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Abstract
This paper models high-speed VLSI interconnects
by using a generic distributed RLC-tree. Through
a detailed analysis of the distributed RLC-tree a
two-pole approximation system is consequently established to formulate the performance-driven layout in
MCM designs. An in-depth study of the formulated
performance-driven layout problem reveals the interplay between the interconnector's performance and its
geometrical parameters. The study leads to an A-tree
topology to optimize the defined performance-driven
layout problem. Significant improvement, an average
up to 67% reduction on the interconnection delay, is
achieved over large sample of MCM designs, as compared with the well known Steiner tree topology. The
result presented in this paper is the first to place the
layout design on the sophisticated RLC model as well
as to demonstrate the significant impact of the underlying circuit model on the layout design.

Introduction

VLSI interconnection design strongly relies on the
underlined circuit model which characterizes the interconnect's electrical properties. So far, most known
performance-driven layout tools adopt the lumped-RC
model for its simplicity [DNAB90, GVL91]. Based
on the lumped-RC model many well defined layout
problems have been studied, for instance, the minimal
Steiner tree problem in VLSI routing [KR92, Bre72].
Recently, Cong, Leung and Zhou reported a new result on the layout design based on the distributedRCmodel [CLZ93]. They pointed out that significant
performance improvement can be obtained when the
proper circuit model is used in the layout design. Furthermore, the resulting layout optimization problem
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differs greatly from the traditional ones due to the use
of sophisticated circuit models.
This paper addresses the MCM layout based on the
distributed

-

RLC

model.

As the high order circuit

model is introduced the corresponding objective function of layout design becomes nonlinear and extremely
difficult to be optimized. In order to capture the main
property ofthe distributed-RLC model and meanwhile
to keep the layout optimization still manageable, this
paper will first develop a second-order system to
approximate a general distributed RLC-tree circuit.
Then, the paper will formulate a performance-driven
layout problem based on this second-order approximation. Finally, the paper will resolve the formulated
performance-driven layout problem and illustrate the
proposed layout method by an MCM design example.
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1

Model

Circuit model
layout design

for interconnection

Circuit model and performance
uation

eval-

As mentioned earlier, the traditional lumped-RC
model is not accurate enough to characterize today's
high-speed interconnects. A more accurate model considers the distributed- RC network. This model reflects
the distributive property of the interconnection, but
not the transmission line effect in the high-speed interconnection since the effect of inductance is not included. There exists a need to further employ the
distributed- RLC (or transmission line) model in the
high-performance layout design.
As a demonstration of the effectiveness of different
circuit models, Figure l(a) shows a single interconnection wire driven by a transistor and driving another
load transistor. The driver is modeled by a voltage
source with output resistance Ro and the load transistor by a capacitor Cg (assuming CMOS technology).
Figure l(b) plots the simulation result of voltage at
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Figure 1: Comparison of different circuit models.
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the receiving end when the wire is modeled by different circuit models. We see that the the lumped-RC
model, distributed-RC model [RPH83] and lumpedRLC model [Bak90] can not well model the discussed
problem at the concerned frequency range.
Once the interconnection is modeled by the
distributed-RLC model (or transmission line) two consequent problems arise: First, how to evaluate its performance, and secondly, how to incorporate the result on the performance evaluation into the layout design. The performance evaluation of the distributedRLC circuit presents a great difficulty, and generally,
only the numerical means are feasible [Rub90, Nag75,
GYK90]. Most existing performance evaluation methods are usually used to verify an existing circuit design
to provide feedback informations for further improvement, but seldom used to design a circuit at the first
place. As an example, a simulator can report the performance difference between the interconnection trees
in Figure 2 where tree! is a minimal Steiner tree and
tree2 is an A-tree (both trees implement the same net
N specified in Figure 3), however, it does not answer
the question why one performs better than the other
and how to generate an interconnection with better
topology.
The adoption ofthe distributed-RLC model greatly
increases the complexity of circuit performance eval-
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Figure 2: Two different trees to implement the same
net N in Figure 3.
uation and, consequently, makes the layout design
formidable.
A simplified circuit model is on demand to reduce the complexity of the problem. The
model needs first to reflect the main property of the
distributed-RLC circuit as well as to be simple enough
to be adopted by layout design tools. We propose
to approximate a distributed RLC-tree by a two-pole
system. It is demonstrated in Figure 1 that the twopole approximation models the distributed- RLC circuit reasonably well. Obviously, such a second-order
system is the simplest model when considering the effect of both capacitance and inductance 1. Certainly,
an engineering compromise has been made here.
2.2

Interconnection

in high-speed

VLSI

Let us consider a circuit layout as illustrated in Figure 3 where gate Go drives six gates Gi, i = 1, ...6
through a net N. The layout of a net usually results in a tree structure. Figure 3 shows a minimum
Steiner tree implementation of net N. An accurate
1Please note that the two-pole approximation
RLC-Iumped model.
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is not a simple
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Figure 4: Tree-of-transmission-lines.

Figure 3: An illustration of the interconnection layout
in IC chips.

in the following based on the circuit model shown in
Figure 5 actually has a broader application than just
the simple RLC-tree.

modeling of this interconnection calls for the consideration of transmission line effect when the circuit intends to operate at very high frequency. That is, each
wire segment needs to be treat as a transmission line.
Since a net is usually laid out in a tree structure we
hence have a tree in which edges are transmission lines.
We call it tree-of-transmission-lines. Each transmission line in the tree is described by a telegraph equation. Because the telegraph equation considers only
1-D electro-magnetical field, 2-D field effect is modeled by introducing extra capacitance at the discontinuities of interconnects, such as branching points and
wire bends (Figure 4). The loading gates also introduce the capacitance or resistance at the nodes of the
tree, depending on the technology (MOS or Bipolar
device).
In the following we shall first solve a distributed
RLC-tree circuit and then extend the result to the
case of tree-of-transmission-lines by taking appropriate limitations. In order to do so we cut each edge
of tree-of-transmission-lines into many small segments
and model each segment by an RLC-circuit as indicated in Figure 4. The resulting circuit is a distributed
RLC-tree. Taking Laplace transform on the RLCtree, we can introduce a simpler and more general
notation as illustrated in Figure 5, where Zi represents impedance between two nodes. Notice that the
impedance here can represent a much more complicated circuit than just the Laplace transform of a single resistance or capacitance. The approach developed

2.3

Two-pole

approximation

system

Let us consider the circuit voltage response Vieat an
arbitrary node k. Denote the path from the root to
node k by p(k). Denote the path from node i to node
j by p(i,j). The impedance in an edge of the tree is
called edge-impedance. Denote by Zp(i,j)(S) the sum
of the edge-impedance of the edges in p( i, j). Call
Zp(i,j)(S) path-impedance. From a node j to ground
there is a unique path without passing through the
other nodes. The impedance of this unique path
is denoted by Zn(j)(s) and called node-impedance.
Denote by ZIe,j(s) the path-impedance of the common portion of the paths p(k) and p(j). Suppose
node i is the branching point between p(k) and p(j).
From the definition, ZIe,j(s) = Zp(i)(S), We illustrate
the above notations and definitions in Figure 5 with

k

= 11,j

= 6 and i = 3. We have path-impedance

=

Zn,6(S)
Zl + Z2 + Z3, Zp(2,S)(S) = Z3 + Zs,
Zp(6)(S) = Zl + Z2 + Z3 + Z4 + Zs + Z6, and nodeimpedance Zn(n)(s) = Z23.
Let the input at the root be f(t), and its Laplace
transform be F(s). Let Laplace transform of Viebe
VIe(s). Suppose there are total m nodes in the tree.
For an arbitrary node k the voltage difference between
k and the input is the summation of voltage drops
along the path p( k) [RPH83]. Accordingly, we have

~
F(s)-VIe(s)=L...ZIe,j(s)Z
j=l
3

Vj(s)

. ()'
n(.1)
S k=l,...,m.

(1)

l

-

the voltage at node k is calculated from
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Figure 1 shows an example where a single
distributed-RLC line is approximated by the two-pole
circuit described by Eqs. (4) and (5). It is seen that
the two-pole approximation works reasonably well in
this case. To demonstrate the effectiveness of the twopole approximation for the case where the original circuit is a distributed RLC-tree 2, Figure 6 compares
the result by the two-pole approximation with that by
spice simulation for the routing tree in Figure 3. Tree
edges are cut into small wire segments of lOJlm long
and each of them is then modeled by an RLC-circuit
as described before. We calculate the voltage response
at node 11. It is seen again that the two-pole approximation well captures the main property of the distributed RLC circuit. Although the accuracy achieved
by the two-pole approximation is inferior to the standard of circuit simulation, it is sufficient to guide the
performance-driven layout. Actually, it was reported
that the two-pole approximation provides a very high
fidelity of delay estimation [BKMR93] As is shown
later in this paper layouts constructed based on the
presented two-pole approximation reduce in average
up to 67% on the interconnection delay, as compared
to the layouts obtained from the traditional lumpedRC model. -

Figure 5: The distributed RCL-tree to model the treeof-transmission-lines.
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This gives a set of linear equations with Vds), k

1, ..., m, as unknowns. Wewrite Eq.(I) into the matrix
form
'--/'
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where ak '-0)
j =
.
, k =/:), aj .j = -0).
+ 1, and
Fj = F, i = 1, ..., m. Denote D(s) = detA and
Nk(s) = detAk, where Ak is the matrix obtained by
substituting vector F into the k-th columnof A. Theoretically, Vk(s) can be calculated by using the following equation.
k'$

$

Nk(S)

Vk = D(s) ,

k=I,2,...,m.

"$

$

(3)

D(s) in Eq. (3) is an n-th order function. The roots
of D( s) are the poles of the system which determine
the response of the system. In [ZST+ 93] it was shown
that Eq. (3) can be approximated by a second-order
function and two corresponding poles are calculated
from

m Zk,j(S) = 0,

'Y+ j=l
L: Zn(j)(s)
~

(5)

where Res(Vk(Sj» is the residue of Vk(S) at pole Sj.
Eqs.( 4) and (5) specify a lower order system which is
a two-pole approximation to the original distributed
RLC-tree. Eqs.( 4) and (5) degenerate to the result
obtained by Rubinstein et al. when setting inductance
to zero [RPH83]. Therefore, their result is a special
case of the problem considered in this paper.

.;:;

L 1~:~;q~d=

UZzl

= Vo- j=l
L: Res(Vk(Sj »e$jt,
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Layout Formulation

and Design

The ultimate goal of our work is to study how to
design a proper routing topology under the given performance criterion, such as the interconnection delay.
In this section we shall develop a performance-driven
layout formulation and then propose a proper routing
topology suitable for the defined layout problem.

(4)

where 'Y ~ 1.23. Let Sl and S2 be the solution of Eq.
(4). For a step input Vo applied at the root of the tree,

2A

4

detailed analysis was presented in [ZST+93].
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minTrc = :L:Rk,jCj
j=1

s.t.
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Figure 6: The effectiveness oftwo-pole approximation.
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:L: Lk,jCjS2 + :L: Rk,jCjS + r = 0,

j=1

(6)

j=1

where Lk,j and Rk,j are respectively the inductance
and resistance in the common portion of the paths
p(k) and p(j), and Cj is the capacitance at node j. We
introduce two physical meaningful parameters: Trc =
2:i=1 Rk,jCj and Tl~ = 2:i=1 Lk,jCj. Trc is the first
moment of the system transfer function, and is the
time constant of the system [Elm48]. TIc is related
to the second moment and is also related to the time
needed for signal to travel through the interconnection
wire with the speed of light [ZPK91]. Eq. (6) can be
rewritten as
TI~S2+ TrcS + r = 0,
According

to the outcome of T;c

-

(7)

4rTlc we can distin-

guish three cases: over-, under- and critical-damping.
From the network theory it is known that the criticaldamping provides the best waveform and the fastest
response. Therefore, the optimal design should satisfy
the critical-damping condition:
2
Trc

- 4rTlc = 0

= 0 (10)

2 -4rtL:,jCj
j=1

C:)

+ 2.80 C~~)

Oo22}

(11)

where C, L, and R are the capacitance, inductance,
and resistance of the interconnection wire per unit
length, vp is the speed of light in the concerned material, wand d are the wire width and thickness, to~ is
the thickness of the insulation layer, p is the resistivity of the wire material, and lo~ is electrical constant,
respectively.
A careful examination reveals that the constraint
Eq. (10) actually dose not post extral difficulty to
the optimization problem Eq. (9). The reason is
that 2:i=1 Rk,jCj and 2:i=1 Lk,jCj have the same
form. Therefore, if an interconnection tree minimizes
the term 2:i=1 Rk,jCj it also minimizes the term
2:i=1 Lk,jCj. In other word, when we minize the time
constant of the system we minize the overshooting of
the system automatically. This impliess the fact that
both a short interconnection delay and a clean waveform can be obtained at the same time. This property
is extremely important because that makes it possible
for us to focus only on the optimization of the time
constant Trc without worrying about the optimization
constraint.
Assume a given net is implemented by a tree T
consisting of a source (driving terminal or root) and
a set of sinks (receiving terminals). In order to model
routing tree T by a distributed RLC-tree, a grid structure is superimposed on the routing plane, and each
edge in the routing tree is divided into a sequence of
wire segments of unit length as illustrated in Figure 3.
Combining Eqs. (9) and (11) we obtain the following
objective function for the layout design [CLZ93].

Substituting inductance, capacitance and resistance into the complex impedance Z in Eq. (4) we
have

~

=
lo~ { 1.15
1
Cv2
p

Performance-driven
tion

)

To relate electrical parameters to the geometric ones
which are used in layout design, we employ the following simple equations [ST83].

(see)

'--'

tRk,jCj

(j=1

(8)

The layout objective function is then to minimize the
time constant Trcand meanwhile to satisfy the critical-

min Trc = t1(T) + t2(T) + t3(T) + t4(T)

5

(12)

'---"

where

2. Under-damping:

t2(T)

(13)

RoC. length(T)

t1(T)

-

L

R

Ck' plk(T)

(2:;:1 Rk,jCj

(14)

t4(T)

=
=

L plk(T)
R
L
all terminals
RC

(15)

kET

Ck

(16)

k

where Ro is the driver's output resistance, ph (T) is
the wire length from the source to node k in the routing tree T, length(T) is the total wire length of T, Ck
is the extra capacitance (besides the wire capacitance)
at node k. If node k is a sink, Ck is the loading capacitance at the node. The four terms ti(T), i = 1, ...,4,
in Trc have the following physical meanings.

3.2

2. t2(T) is minimized when all the paths from the
source to sinks are minimum in length. Minimization of this term leads to a shortest path tree
rooted at the source (SPT).
3. t3(T) depends on the square of the total wire
length. Optimization of this term results in a
Quadratic Minimum Steiner Tree (QMST).
4. t4(T) is a constant for a given problem. Therefore, this term doesn't affect the optimization.
Clearly, the optimization of Trcis an NP-hard problem because it degenerates into the classical Steiner
tree problem when only t1(T) needs to be optimized.
To minimize Trc we employ an A-tree topology where
every path connecting root and any node k is a shortest path. A heuristical algorithm has been proposed
to generate an optimal A-tree for the given net specification [CLZ92]. On average, up to 67% reduction
on the interconnection delay is achieved as compared
to the best known Steiner tree algorithm over a large
samples of MCM layout design 3. The resulted performance improvement is significant.
If the optimization of Trc does not satisfy the
critical-damping condition, there are two cases:

4

(2:i=1Rk,jCjf -412:i=1Lk,jCj > O.
3The complete
[CLZ92].

experiment
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A layout example

Discussion

and Conclusion

We have used the time constant of the system as
the measurement of delay in order to avoid the technology independent issue [Elm48]. This is valid only

1. Over-damping:

"'="

< O.

As an example, we show how to find an optimal
routing tree to implement the net specified in Figure
3. Using the traditionallumped-RC
model a minimal
Steiner tree is constructed as shown by tree 1 in Figure
2. However, using the distributed-RLC model and the
layout formula Eq. 12 an A-tree is built as shown by
tree2 in Figure 2 4. We calculate the response at node
11 for both trees. The performance of these two different implementations is simulated in Figure 7. Clearly,
the performance of tree2 is much better than that of
tree 1 from the criteria of both interconnection delay
and the waveform. This conforms what discussed before that a short delay and a cle,an waveform can be
obtained at the same time.
In Figure 7 it is seen that the system is under damped. In many applications, slightly underdamping is preferred in the design. For example, the
waveform at node 11 of tree2 is reasonably good for
the practical interconnection design, but the waveform
of treel needs to be shaped to eliminate the excessive
overshooting. A resistor can be added in series at the
receiving terminal to tune the system into the criticaldamping condition. The simulation results are also
shown in Figure 7 where the systems have been tuned
into the critical-damping condition for both treel and
tree2. That is, constraint Eq. 10 is satisfied. Again,
tree2 outperforms tree 1 significantly.

1. t1(T) depends only on the total wire length of
the routing tree T since Ro and C are fixed for a
given problem. To minimize this term leads to a
minimum Steiner tree (MST).

'-"

41 2:i=1 Lk,jCj

For the former case, the time constant Trc needs to
be further reduced. However, there js no room for
further improvement since it has already been done
maximally. For the later case, the term TIc needs to
be reduced if we are not willing to increase the delay.
As pointed out before, this term has been minimized
during the minimization of the term Trc. Therefore,
in practical engineering designs the option of adding a
damping resistor at the receiving terminals is usually
used [Bak90].

all terminals k

t3(T)

f-

4Readers
algorithm.
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[BKMR93] KD. Boese, A. B. Kahng, B. McCoy,
and G. Robins. Toward Optimal Routing
Trees. Preceedings of 4th ACM/SIGDA
Physical Design Workshop, pages 44-51,
April 1993.
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[Bre72] M. A. Breuer. Design Automation of Digital Systems. Prentice-Hall, Englewood
cliffs, NJ, 1972.
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[CLZ92] J.S. Cong, KS. Leung, and D. Zhou.
Performance-Driven Interconnect Design
Based on Distributed RC Delay Model.
Computer Science Department,
Tech.
Repaort CSD-920043, University of California, Los Angeles, Oct. 1992.
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Figure 7: Waveforms at node 11 of treel and tree2.
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[DNAB90] W. E. Dunlop, R. J. Norman, B. K
Agrawal, and S. E. Bello.
Timing
Driven Placement Using Complete Path
Delays. In Proceedings of Design Automation Conference, pages 84-89, 1990.

for the case that the system is over-damped or near the
critical-damping. Otherwise, we need to look into the
definition of delay carefully. For instance, the traditional definition of delay is defined as the time period T
in which the node voltage Vk(t) stably reaches a given
value or high. One choice of this given value usually
is 0.9Vo,where Vo is the final value of Vk(OO)5. The
stable here means Vk(t) ~ 0.9Vo as t ~ T. This definition of delay is popular when the response is over- or
critical-damped. It is not clear whether this definition
is still a good one when there exists strong oscillations
in the circuit.

In Figure

6 we see T

= 28ps

[Elm48] W.C Elmore. The transient Response of
Damped Linear Network with Particular
Regard to Wideband Amplifier. Journal
of Applied Physicas, 19:55-63, JanuaryDecember 1948.
'
[GVL91] T. Gao, P.M. Vaidya, and C.L. Liu. A
New Performance Driven Placement Algorithm. In Proc. of IEEE Inti. Conf.
on computer-Aided Design, pages 44-47,
1991.

by this

definition. However, the loading gate at node 11 of
Figure 3 may have been permanently turned on at the
time Vll(t) first time reaches 0.9Vo (t
7ps). Notice that different gates may have different threshold
voltage and different circuits may have different gate
turn-on and turn-off design margin. It is clear that the
definition of delay depends on the specific application
and the technology.
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