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Minimization of Delay and Crosstalk in High-Speed
VLSI Interconnects

Qi-jun Zhang, Member, IEEE, Stephen Lum, Member, IEEE, and Michel S. Nakhla, Senior Member, IEEE

Abstract—This paper presents design optimization of time re-
sponses of high-speed VLSI interconnects modeled by distrib-
uted coupled transmission line networks. The problem of si-
multaneous minimization of crosstalk, delay and reflection is
formulated into minimax optimization. Design variables in-
clude physical/geometrical parameters of the interconnects and
parameters in terminating/matching networks. A recently pub-
lished simulation and sensitivity analysis technique for multi-
conductor transmission lines is expanded to directly address the
VLSI interconnect environment. The new approach permits ef-
ficient physical/geometrical oriented interconnect design using
exact gradient based minimiax optimization. Examples of in-
terconnect optimization demonstrate significant reductions of
crosstalk, delay, distortion and reflection at all vital connection
ports. The technique developed is an important step towards
optimal design of circuit interconnects for high-speed digital
computers and communication systems.

I. INTRODUCTION

HE STUDY of time-domain responses of VLSI in-

terconnect networks is instrumental in the design of
high-speed digital computers and communication sys-
tems. Improperly designed interconnects can result in in-
creased signal delay, ringing, reflection and false switch-
ing. With subnanosecond rise times, the electrical length
of interconnects can become a significant fraction of a
" wavelength. Consequently the conventional lumped
impedance model is not adequate in this case. Instead a
distributed transmission line model should be used. This
problem has attracted the attention of many researchers.
Several techniques have been proposed in the literature
for the analysis of VLSI interconnects and coupled mi-
crostrip lines, e.g., [1]-[13].

An intuitive solution to the problem of delay and re-
flections is to decrease the length of the interconnections
by increasing the system density. The trend toward greater
density, however, fosters another problem, that of cross-
talk between adjacent transmission lines. A designer must
make proper-trade-offs between various conflicting fac-
tors. For large circuits the relation between a large num-
ber of circuit parameters and design criteria becomes ex-
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tremely complicated. There is an increasing need of a
design optimization approach that uses interconnect pa-
rameters explicitly in overall network design, a problem
not yet adequately treated in the literature.

The immediate difficulty in pursuing such a direction is
that most of the existing simulation techniques do not pro-
vide sensitivities. Since the simulation of distributed mul-
ticonductor transmission lines is much more complicated
than typical lumped elements, e.g., an eigenvalue prob-
lem has to be solved, non-gradient based optimization will
be extremely CPU intensive for realistic networks con-
taining many multiconductor transmission line elements.
Increased computational effort is also due to the nature of
time-domain simulations. In conventional integration or
FFT based simulators, responses at a time point depend
upon the solutions of responses at other time points.
Therefore, the entire time waveform has to be calculated
even if the response to be optimized is only in a time sub-
interval. This phenomenon does not exist in frequency-
domain optimization, since circuit responses at any fre-
quency can be computed independently.

The recent availability of sensitivity analysis based on
numerical inversion of Laplace transform (NILT) for lossy
coupled transmission lines [2] motivated us to pursue
time-domain optimization of VLSI interconnect net-
works. The problem of simultaneous minimization of
crosstalk, delay and reflection is formulated into a mini-
max problem. Design variables include physical/geo-
metrical parameters of the interconnects and parameters
in the termination/matching networks. Exact sensitivity
information of time responses of the network with respect
to design variables is used with a powerful two stage mini-
max optimization. Our NILT based network simulation
decouples the dependence between responses at different
time points, enhancing the efficiency of time-domain op-
timization. In our example with 25 transmission lines, 61
error functions and 27 design variables, a substantial re-
duction of crosstalk, delay, distortion and reflection at
several vital connection ports was simultaneously
achieved. ‘

In Section II, simulation and sensitivity analysis of
lossy coupled transmission lines using the NILT tech-
nique is summarized. The technique is expanded to effi-
ciently handle physical/geometrical variables and to ex-
ploit common parameters between different circuit
elements in VLSI interconnect networks. In Section III,

0018-9480/92$03.00 © 1992 IEEE



1556

" time-domain specifications are described for crosstalk,
delay, rise/fall times and signal reflection. The design
problem is formulated into minimax optimization. Two
numerical examples are presented in Section IV, illus-
trating the principles of time-domain interconnect opti-
mization.

II. NILT SIMULATION AND SENSITIVITY ANALYSIS

The NILT simulation and sensitivity analysis for. mul-
ticonductor transmission lines are described in detail in

[1], [2]. In this section, the technique is summarized and.

" expanded to directly address the VLSI interconnect de-
sign environment. The expanded approach efficiently
handles physical/geometrical design variables and the
large number of repeating parameters typically exist in
VLSI interconnect circuits.

Analysis of Multiconductor Transmission Lines [1]

Distributed multiconductor transmission line models are
used as the basic elements for VLSI interconnect net-
works. The transmission line model is assumed to be uni-
form along its length with an arbitrary cross section. The
cross section of transmission line £ with N, signal con-
ductors, can be represented by the following N, X N, ma-
trices of line parameters: the inductance per unit length
L, the resistance per unit length R, the capacitance per
unit length C, and the conductance per unit length G.
These matrix parameters are computed from physical/
geometrical parameters using either quasi-static analysis
[14], [15] or empirical formulas [16].

Let y7 be an eigenvalue of the matrix Z; ¥, with an
associated eigenvector x;, where Z; = R + sLand Y, =
G + sC, i.e.,

(‘Y%U - Z,Y)x; =0

where U is the identity matrix and s is the complex fre-

quency.
The admittance matrix for the multiconductor transmis-
sion line is
S;E\S,' S,E,S.'
Ak = -1 —1 (2)
S;E,S,” S.ES,
where .
E, = diag {(1 + ¢™") /(1 — ™),
i:lyz""aNk} (3)
E, = diag {2/(e ™" — &), i=1,2,-"+,NJ},
“)
where [ is the length of the transmission line. S, is a ma-
trix containing all eigenvectors x;, { = 1,2, - - - , N,. T

is a diagonal matrix with T'; ; = v;, and §; = Z;'S,T.

Modified Nodal Equations for a VLSI Interconnect
Network

Suppose the overall network = consists of lumped ele-
ments and N, subnetworks. In this paper a typical subnet-

(n
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PCB Laminate, €,

Ground Plane

Fig. 1. Physical/geometrical parameters of a 2-conductor transmission line.

work represents a distributed multiconductor transmission
line. Suppose these subnetworks are arranged into N,
groups. Within the same  group, different transmission
lines have the same cross-sectional geometry and the same
material parameters, but different lengths. Fig. 1 shows
the physical layout and the cross-sectional view of a

~2-conductor transmission line on a printed circuit board

(PCB). Let ;i = 1,2, -+ + , N,, be an index set defined
as

I = {k| if transmission line & belongs to group £,
k=1,2,+-+,N]}. 5)

The modified nodal equations [17] for the overall network
w is
dv, (1) L
Co =2+ Go () + 2 X D)) = e,(t) (6)
dt i=1gcy

where C; and G, are N, by N, matrices determined by
lumped elements in the network. v, (f) is the vector of
node voltage waveforms appended by independent volt-
age source currents and inductor current waveforms. D,
is a N, by 2N, incidence matrix containing 1’s and 0’s,
which maps the 2N, -terminals of the transmission line into
the N, -node space of the network «. i, (¢) is the terminal
current waveform of the kth distributed transmission line
and e, (¢) is the vector of source waveforms:

The s-domain equation is obtained by taking the La-
place transform of (6)

Y. V.(s) = E,(s) + C,v,(0) Q)
where ' .
Ny
Y, = G, + sC, + iZ 2 DADT 8)

=lich

where A, is the nodal admittance matrix of the kth dis-
tributed transmission line. The eigevalue problem (1) can
be solved only once for each group of transmission lines
I;. Tndividual A, within the same group can be obtained
using (2)-(4).
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Numerical Inversion of Laplace Transform [1]

The method used for circuit simulation and sensitivity
analysis is based on the NILT technique [1], [2]. We solve
the circuit in the s-domain to obtain nodal voltages V, (s).
The transient voltages v, (f) are obtain through numerical
Laplace inversion, i.e., ’

w

v;() = ~(1/) % Real [K,V,@/D] )

where z; and K,, i = 1,2, - - - , M’, are predetermined
poles and residues of a Pade rational function approxi-
mating e° [1].

From (9) it can be seen that the response at time ¢ can
be obtained without calculating the response at any other
time points. This is particularly well suited to design op-
timization since specifications are typically imposed on
time subintervals.

Exact Sensitivity Calculation

Suppose ¢ is a design variable. Let

Vou® = u'v,(2) (10)

be the response of interest, where u is a constant

N, -vector. Using the NILT technique, the sensitivity of

- time-domain response v, () with respect to ¢ is obtained

from frequency-domain sensitivity dV,(s)/d¢ through
I

dvou(t) /06 = —(1/1) 2 Real [K; Voulei/1)/ ).

an

When ¢ is a parameter in lumped elements, 9V,,(s) /3¢
is computed using the exact adjoint sensitivity technique
[18]. When ¢ is a transmission line parameter, the com-
putation is more involved. We first compute the sensitiv-
ities of the eigenvalues v? and eigenvectors x, with re-
spect to the variable ¢ by solving the linear equation

[v?v -y x,] [ax,/aqs} _ [[a(sz/a(ﬂx,}
x] 0] Layi/a¢ 0 '
(12)

This equation can be solved only once for each group of
transmission lines. For individual members in the same
group, we calculate sensitivities of matrices E, and E,.
From this information, the sensitivity of the transmission
line matrix A, is computed using

@S:/00)E\S;" (3S:/98) ExS;"

38,/ E, S (as,./adﬂE]s;‘]

. [Si(aEl(a¢>SJ‘ Si(aEz/3¢)Su_l}
S:(3E,/3¢)S,"' S;0E/3$)S,"

— A, diag {0S,/34)S;", (88,/34)S,'}.

(13)

0Ac /3¢ = [
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If ¢ is a cross-sectional geometrical parameter or a ma-
terial parameter in transmission line group I;, the sensitiv-
ity is

IV ouls) /06 = —(V;)TLg Dk(aAk/ad»)DZ] V. (4

where V2 is the adjoint voltage vector solved from
YIve = u. (15)

If ¢ is the length of transmission line &, the sensitivity
is ,
Wouls)/3¢ = —(V3) D, (8Ar/3¢) D{V,. (16)

Compared to the original technique in [1], [2], the new
approach provides enhanced efficiency in both simulation
and sensitivity analysis by using fewer eigenvalue evalu-
ations. It hierarchically utilizes parameters at the element
level and the transmission line group level during sensi-
tivity evaluation. In addition this approach eliminates
many repeating variables and equality constraints that are
otherwise needed in formulating optimization,

Sensitivity with Respect to Physical/Geometrical
Parameters

The number of physical/geometrical parameters for a
multiconductor transmission line is much smaller than the
number of its electrical parameters. For example a
4-conductor transmission line has 65 electrical parameters
(R, L, C, G matrices and length /) and only 10 physical/
geometrical parameters (widths of 4 conductors, distance
between adjacent conductors, conductor length, PCB
height, dielectric constant). Therefore efficient optimiza-
tion should bypass the evaluation of derivatives of re-
sponse V,,(s) with respect to the transmission line ma-
trices R, L, G and C. Physical/geometrical parameters
should be directly used as the variables for the differen-
tiation of the right-hand-side of (12).

III. FORMULATION OF OPTIMIZATION

Optimization has been used in design, modelling, tun-
ing, diagnosis and yield optimization problems [19]-[24].
Frequency-domain based optimization has been widely
used. In this section we describe a systematic formulation
for optimization of transient responses such as delay, rise/
fall times, crosstalk and reflection as required in high-
speed VLSI interconnect design.

Formulation of Error Functions

Consider a VLSI interconnect network excited by a
trapezoidal signal. Let T be the signal duration between
the time when the trapezoidal signal triggers a switch-on
state and the time when it triggers a switch-off state. Let
¢ be a vector of design variables. Let v;(¢, 1) be the re-
sponse signal at node j and time ¢. Suppose J, is an index
set containing all nodes of interest at which the desired
response is a signal corresponding to the excitation. Let
J,> be an index set containing all nodes of interest at which
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the desired response is zero. In other words, node j, j C
J, is on the path of the signal propagation from the source
excitation. Node j, j C J,, is not on the path of signal
propagation. Let w,, wy, w. and w, denote positive weight-
ing factors.

Suppose the signal propagation delay is described by
the time at which the transient signal reaches a threshold
value v7. Let 7, ., be the upper specification for the prop-
agation delay at node j. The error function for delay min-
imization can be eqivalently described by

Wi (®, Tjma) — vp forj C Jy. (17)

Suppose 7, is the desired delay value. To locate the sig-
nal to be exactly or almost exactly at this desired time,
we define two error functions

wga(v; (@, 7)) — vp) (18a)

and
—wu(vj(9, 7)) — vy) (18b)

Due to transmission line effects, a response signal may
rise/fall much more slowly than the source signal does.
Suppose the required rise time is ¢, during which the sig-
nal should rise from below threshold v7 ., to above
UT,nigh- The following two error functions are used

forj C J;.

we (v (@, T, — at,) — Urow) (19a)

and
—wp (v; (@, 7; + B) — U nign)

where o and § are positive and o + 8 = 1.

Suppose the required fall time is #; during which the
signal should fall from above vy, 4, to below vy, joy. The
following two error functions are used

forj CJ; (19b)

wr(i(, 7, + T + Np — v7100) (20a)
and
—wr (9, 7, + T — pty) — vpuwg)  forj C J;
(20b)

where N and p are positive and A + p = 1.
The existence of undesired signal at node j, j C J,, is
due to coupling between the multiconductors. Suppose

S, (#) denotes the upper specification on the magnitude of -

crosstalk at node j and time ¢, 0 < t < oo. We select
several time samples ¢;, i = 1, 2, -+ +, in the interval O
< 1; < o and at each sample point define two error func-
tions

we (U (9, 1) — S;()) (21a)
and
—wc(vj(¢’ ti) + Sq (ti))
forjCJ, and 0 < 1; < oo, (21b)

Since the source signal is of duration 7, an ideal re-
sponse should vanish after r = T + 7; + &, where 0 is a
small value not exceeding ;. But due to reflections and
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undesired ringing, the signal may continue to exist for an
extended period of time. Suppose S,;(?) is the upper spec-
ification on the magnitude of signal reflections at node j
and time ¢, T + 7; + 6 < ¢ < oo. For each time sample
t; selected in the interval T + 7; + 6 < t; < % we define
two error functions '

wy (0@, 1) — S, (@) (22a)

and
—w,(v; (@, 1) + S; ()
forjCJ; and T+ 7, +6 <t < %.(22b)
The various specifications are illustrated in Fig. 2.

Selection of Optimization Variables

The overall circuit performance is affected by parame-
ters in both the interconnections and their terminations.
The terminations typically represent basic VLSI circuit
blocks and matching networks. The parameters in the ter-
mination/matching networks are considered optimizable.
For interconnect parameters, we consider the physical/
geometrical parameters of the transmission lines as shown
in Fig. 1. In practice there are two stages of interconnect
design. In the first stage, the length of the transmission
line /, the distance between the coupled conductors d, and
the width of the conductors w can be optimized. The
thickness of PCB layer % is typically selected from a set
of standard values. In the second design stage only the
length [ is optimizable.

Constraints for Optimization

Design variables must be subject to design rules. Sim-
ple lower and upper bounds on variables should be ap-
plied according to design profile. Conflicting factors in
design are also due to additional constraints. For exam-
ple, the total length of several interconnect lines must be
limited by the physical dimensions of the circuit chip and/
or the PCB. In this case, shortening an interconnect will
make another interconnect longer. The total separation
between several coupled conductors must be constrained
by the geometrical space available to them. In this case
to reduce coupling by distancing a pair of conductors will
force other conductors to be closer.

Formulation of Optimization

Let e(¢) be a vector containing all necessary error func-
tions as defined in (17)-(22). Let m be the total number
of such error functions. Let U(¢) be the maximum of all
error functions e,(¢),j = 1,2, - - - m, i.e.,

U(¢) £ maximum {e,(¢)}. (23)
J

If several specifications such as those on delay, crosstalk

and reflections are simultaneously violated, U(¢) repre-

sents the largest weighted violation. The design optimi-

zation problem is to find ¢ such that

minimize U(¢) (24a)
[
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Fig. 2. Examples of specifications for time responses. (a) Signals at nodes
j»j € Jy. (b) Signals at nodes j, j C J,.

subject to-
' ' (24b)
{(24¢)

where g(¢) and h(¢) represent electrical, physical and
ge‘ometxjiéal constraints on variables. This is a minimax
problem where the maximum of all errors e;, j = 1, 2,

-, m, is minimized. The optimization algorithm we
used is a two stage one which combines the robustness of
a first-order method of the Gauss-Newton type with the
speed of the quasi-Newton method [25] The optimizer
requires user-supplied first order derivatives of e with re-
spect to ¢. Such information is obtained by the new ap-

proach of sensitivity analysis described in Section II. The

optimizer automatically generates approximate seocnd or-
der derivatives by BFGS (Broyden-Fletcher-Goldfarb-
Shanno) update to provide fast convergence [25]. At the
solution, crosstalk, signal delay and reflections are si-
multaneously minimized..

IV. EXAMPLES
.Example 1: A 3 Transmission Line Network

Consider the three transmission line system used in {6]
and shown in Fig. 3. The excitation is a 6 ns trapezoidal
signal shown in Fig. 4.

MINIMIZATION OF DELAY AND CROSSTALK IN VLSI INTERCONNECTS

_ Fig. 3.
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Circuit schematic for the 3 transmission line network example.
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08F -

0.6

Signal (volts)

041

020"

8 10 12 14 16 18 20

Time (nanoseconds)

Fig. 4. Trapezmdal signal used as excitation for the 3 transmission lme
network

The responses of interest are the signals at nodes 7 and
11 and the crosstalks at nodes 2, 4, 8, and 12. Index sets
J, = {7, 11} and J, = {2, 4, 8, 12}. The responses be-
fore optimization are plotted in Fig. 5. The delays of v,
and vy, are 5.3 ns and 6.1 ns, respectively, based on a
threshold of vy = 0.3 V. We specify that the delay of v,
and v, should be reduced to exactly 5.0 ns and 5.1 ns, -
respectively. A 0.02 V upper spe01ﬁcat10n is imposed on
the magnitude of v,, vy, vg and vy, at 36 time points in
the interval [3 ns, 10 ns]. To make the crosstalk and the -
delay error functions be in comparable scale, we used
weighting factors w, = 10 and w,; = 1. The total number
of error functions is m = 292 where e1(¢>) to es(¢) are
defined according to (18) as

ei(d) = (5($, 5.0 ns) — 0.3 Vj
ex$) = —(vs(¢, 5.0 ns) — 0.3 V)
ex(®) = Wn(, 5.1 ns) = 0.3 V)

€4(¢) = _‘(U]I(Qs,.s.l nS) —.0.3 V) ’ ’
and es(¢) to ex0:(¢) are defined according to (21) as '
10(v; (¢, 1) — 0.02 V)
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Fig. 5. Signal responses of the circuit of Fig. 3 before (solid line) and after
(dashed line) optimization. (a) Signal response v;. (b) Crosstalk vg. (c)
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Signal response v;. (d) Crosstalk vy,.
and

—10(v;($, #) + 0.02 V)

forj C {2,4,8,12} and i=1,2,---,36.
As seen from Fig. 5, all specifications are violated before
optimization.

The design variables ¢ include line width w, distance
between the lines d, circuit board thickness k, and lengths
of the three individual multiconductor lines [;, I, and ;.
Parametets w, d and & are common among the three trans-
mission line elements. Therefore all the three transmis-
sion lines belong to one group. We also require that the
total length of the three transmission lines be fixed at 1.34
m and the total width of the two conductors plus the spac-
ing between them be fixed at 0.0025 m. This results in

constraints

@) =w+d—0.0025 =0

ll+lz+l3‘1.34=0

hy ()

The relative dielectric constant of the circuit board is 4.5.
The initial values of the variables are

¢6=[w d h I, L, ]"=1058mm 2.49 mm
1.17 mm 304.8 mm 457.2 mm 609.6 mm]’.

During optimization, the transmission line matrix param-
eters R, L, C and G are computed from physical parame-
ters using the empirical formulas in [16]. The NILT tech-
nique was used to perform network simulation and
sensitivity analysis as described in Section II. After 5 it-
erations of minimax optimization, the objective function
of (23) is reduced from 0.266 to 7.6 X 107>, approaching
the theoretical minimal of 0. The variables after optimi-
zationare ¢ = [w d h I, L, L] = [0.1 mm 2.4
mm 0.74 mm 147.5 mm 587.6 mm 604.9 mm]”.

Circuit responses after optimization are plotted against
those before optimization in Fig. 5. The propagation de-
lay times for vy and v, are reduced to 5.00004 ns and
5.10004 ns, respectively. The magnitude of crosstalk sig-
nals v,, v, vg and vy, are all well below the specified
0:02 V level.
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Fig. 6. Circuit diagram for the 25 transmission line network example.
There are 13 4-conductor transmission lines and 12 single-conductor trans-
mission lines. Two excitations are simultaneously applied.

" Signal (voits)

8 10 12 14 16 18 20

Time (nanoseconds)

Fig. 7. Trapezoidal signal used as excitation for the circuit of Fig. 6.

Example 2: 25 Transmission Line Network

Consider the circuit shown in Fig. 6. The circuit rep-
resents a 4-bit bus structure in which the excitation signals
propagate through the bus lines to various circuit blocks.
There are 13 4-conductor transmission lines and 12
single-conductor transmission lines.- The 13 4-con-
. ductor transmission lines have the same cross-sectional
. geometry, being classified into one group. The 12 single-
conductor transmission lines form-the second group. The
circuit contains two excitation sources. The output re-
sponses of interests are V,, V,, Voand V. J; = {b, d} =
J, = {a, c}. The applied voltage of both sources is the

trapezoidal signal shown in Fig. 7. The transient re-
sponses of V,, V,, V. and V; are shown in Fig. 8. The
delay times for V, and V, are approximately 3.1 and
4.1 ns, respectively, based on a 3 V threshold criterion.

" The crosstalk voltages V, and V, have peak values being
~0.74 V and 0.49 V, respectively. ‘

The specifications for optimization include a 2 ns upper
specification on the delay of V, and a 4 ns upper specifi-
cation on the delay of V. Upper specifications were placed
on the magnitude of crosstalk voltages V, and V, at 0.2
V. The weighting factors used were w. = 1 and w,; = 1.
A specification of 0.2 is also placed on the magnitude of
V, between the time range of 12.5 ns and 14.5 ns to re-
duce the reflections in the waveform. The weighting fac-
tor w, = 1. The total number of error functions is m =
61. Before optimization all specifications are violated.

The vector of optimization variables ¢ consists of the
lengths of the 13 4-conductor transmission lines ({;, b,
- - -, 1;3), the distances between the conductors (d;, d, -
ds), the terminating resistors (R,, R,, Ry, Ry, R4, Ris,
Ry), and the terminating capacitors (C;, C;, C;, Cs).
These variables are also described in Table I. The total
number of variables is 27. L

The minimum distance separating the conductors was
set at 0.8 mm while the maximum total separation be-
tween conductors 1 and 4 was set at 5 mm. The total

‘length of the 13 transmission lines was fixed at 40 cm.

The initial value of the overall objective function (23)
was 1:717. After 10 iterations of optimization the value
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Fig. 8. The 25 transmission line example. Response before (solid line) and
after (dashed line) optimization. (a) Crosstalk V. (b) Signal response V.

mization in Fig. 8. The propagation delay of V), and V,
are reduced to 2 ns and 3.5 ns, respectively. The peaks
of crosstalk voltages V, and V, are reduced to 0.07 and
0.17 V, respectively. In addition, the reflections in the
output response V, were significantly smaller than before
optimization. The rise/fall times of signal V, were also
improved. ‘

V. CONCLUSION

High-speed VLSI interconnect design using distributed
multiconductor transmission line models is carried out by
time-domain optimization. Minimization of transmission
line effects such as crosstalk, delay and reflection is for-
mulated into a minimax optimization problem. The NILT

Time (nanoseconds)
©)
(c) Crosstalk V.. (d) Signal response V.
TABLE 1
OPTIMIZATION VARIABLES FOR EXAMPLE 2
Before After Before After
Variable Opt. Opt. Variable Opt. Opt.
L 0.025m 0.0531 m d; 1.0 mm 3.3 mm
L 0.035'm 0.0349 m d, 1.0mm  0.86 mm
1y 0.025 m 0.0288 m d, 1.0 mm 0.84 mm
N 0.04 m 0.014 m R, 25Q 2491 Q
Is 0.04 m 0.0l m R 25Q 24.5Q
Iy 0.025 m 0.01m R, 200 Q 164.61 Q
Iy 0.035m 0.0163 m Ry 200 28.52 Q
Is 0.035m 0.0178 m Ry, 100 @ 254.84 Q@
Iy 0.025m 0.0379 m Ry 100 @ 85.04 Q
Lo 0.04 m 0.0692 m Ry, 100 @ 75.73 @
Ly 0.025 m 0.0166 m C 5 pF - 0.1 pF
L 0.025 m 0.0367m . G 5 pF 0.1 pF
L 0.025 m 0.0548 m C, 5 pF 0.1 pF
Cs 10 pF 8.1pF

was reduced to —0.143, all the specifications being sat-
isfied. The parameters before and after optimization are
listed in Table I. The output responses V,, V,, V. and V,
after optimization are plotted against those before opti-

technique for multiconductor transmission lines is ex-
panded to directly address the VLSI interconnect environ-
ment, resulting in increased efficiency for simulation and
sensitivity analysis. Powerful gradient based minimax op-
timization, integrated with the proposed exact sensitivity
analysis techniqué, demonstrates the feasibility and prac-
ticality of the physical/geometrical oriented interconnect
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design. The technique developed is an importaht step to-

wards overall optimal design of high- speed VLSI sys--

tems.
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