and L.T. Pillage. On the Stability
_ N P of Moment-Matching Approximations in Asymptotic Waveform Eval-
2 i o . uation. Proceedings of the 29th ACM/IEEE Design Automation Con-
g 4 f ference 1992
g l! [2] H.B. Bakoglu. Circuits, Interconnections and Packaging for
g i i VLSL Addison-Wesley Publishing Company, 1990.
3 2if | p [3] J.R. Brews. Overshoot-Controlled RLC InterconnectidBEE Trans-
!' actions on Electron Deviced,, Jan. 1991.
! i [4] F.Y. Chang. Waveform relaxation analysis of nonuniform lossy trans-
ol . ‘ ‘ ‘ ‘ ‘ ‘ ‘ mission lines characterized with frequency-dependent parameters.
o 05 1015 20wy 30 3% 40 4s IEEE Transactions on Circuits and SysteNfd, 38, Dec. 1991.
FIGURE 13: Output response of a low-loss line with parallel AC ~ [5] R.C. Frye and H.Z. Chen. Optimal Self-Damped Lossy Transmission
termination in contrast with parallel resistance termination. OTTER Line Interconnections for Multichip ModuletEEE Transactions on
yields values oR;=35.68Q andC;=20.0pF using the symbolic Circuits and Systems — II: Analog and Digital Signal Processirig,
analysis approach describéj,=5.0Q . Nov. 1992.

Parallel termination of transmission lines results in unwanted @§] M.S. Ghausi and J.J. Kellyntroduction to Distributed Parameter
power dissipation, and this can sometimes be eliminated using an RC Networks, Robert E. Krieger Publishing Company, 1977.
parallel termination as shown in Fig.12. For a pure lossless line, 71§ N. Gopal. Fast Evaluation of VLSI Interconnect Structures Using
signal travels down the line unattenuated and in order that there are Moment-Matching Methods?h.D. dissertation, Univ. of Texas at
no reflections, the value (Rp should equaZg. C,, should be such Austin, 1992
that ringing at the output is minimal. Since the input signal in a los$§l Xiaoli Huang. Pad’e Approximation of Linear(ized) ~Circuit
line gets attenuated along the line, obtaining the optimal Valtﬁﬁ of Responses. Ph.D. dissertation, Carnegie Mellon University, Nov.,
andCy is a two-step process: 1990. o ) ) )
* Obtain the value of theptimal parallel termination resistance [91 P- Henrici.Applied and Computational Complex Analysis. Valohn

from moment analysis. Wiley & Sons, 1974

® Use the transfer function in (18) to obtain optimal value of thE‘O] D'.B' Jarvis. The Eﬁ(_acts of Interconn_ectlons on High-Speed Logic Cir-
. . . cuits.|[EEE Transactions on Electronic Computef3¢t. 1963.
parallel capaC|t0th, using moment analysis.

[11] B.P. Lathi.Signals, Systems and Controlatext Educational Publish-

O st o ers, 1974.
G(9 = %ﬁgzosmh(rd) + cosh(I"d) (18)  [12] S.P. McCormickModeling and Simulation of VLSI Interconnections
% p with Moments Ph.D. thesis, MIT, 1989.

A resultis shown plotted in Fig.13 for a low-loss transmission lin@3] J.H. Mulligan, Jr. The Effect of Pole and Zero Locations on the Tran-
with AC termination versus a parallel resistive termination with an  sient Response of Linear Dynamic SysterRsoceedings of the
optimal R. I.R.E, May, 1949.

[14] L.T. Pillage and R.A. Rohrer. Asymptotic Waveform Evaluation for
IV. C ONCLUSIONS timing analysis.IEEE Transactions on Computer Aided Design,
1990.

This paper presents a comprehensive and generalized approgefl The Authorsin preparation
for optimal termination of transmission lines using moment-basggs] N.N. Rao.Elements of Engineering Electromagneti€entice Hall,
symbolic analysis. A new metric has been defined for terminating Englewood Cliffs, NJ, 1991.
transmission lines based on the interpretation of moments of a signaj M. Sriram and S.M. Kang. Performance Driven MCM Routing Using
as the time-weighted integral of the waveform in the time-domain. a Second Order RLC Tree Delay ModPtoceedings of the 1993
No time-domain simulations are required to obtain this optimal value International Conference on Wafer Scale Integrati893.
of termination. Furthermore, the general framework of this metho€lt8] S. Voranantakul and J.L. Prince. Efficient Computation of Signal Prop-
ology is shown to be conducive for incorporating rise-time effects of agation Delay with Overshoot- and Undershoot Control in VLSI inter-
the input signal and loading conditions at the end of a line. connectionsSRC Journal PreprintOct. 1992.



	Main Page
	DAC94
	Front Matter
	Table of Contents
	Author Index




