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Abstract: A new clock—driven ECO placement algorithm is presented for standard-cell layout design based on the
tabledookup delay model. It considers useful clock skew information in the placement stage. It also modifies the po-
sitions of cells locally to make better preparation for the clock routing. Experimental results show that with little

influence to other circuit performance, the algorithm can improve permissible skew range distribution evidently.
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1 Introduction

Due to the continuing reduction of feature size
under deep-submicron technology, interconnect de-
lay has become more significant than active device
delay. High performance clock design is rapidly be-
coming a critical problem. Several techniques, such
as clock scheduling'" (solved by linear program-
ming) , clock routing algorithms (from zero-skew'”
to bounded-skew'"), and simultaneously skew
scheduling and clock tree rouling' “3 have been de—
veloped.

Clock skew is manifested by a lead/lag rela—
tionship between the clock signals that control a
local data path. A local path is composed of two se-
quentially adjacent registers and a combinational
logic between them. The UST-BP algorithm in
Reference[ 4] derives positive and negative skew
With

skew, the circuil can run at a clock period that is

bounds respectively. allowable negative

less than the critical logic path delay. This allows a
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larger timing constraint to minimize the circuit area
or power.

The problem of clock-skew optimization is
typically addressed after placement. But if the skew
information can be considered earlier, the better
tree structure of clock routing may be obtained.
Reference [ 6] has already begun to bring the
clock-skew minimization problem into the place-
ment domain, but it deals with zero skew only.

In this paper, we make the first attempt to use

ECO

change order) placement' ™™ as a postdayout opti-

incremental placement, or ( engineering
mization method to improve the useful skews of
clock. To deal with standard cell layout'”, which is
prevalent in the industry, we propose a new clock-
driven placement algorithm. T he advantage of our
approach is that it introduces a new cell moving
strategy and it can quickly adjust positions of the
cells, enlarging legitimate positive and negative
skew ranges. T he experimental results show that it

can ameliorate the distribution of permissible skew

ranges significantly, with little damage to other de-
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sign objectives.
3 Table-lookup delay model
2 Preliminaries
3.1 Delay table
We use S = {s1,s2, ***, 5.} to denote the set of

clock pins in the circuit, with si being the clock pin

of flipflop FFi. A pair of flipflops is sequentially

adjacent when only some combinational logic exists

between them. Figure 1 shows two sequentially ad-

jacent flip-flops, with FFoi feeding data to FFoz.
Logic Path

Fig. |

A local data path in synchronous circuit

Clock signals may arrive at clock pins si and s
at different time t: and t;, respectively. Clock skew
between si and g is defined to be skewi= ti— ;. If
clock signal arrives at so earlier, we call it negative
skew;on the other hand, if se gets the clock signal
first, the skew is defined as positive skew. With
negative skews between certain clock sinks, e. g.
sinks in critical logic paths, gate sizing can be al-
lowed to reduce power consumption further'®.
That is the reason we call the negative skews use—
ful skews.

To avoid double-clocking and zero-clocking in
clock operation, skews can not be too excessive. If
the maximum and minimum delay of each combina-
tional logic block ( Duwgic) are known, a region of
valid clock skew called permissible skew range can
be assigned to each local data path'"”. We must
constrain each skew in its permissible range, by the
following inequalities:

= min(Dwge) = D+ Duow = skewr.2(to — tn2)
< C, - max( D) = Dr— D (1
where C; is the time of clock period, Diris the prop—
agation delay through the flipflop, D and Do
are time for data to remain stable before and after

the clock triggers respectively.

In order to calculate the path delay more accu-
rately, we adopt tabledookup delay model to do
timing analysis. The nonlinear delay model stores
vendor-specific delay information in the technology
library in the form of tabledookup. We use two pa-
rameters to describe a signal: transition time ( de-
noted as §) and transfer delay (denoted as D). As
shown in Fig. 2, transition time is the time required
for the signal to change its voltage state, and trans—
fer delay is the timing difference between the signal

and original input.

Fig. 2 Signal passing through a cell

There are altogether two delay tables for ev—
ery cell: CDT (cell delay table) and TDT (transi-
tion delay table). They are both two-dimensional
tables indexed by input & and output capacitance.
While data signals pass a cell, CDT is used to cal-
culate the transfer delay D and TDT is for the

change of transition time 5.
3.2 Cell delay calculation

The total path delay, D is the sum of every
cell delay and net delay on the path: D= Y. D

+ Y D - A required maximum delay, D is set
to each controlled path, and the slack S is defined
as S= Dieq— Dww. A path with negative slack value
is called a eritical path.

Cell delay, D, is the delay contributed by cell
itself. It is roughly a nonlinear incremental function
with parameters 6 and C. We use 4-point interpola—
tion for calculating D.a at certain combination of &

and C. Suppose in CDT, the values used for transi-
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tion time indexing are ( do, &1, ***, &) and the values
for output capacity indexing are ( Co, Ci, **=, Ci).
Let Dji be the value of delay when transition time
is 0; and total output capacity is Ci in the table. We
define Djr as the following quadric function:
Dit= adiCr + boi + c¢Cr + d (2)

For simplicity, assume we can find j and k, so
that §< §<§;+1 and Ci< C=Ci+ 1. Parameters a, b,
¢ and d can be determined from the four table val-
ues Dji, Dij+ ni, D+ and D+ ni+ 1y, Then we can

get the value of cell delay according to formula

(2).
3.3 Connect delay calculation

The connect delay, Dewmea, is the delay on the
interconnect net. Since we have not known the pat-
tern of the routing tree of nets in placement, we use
an average load model of the nets and calculate

connect delay as follows:

M( Cva ire
N *N

where N is the number of fanin terminals of the

D o = Con) (3)

net; Rvie and Cuire are the resistance and capacity of
the wire, respectively; Cyin is the sum of capacity of

all fanin pins on the net.
4 Algorithm description

4.1 Timing analysis

To perform clock-driven incremental place—
ment, we must first find out the information of lo-
cal path delay. Permissible skew ranges can be cal-
culated through inequality (1), after we get values
of delay of the longest and shortest path between
adjacent flipflop pairs. This task can be accom-
plished by the Bellman—ord algorithm''".

A simple synchronous circuit can be modeled
as a finite directed graph: timing analysis graph
G(V,E), which has | V| nodes and | E| edges.
Each node in the graph, v; € V , is associated with
a functional cell (such as flipHflop, circuit input,
circuit output, or logic gate). Each edge in the

graph, e; € K, represents a physical connection

between vertices vi and v;.

We first sort nodes according to their topology
order (when nodes are topologically sorted in tim-
ing analysis graph, there will be no edge going from
a node v to another node u where v comes after u in

the sorted order). By introducing data struc-

ture tag, we record that which flipflops are in
front of a cell, and the most/least time it takes for
the signal to reach that cell. Transferring tags dy-
namically in the topology sequence, we can obtain
all the information of local path delay. Both topo-

logically sorting nodes and transferring tags take

O(| V] + | E|] ) iterations.
4.2 Force judgement

In order to improve clock permissible skew
ranges. we must first make it clear how cell posi-
tions infect local path skew bound. Here, by bor-
rowing the idea of the force directed interchange
method, we treat every cell as if they were in some
fictitious force field. The local longest path and
shortest path between adjacent flipflops will im-
pose forces on combinational cells, which impel the
cells to enlarge permissible skew range.

T o increase positive skew range, from inequal-
ity (1), we know that the longest path will impose
a force on cells intending to shrink the path: while
the shortest path want to expand itself to enlarge
negative skew range. After considering all the
paths going through the cell, we will get its moving

direction. What to do next is moving cells.
4.3 Cells adjustment

As shown in Fig. 3, suppose cell A wants to

move in bottom right direction due to the

Fig. 3 Adjustment of cell (a) Decide select range:

(b) Push other cells
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forces. The algorithm first decides a select range
from which the most suitable position will be cho-
sen, then put cell A in its optimal location. Cell A
will push other cells of that row to both sides, just
like dissolving in that row. The original position of
cell A becomes blank, which is ready for other cells
to move in.

Being ECO placement, it wants to move as few
cells as possible. In Fig. 3, suppose there are L cells
on the left of A, denoted as Cn, Cr, =, Ci from
right to left. There is space Gi between cell Cip- 1
and Ci, , ML, is total space got when we push to
the pth cell. Similarly, there are R cells Cri, Cr2, =+,
Crx on the right of A from left to right. We also de-
note G and MR, . The task is how to push the cells

Repeat left branch
[ mir =Width( A)
L1 mu< Width(A)
r— 1 muy=Width( A)
r'= 1 r= 1 mi< Width(A) and I+ r> N
r mir< Width( A) and '+ r=nN,

Until (r<Oorl> R)

Suppose there are n cells in that row, we take
at most (n+ 1/4n) iterations to find the optimal
solution with minimum number of moved cell. So

the complexity of inserting one cell is O(n).

S Experimental result

The clock—driven ECO placement algorithm
has been implemented in language C on a SUN En-
terprise 450 workstation running on Solaris Oper—
ating System. We have run our program on two in—

dustrial test cases with 4000 to 40000 cells. Some

statistical information is listed in Table 1.

Table 1 Characteristics of test cases
Circuits Rows Cells Flipflops Nets | Local paths
Tahle 48 4596 127 4738 | 62
Design 164 44283 1947 44943 | 155748
Experimental results are summarized in

until there is enough room to insert cell A. Hence,

the problem can be expressed as the following inte-

ger program:

I+ r

0=I=<L,

0=r=R.both [ and r are integer

ML+ MR.ZWidth(A) (4)
We set up a space matrix M+ e+ 1) , whose

element (I,r) is: me= MLi+ MR, . If cell A can

be put in such cell row, we can find a solution (p.

Minimize

subject to:

¢) in the diagonal of matrix M at first. This is an
upper bound of the moving cells number: Nu= p
+ ¢ . Next, change current solution ([, r) to next
solution [El,rr) through left and right branches it-

eratively according to the following steps:

Repeat right branch
| r mir =Width( A)

T I r+ 1 mir< Width( A)
(-1 mi=Width(A)

I'=! =1 mu< Width(A) andr'+ I> N.
L1 mir< Width(A) and r'+ [N,

Until (I'< Oorr> R)

T able 2. There is evident improvement for the min—
imum and average permissible skew range, espe-
cially for the negative skew range. So that it pro-
vides a better foundation for the useful skew clock
routing. M eanw hile it does little spoil to the timing
characteristics. Certainly, cells© movement will
make total wire length grow, but the increment is
quite small.

[n order to observe the changing trend of per—
missible skew ranges more clearly, we listed all the

local paths between adjacent flipflop pairs in test

case Design. As shown in Table 3, all the
155748 local paths were divided into 7 portions.
They were sorted by the values of negative permis-
sible skew range. T he values were measured by the
Cy (clock period) value. After optimization, some
local paths got larger permissible skew ranges and
belong to other portions. We collected statistics on

the change number of local paths in each portion.
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Table 2 Improvement of permissible skew range

——— _ Circuit  Table Design
Perfarmance O e Original Optimized Original Optimized
Negative skew Minimum 0.2088 0.2427 (+ 16.2%) 0.3539 0.3704 (+ 4. 66%)
range/ns Average 0. 9020 0.9166 (+ 1.62%) 7. 6409 7.7058 (+ 0.85%)
Total skew Minimum 3. 0000 3. 0000 14. 8679 14. 8683
range/ns Average 3. 0000 3. 0000 27.5519 27.5623
Timing CI'_iIi(f:lI paths 769 766 72 72
Min slack/ns - 2.0463 - 2.0433 - 4.7030 - 4. 7660
Total wire |cnglh/]l]'.’pm 8. 1846 8. 2387 (+ 0. 66% ) 10. 877 10. 928 (+ 0.47%)
Run time/s - 1.03 - 198. 24
Table 3 Permissible skew range distribution in 1990. 39(7) : 945
cireuit Design [ 2] Chao Tinghai, Hsu Yuchin, Ho Janming. et al. Zero skew
Negative skew range Original Optimized Change A clock routing with minimum wirelength. IEEE Trans Circuits
0~ 1/7C, 10203 8781 — 1422 Syst I -Analog and Digital Signal Processing, 1992, 39( 11):
1/7Cp~ 2/7C, 47395 48292 897 799
2/7C,~ 3/7C, 44253 44554 301 [ 3] Huang D J-H, Kahng A B, Tsao C-W A. On the bounded-
3/7C,~ 4/7C, 35878 36045 167 skew clock and Steiner routing problems. Proceeding Of 32"
4/7Cy~ 5/7Cy 15820 15892 72 Design Automation Conference, USA, 1995: 508
5/1Cy~ 6/7Cy 2155 2140 = 15 [ 4] XilG.Dai W W-M. Useful-skew clock routing with gate siz—
6/7C,~ 1/7C, 44 44 0 ing for low power design. Proceeding Of 33v Design Automa—
T otal 155748 155748 -
tion Conference, 1996: 383
[ 5] Tsao Chung-Wen Albert, Koh Cheng—Kok, et al. UST/DM E:
From the statistical data we can see that local a clock tree router for general skew constraints. IEEE/ACM
paths with small skew ranges move dow nw ards International Conference on Computer-Aided Design. 2000:
clearly after adjustment. That means not only the 400
[ 6] Natesan V. Bhatia D. Clock-skew constrained cell placement.
worst permissible skew range is enlarged, but also Proceedings of the IEEE International Conference on VLSI
narrow skew ranges have been improved globally. Design. 1995: 146
[ 7] Choy C-8, Cheung T -5, Wong K-K. Incremental layout place—
6 Concluding remarks ment modification algorithms. IEEE Trans Comput-Aided
Des Integr Circuits Syst. 1996, 15(4): 437
[ 8] Yu Hong. Yao Bo. Hong Xianlong. et al. ECOP: a row —parti-
In this paper, we presented a new clock-driven tion based incremental placement algorithm for standard cell
incremental placement algnrithm. It finds the key layout design. Chinese Journal of Semiconductors. 2001, 22
cells” through timing analysis. It uses the concept (1):96(in Chinese) [ ¥, Whitd, #t 5L Je, 25, ECOP: ik -
of force to decide cells moving direction, and it o 6T R 43 10 e B A e B R I
moves cells to enlarge permissible skew ranges be- 2001. 22(1): 96]
[ 9] Hou Wenting. Yu Hong. Hong Xianlong. et al. A new conges—
tween adjacent flipflops. Results obtained from _ : ) o )
tion—driven placement algorithm based on cell inflation. Chi-
experiments have demonstrated that making better nese Journal of Semiconductors, 2001, 22( 3) : 275
preparation for useful clock routing, the algorithm [10] Kourtev I S, Friedman E G. Synthesis of clock tree topologies
can improve skew range distributions effectively. to implement nonzero clock skew schedule. IEEE Proceed-
ings: Circuits, Devices and Systems. 1999, 146( 6) : 321
[11]  Gerez S H. Algorithms for VSLI design automation. Wiley,
References New York, 1999: 95
[ 1] Fishburn J P. Clock skew optimization. IEEE Trans Comput,



478 t 8 Ko 23 %

— MR E T ER RN PR ESNEEXNTEEE

X' ket kR RAR' ChungWen Albert Tsao’

(LRI SR 2 SRR, dest 100084, Hh[H)
(2 Celestry Design Technologies ], San Jose CA 95112, }r\_li‘l}

S P T PO I f Sl 1R 1 A e S, e Rk T S R LA R B SR T A S, 1 A R
PERH SERE IR (h T AT R B BB % IR B I B B, ) DL i 4 R 0 B, AT R T B 0 A T e 2 e e
A 2 AVl 22 0 A i . A 11 Tl 0 1R 0 P 9 05 R W, 32 B0kl DA s S 4 B 2 3 L 11 20 AT i A e B
L EPERESE W AR .

RERIR: PphIREh: AU R AT IR S A R 22 G

EEACC: 2570A CCACC: 7410D
hESES: TN4T XERFRIRES: A XEHS: 0253-4177(2002) 05-0473-06

o [E SRR A B (AEHE ST 60076016) M H 5K IL-6 = "I sl FTE R SRR 4 45 G 19980304 11) ¥ 55 H
2001-09-18 W 1, 2001-11-28 5 i ©2002 HhE L f L





