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Path-Based Timing Optimization by Buffer Insertion
with Accurate Delay Model

Zhang Yiqian, Zhou Qiang, Hong Xianlong and Cai Yici
(Depertment of Computer Science & Technology, Tsinghua University, Beijing 100084, China)
Abstract: An algorithm of path-based timing optimization by buffer insertion is presented. T he algorithm adopts a
high order model to estimate interconnect delay and a nonlinear delay model based on look-up table for gate delay
estimation. And heuristic method of buffer insertion is presented to reduce delay. The algorithm is tested by indus—

tral circuit case. Experimental results show that the algorithm can optimize the timing of circuit efficiently and the

timing constraint is satisfied.
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1 Introduction

With progress in VLSI sub-micron technolo-
gy, interconnect delay has become a dominant fac—
tor in integrated circuits. Interconnect optimization
has become a critical step in the super performance
design of VLSI. Some interconnect optimization
techniques, such as topology optimization, device
sizing, buffer sizing, and wire sizing, have gained
widespread acceptance in deep sub-micron design.
In particular, buffer insertion techniques have been
successful in reducing interconnect delay.

Buffer insertion has been an active area of
study in recent years. Closed formed solutions have
been proposed in Refs. [ I~ 4] for inserting buffers
on a 2-pin net. The authors of Ref. [ 5] inserted

buffers on a tree by iteratively finding the best
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buffer location. Van Ginneken'® proposed a dynam-
ic programming algorithm which finds the optimal
solution under the Elmore wire delay model and a
linear gate delay model. Several variants of this al-
gorithm have been proposed """ . These algorithms
above use both simplified gate and wire delay mod-
els. However, it is well known that both the Elmore
delay model and the linear gate model are inaccu-
rate. Furthermore, both models are not aware of
the input waveform, which become increasingly im-
portant in today’s deep sub-micron design. T here-
fore, the optimal solution under these simple mod-
els may be inferior. Thus, the author of Ref. [ 9]
extends Van Ginneken’s algorithm by using both
accurate interconnect and gate delay models, and
the signal waveform is considered in buffer inser—
tion.

All these algorithms above are timing opti-
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mization aiming at a single net, start at the re-
ceivers and move towards the root of the net. And
each receiver has a user-specified required arrival
time. The required departure time of the root is op-
timized by buffer insertion.

But in real circuit design, a timing requirement
is generally specified as a delay bound for paths be-
tween registers and inputs/outputs. For net-based
timing optimization, a technique is used in advance
to assign overall timing constraint on the path into
the nets that form the path. It is clear that the re-
quired performance is guaranteed if the delay time
of every net satisfies the constraint. However, it
may be too strict to require all nets to be optimized
within the given fixed delay bound since this may
cause needless power and area cost.

In this paper, an algorithm of path-based tim—
ing optimization by buffer insertion with accurate
gate and interconnect delay computation is pro-—

posed.

2 Path-based timing analysis

In this section, path-based timing analysis
technique and an accurate delay model are used to

calculate gate and interconnect delay.
2.1 Delay calculation

Our algorithm applies a high order delay mod-
el to estimate interconnect delay and uses model
order reduction technique to speed up the delay cal-
culation for RC interconnect''”. Further more, the
coupling effects are taken into consideration in the
calculation of capacitance of nets and interconnect
delay.

We use a nonlinear delay model based on look—
up table for gate delay estimation. The propaga-
tion and transition tables are provided in the indus—
trial circuit library. The propagation delay is com—
puted by performing table look-up and interpola-
tion within the propagation table that is a two-di—
mensional table indexed by total output capacitance

and input transition time. The total output capaci-

tance is the sum of pin and wire capacitance in the
net connected with the output pin of the gate. The
transition time is computed by performing simple
linear interpolation within the transition table that
is a one-dimensional table indexed by the total out-
put capacitance.

The calculation for net delay and cell delay is

shown in Fig. 1.

Total capacitance of Netl
" cellRise/transRise
InPin transiti / IoPia OutPin
ifon b
Gatel 1 Gate2
Net0 OutPin
? / delay
Gato delay mc\i Nett
% OutPin
N o Gated
Outin
Fig. I Calculation of net and cell delay

The nonlinear delay model stores delay infor—
mation in the technology library in the form of
lookup tables. Cell delay can be computed by per-
forming table lookup and interpolation in the prop-
agation and transition tables provided in the li-
brary.

[n the library, delay information is given in the
following tables: Rise propagation, Fall propaga-
tion, Rise transition, and Fall transition. The fall
propagation tables are two-dimensional tables in-
dexed by total output capacitance and input transi—
tion time. The total output capacitance is the sum
of pin and wire capacitance on the net connected
with the output pin of the gate. The transition time
is computed by evaluating the transition table. In
this case, the table is a one-dimensional table based
on total output capacitance. By performing simple
linear interpolation within the table, the transition

time is determined.
2.2 Method of path-based timing analysis

The procedure of the path-based timing analy-
sis is illustrated as follows.

Figure 2 shows an example of logic network,
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in which PI is the input pin, PO is the output pin,
A, B, and C are the gates of the circuit, Ai( 1) and
Ai(2) are the input pins of Gate A, A.(1) is the
output pin of Gate A, and so forth. And s/t is
added as the imaginary input/output pin of the cir-
cuit so that the logic circuit is transformed into a

logic network.

P10 A

Fig. 2 A logic network

Figure 3 shows a timing graph, which is con-
structed according to the logic network, in which
nodes in the graph represent pins in the logic net-
work. and edees between nodes represent two
types of connections: one shown by doubleine ar-
rowhead is interconnect relationships between a
driver pin and its fanout, the other shown by sin-
gle-line arrowhead is timing relationships between
an input and an output pin of a gate. The weight of
every edge is the interconnect delay or the gate de-
lay calculated using the delay model described in
section 2, 1. As shown in Fig. 3, the weight di5 is

the interconnect delay value from node 1 to node 3.

Fig. 3

A timing graph

Let te(k) be the earliest arrival time when the
signal propagates from node s to node k. It can be

calculated by the following formula:
0, k= s
) = | ax(es(i) + delay(i, k)| (i, k) € E). others

te(t) is the total delay of the circuit, and it de—
termines the speed of the circuit. It is denoted by
Te. Tr should not exceed a required delay value
T..In order to satisfy the design requirement, the
signal should arrive at node i before t.(i), here, i«

(i) denotes the latest arrival time of node i. It can

be calculated by the formula below:

¥ i 25 %
N i= 1
nli) = I min(t.(k) — delay(i, k)| (i, k) € E),others

Path-based timing analysis is performing so
that the paths that violate the timing constraint T
are found. Our algorithm first calculates the earli-
est arrival time of every node in the timing graph
from PI to PO, then calculates the latest arrival
time of every node from PO to PIL. If the earliest ar—
rival time of a node is later than the latest arrival
time of it, the node is taken as a constraint-violated
node, which belongs to a constraint-violated path.
Thus, all the constraint-violated paths can be de-
termined according to those constraint-violated

nodes.
2.3 Strategy of optimization

For the paths that violate the timing con-
straint, some nets in the paths are chosen to be op-
timized by buffer insertion illustrated as follows.

Let all the paths that do not satisfy the timing
constraint be P1, P2, ***, Pi, and let the nets in these
paths be N1, N2, ==+, N;.

For each net Ni,t €{1, 2, **=,j}, there are k
constraint—violated paths including the net N.: Py,
P, Py {Pi. Py, Pu)S (P1, P2, o, Pl

Then, {N ', N", *»*, N} is obtained by sort—
ing {N1,N2, -, N;} according to the value of k de-
creasingly.

Finally, the former m nets N '\, N 2, ***, N "u(m
=j)are chosen from {N i, N "2, ***, N} so that all
the constraint-violated paths can be optimized.

From the procedure above, we can see that the
more constraint-violated paths the net belongs to,
the higher priority the net is given to insert buffer.
T herefore, more ©ritical ” nets are chosen to be in—
serted buffers so that the total number of buffers
can be as small as possible during the timing opti-

mization.

3 Heuristic method of buffer inser—
tion

Since the interconnect delay is calculated by a
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high order model, buffer locations cannot be deter—
mined by simple analytical function. Therefore,
heuristic method is adopted to determine buffer lo-
cation in our algorithm.

(1) For the path from the source s to the criti-
cal sink t that belongs to the critical path, the mid—
point of the path, the one fourth point of the path,
and the third fourth point of the path, ***, will be in
turn chosen to insert buffers, that is, if there has
been a buffer inserted in the last iteration in the
midpoint of the path, the one fourth point will be
chosen in this iteration, and so forth.

(2) For other branches in the net, if a branch
is comparable to the path from s to t according to
our measurement:

L/1o=Co

where [ is the length of the branch; lo is the
length of the path from s to t; Cois the threshold
value, Co is valued by 0.8 in our algorithm, then a
buffer will be inserted to decouple this branch.
Thus, the source gate can drive the critical sink and
a smaller additional load due to buffered long non-
critical branches, and the delay from s to t can be
diminished.

As shown in Fig. 4, to optimize the delay time
from A to Ci, one buffer is inserted in the path

from Aito Ci. To optimize the delay time from A:
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Fig. 4 Strategy of buffer insertion

to Cz, one buffer is inserted in the path from A:to
C2, and another buffer is needed in the F2 so that

the long branch F:B: can be decoupled. Similarly,

three buffers are needed in order to optimize the

delay time from Asto Cs.

4 Description of algorithm

As shown in Fig. 5, the path-based timing op-
timization algorithm contains three key steps. Our
algorithm first performs path-based timing analysis
for the whole circuit by the method shown in sec-
tion 2.2 using the delay calculation method pre-
sented in section 2. 1, and all the constraint-violat—
ed paths can be determined consequently. Then,
some ¢Critical 7 nets in the paths are chosen to be
optimized using the optimization strategy shown in
section 2. 3. Finally, buffer insertion is adopted for
the nets one by one using the buffer insertion
method presented in section 3. The procedure iter—
ates until all the paths satisfy the given timing con—

straint of the circuit.
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Fig. 5 Algorithm flow

In the algorithm, the ‘ritical” nets influenc—
ing the timing of the circuit are selected by the
strategy of choosing nets from the constraint-vio-
lated paths, and the heuristic method of buffer in-
sertion can efficiently reduce delay for each net.
Thus. after several iterations. the timing of the
whole circuit can be optimized efficiently, and the
timing constraint will be satisfied. Because the
buffer insertion method is simple, the computing
complexity of the algorithm depends on the com-
plexity of path-based analysis algorithm, as normal

in polynormial.
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S Experimental results

Our algorithm is implemented by language C
on SUN Enterprise E450. An industrial circuit,
GDC which has 1728 paths is tested.

The experimental results are shown in Table
1. In the first column of Table 1, the different spec—
ified timing constraints are listed. T he related num-
bers of paths that do not satisfy timing constraint
are in column 2. The corresponding numbers of
nets we processed and numbers of inserted buffers
in timing optimization procedure are listed in
columns 3 and 4. And in the last column, the relat-
ed running times are given. For loose timing con-
straints in the first 3 rows of Table 1, the number
of processed nets is equal to the number of inserted
buffers. T hat means there is only one buffer insert—
ed in each processed net. For tight timing con-
straints in the last 2 rows, the number of inserted
buffers is greater than the number of processed
nets. T hat means there are some nets inserted more
than one buffer.

Experimental results show that our algorithm
can optimize the delay of the circuit efficiently so
that the specified timing constraint can be satis—

fied, and the running time of the algorithm is ac—

cepted.
Table 1  Timing optimization for GDC

Timing constraint |Number of | Number of [Number of | Running
/ns paths nets buffers time/s
0. 85 279 43 43 63
0.75 401 46 46 63
0. 68 589 113 113 85
0. 60 720 320 322 136
0. 56 764 357 396 395

6 Conclusion

In this paper, an algorithm of path-based tim—

ing optimization by buffer insertion with accurate
gate and interconnect delay computation is pro-
posed, and heuristic method of buffer insertion is
adopted. Experimental results show that our algo-
rithm can optimize the timing of circuit efficiently,
and the running time of the algorithm is accepted.
We will improve our algorithm in optimizing buffer
location, buffer size, and number for each processed

net in the future.
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