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Abstract
In this paper, we present a complete chip design

method which incorporates a soft-macro resynthesis
method in interaction with chip 
oorplanning for area
and timing improvements. We develop a timing-driven
design 
ow to exploit the interaction between HDL syn-
thesis and physical design tasks. During each design
iteration, we resynthesize soft macros with either a re-
laxed or a tightened timing constraint which is guided
by the post-layout timing information. The goal is to
produce area-e�cient designs while satisfying the tim-
ing constraints. Experiments on a number of industrial
designs have demonstrated that by e�ectively relaxing
the timing constraint of the non-critical modules and
tightening the timing constraint of the critical modules,
a design can achieve 13% to 30% timing improvements
with little to no increase in chip area.

1 Introduction
Over past decades, academia and industry have in-

vested much e�ort in physical design related research,
including 
oorplanning, partitioning, placement, and
routing. Several excellent reviews of physical design
techniques are given by [1, 2, 3]. By integrating various
techniques, many design methods and software systems
have been developed for chip designs. One of the most
popular design methods uses schematics as the design
entry, followed by 
oorplanning, placement, and rout-
ing to produce �nal chip layouts. This design method
is very e�ective and e�cient on small to medium-scaled
designs. However, with the advent of deep-submicron
technology, more and more devices can be packed into
a very complex single chip. Due to the time-to-market
pressure of designing complex chips and the maturity
of synthesis tools, more and more integrated-circuit de-
signers use an HDL-based synthesis approach to de-
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velop and manage large designs. Furthermore, as de-
vices geometries shrink, a new set of design challenges,
especially in electrical characteristics of circuits, are
faced by integrated-circuit designers. This has led to a
new research direction in design automation at synthe-
sis and physical levels.

A typical HDL-based design 
ow involves multi-level
design tasks. Over the years, much e�ort has been in-
vested to improve the quality of design tasks at each
design level. Few studies have been conducted to in-
vestigate the interaction between di�erent design tasks.
Pedram and Bhat [4] presented technology mapping
techniques by considering net lengths for area and de-
lay optimization. Liu et al. [5] presented a resynthesis
technique that resynthesizes the most congested region
of the chip to reduce routing area. Stenz et al. [6] pro-
posed a timing-driven placement method in interaction
with netlist transformations. The netlist transforma-
tion procedure is integrated into the placement process
so that accurate delay models are available to guide
the transformation process. Their results showed that
delay reduction is achieved with almost no increase in
chip area. Holt and Tyagi [7] proposed an integrated
approach that incrementally develops a placement dur-
ing the logic synthesis process for power minimization.

In this paper, we present a complete chip design
method which incorporates a 
oorplanning-guided soft-
macro resynthesis method for area and timing improve-
ment. The main objective is to develop a timing-
driven design 
ow by exploiting the interaction be-
tween HDL synthesis and 
oorplanning design tasks.
Experiments on a number of industrial designs have
been conducted to demonstrate the e�ectiveness of the
proposed method.

2 Problem Description
Figure 1(a) shows a typical HDL-based chip design


ow. It consists of �ve steps: (1) HDL synthesis, (2)

oorplanning, (3) place and route, (4) back annota-
tion, and (5) post-layout timing analysis. The inputs
to the design 
ow is a mixed RTL and gate-level HDL
description in Verilog or VHDL, and a timing con-
straint. In the �rst step, a synthesizer converts an
HDL design description into a hierarchical gate-level
netlist by performing HDL compilation and a series
of RTL and logic synthesis tasks. In the second step,
a 
oorplanning procedure is invoked to determine the
location of each macro on the layout plane. In the
third step, a placement-and-routing procedure is used
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Figure 1: A typical HDL-based method for macro-based
designs: (a) the design 
ow, (b) design with positive slack
values, (c) design with timing-relaxed resynthesis, (d) de-
sign with timing violation, (e) design with timing-tightened
resynthesis.

to perform detailed gate-level placement and routing.
In the fourth step, the layout parasitic information is
extracted. Finally, a post-layout timing analysis proce-
dure is performed to determine the most critical paths
and their delays. If the timing does not satisfy the de-
sign requirement, a re�nement iteration will proceed
until the timing requirement is satis�ed. The re�ne-
ment procedure can be applied at di�erent design lev-
els. This motivates us to investigate how to develop
a complete chip design methodology by integrating
multi-level design tasks and exploiting the interaction
between them.

In this study, we focus on developing a complete chip
design methodology which incorporates a soft-macro
resynthesis method in interaction with chip 
oorplan-
ning for area and timing improvements. The main ob-
jective of this research is to develop a timing-driven
design 
ow by exploiting the interaction between HDL
synthesis and physical design tasks, as depicted in
Figure 1(a). Consider an example which consists of
�ve macros, two hard macros and three soft macros.
Initially, each soft macro is synthesized into a gate-
level netlist. After the 
oorplanning, place-and-route,
and post-layout timing analysis, there are two possible
cases. Figure 1(b) shows the �rst case in which the de-
sign satis�es the timing constraint and the critical path
occurs between soft macros SM1 and SM2. Consider
that the slack between SM3 and fSM1,SM2g is larger
than zero. This indicates that we may have provided an
excessive timing constraint to SM3 during the synthe-
sis process. In this case, we can resynthesize SM3 with
a relaxed timing constraint which usually results in a
more area-e�cient design, as depicted in Figure 1(c).
Figure 1(d) shows the second case in which a timing
violation occurs between SM1 and SM2. This indi-
cates that we may have provided an under-estimated
timing constraint to either SM1 or SM2 during the
synthesis process. In this case, we may have to resyn-
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Figure 2: The proposed design 
ow.

thesize SM2 with a tightened timing constraint which
can produce a timing-violation free design but costs
some area overhead, as depicted in Figure 1(e). The
goal is to produce the most area-e�cient design while
satisfying the timing constraints.

3 The Proposed Method

3.1 Overview
Figure 2 depicts the proposed design 
ow which con-

sists of seven steps: (1) HDL synthesis, (2) pre-layout
timing analysis, (3) soft-macro formation, (4) 
oor-
planning, (5) place and route, (6) post-layout timing
analysis, and (7) resynthesis. The input to the de-
sign 
ow is an RTL design description in Verilog. In
the �rst step, an HDL-based synthesizer converts the
Verilog design description into a hierarchical gate-level
netlist. In the second step, a timing analysis proce-
dure is applied to perform pre-layout timing analysis
of the design. A set of critical paths will be identi-
�ed and used to guide the following macro-clustering,

oorplanning, and placement-and-routing procedures.
In the third step, the system groups soft macros con-
nected to the same clock sources into the same cluster.
Furthermore, it also groups small subcircuits to form
large macros and decomposes extremely large macros
into smaller ones. In the fourth step, we use a com-
mercial 
oorplanner to perform macro 
oorplanning to
determine the locations of macros. In the �fth step, we
use a commercial tool to perform placement and rout-
ing tasks. In the sixth step, a post-layout timing anal-
ysis procedure is invoked to compute the �nal timing
of the design. If there exits a timing violation or there
is a chance for area reduction, a soft-macro resynthesis
procedure is invoked. The system iterates four to the
�nal step until all the timing constraints are satis�ed
and no more area improvement can be achieved.

In the following sections, we will describe the soft-
macro formation (step 3) and the soft-macro 
oorplan-
ning and resynthesis loop (steps 4-7) in details.

3.2 Soft-Macro Formation
There are two main considerations in soft-macro for-

mation. First, in many of today's applications, such as
multimedia chips, designs usually have multiple clock



sources with di�erent rates. It is bene�cial to group
soft macros associated with the same clock source into
the same cluster. Second, using an HDL-based synthe-
sis method, the synthesized subcircuit of each leaf mod-
ule is naturally a closely-connected cluster. However, a
design may also contain extremely large modules con-
taining tens of thousands of gates. This is undesirable
because a large cluster is too rigid for macro placement
and may often result in poor placement results. Fur-
thermore, a design may also contain a large number
of small subcircuits. This is also undesirable because a
large number of macros will increase the computational
complexity of the macro-cell placement process.

The soft-macro formation procedure consists of
three steps: (1) clock-based clustering, (2) large-macro
decomposition, and (3) small-macro clustering. In our
approach, we �rst use a commercial synthesis system
to convert a Verilog design description into a hierarchi-
cal gate-level netlist. We then construct an HDL-based
structural tree to represent the structural hierarchy of
the Verilog design description. In an HDL structural
tree, the root node represents the top design, and each
intermediate node represents a module construct. Each
leaf node represents a circuit block generated from a
leaf module.

After constructing the HDL structural tree of a de-
sign, we �rst groups the macros connected to the same
clock source into the same cluster. Then we determine
the large-macro candidates which need to be decom-
posed into smaller ones. The selection of large-macro
candidates is based on the size of the macros. We de-
�ne the threshold valueMth of a large-macro candidate
as:

Mth = k � Savg ; (1)

where Savg is the average macro size #Total cells
#Macros

,

#Total cells and #Macros are the total number of
cells and the number of soft macros in the design, re-
spectively, and k is a user-de�ned threshold param-
eter for controlling the size of the large-macro. If a
macro is larger than Mth, then it is selected as a large-
macro candidate. For each large macro, we use the FM
partitioning method [8] to recursively decompose large
macros into smaller clusters.

Finally, we use a clustering algorithm [9] to group
small macros into large ones based on the size con-
straint, and the criticality and connectivity between
macros. Let G = fV;Eg be the connected graph where
V is the set of macro nodes and E the set of edges.
An edge eij exists if there exists at least a signal 
ow
between macros vi and vj. A weight is associated with
each edge indicating the number of connections be-
tween two corresponding macros. We de�ne the con-
nectivity Connij, the criticality Critij, and the close-
ness Cij of two macros, vi and vj, as below.

Connij =

(
(

wi+wj

wi+wj�2wij

)� (
si+sj
sth

);
si+sj
sth
� 1;

0;
si+sj
sth

> 1;

(2)

Critij =

�
1; if Crit Path(vi , vj) and

si+sj
sth
� 1;

0; else;

(3)

Cij = � Connij + � Critij; (4)

where wi denotes the total connection weight of vi, wij

the total connection weight between vi and vj, si the
size of vi, sth the upper bound on the size of a cluster
set by the user, Crit Path(vi , vj) denotes that there
is a critical path traveling across vi and vj , and � and
� are two coe�cients set by the user. In order to elim-
inate small macros and prevent the formation of large
clusters, the user can set the upper bound on the size
of a cluster. When the size of a new macro formed by
merging two macros is larger than the upper bound,
the closeness value between these two macros is 0.

3.3 Soft-Macro Resynthesis in Interaction
with Floorplanning

After forming soft-macro clusters, a timing-driven

oorplanning procedure [10] is invoked to determine
the relative location of each macro (hard and soft
macros) on the layout plane. We then use a commer-
cial tool to perform placement and routing design tasks.
Subsequently, we back-annotate RC parasitic values of
the layout and perform post-layout timing analysis. Fi-
nally, we determine whether some soft macros can be
resynthesized to achieve timing and/or area improve-
ments.

The key issues for the resynthesis process are
twofold. First, how to determine which soft macro
should be resynthesized. Second, if a soft macro needs
to be resynthesized, to what extent can its timing con-
straint be relaxed or tightened. Our resynthesis proce-
dure consists of twp steps: (1) slack computation and
(2) soft-macro resynthesis candidate selection.

In the �rst step, we start by back-annotating the
delay information for each I/O port of soft macros.
The delay information is extracted from a post-layout
timing report. We then compute the slack value for
each inter-macro signal path. Finally, we assign a slack
value for each I/O port of soft macros. This value is
computed using the following formula: Slack(pi) =
MINfSlack(e(pi; pj)); pi 2 SMk and pj 2 SMlg,
where e(pi; pj) denotes the interconnection between
ports pi and pj, and SMk and SMl denote two soft
macros.

The slack of an I/O port is de�ned as the minimum
slack value of all the signal paths associated with this
I/O port.

In the second step, we use two cost functions to
determine which soft macro should be resynthesized
next so that maximal area and/or timing improvement
can be achieved. The cost functions POS(SMi) and
NEG(SMi) are de�ned as the sum of the positive and
negative slack values of all the I/O ports in a soft
macro:

POS(SMi) =
X

Slack(pj ); for all Slack(pj) > 0: (5)

NEG(SMi) =
X

Slack(pj); for all Slack(pj) < 0: (6)

If there exists a negative slack value associated with
any soft macro, a timing violation occurs. In this case,
we select the soft macro with the highest NEG(SMi)
as the candidate for resynthesis because it should be
the most critical one. If all timing satis�es the timing



constraint, we select the soft macro with the highest
POS(SMi) as the candidate for resynthesis because
resynthesizing it with relaxed timing constraints should
result in a maximal area reduction. After selecting a
candidate, we use a commercial synthesis tool to resyn-
thesize the soft macro by specifying the I/O-ports' tim-
ing constraints according to their slack values. Subse-
quently, we invoke a 
oorplanning procedure to adjust
the chip 
oorplan by preserving the original relative
locations of all soft and hard macros.

The proposed timing-driven soft-macro resynthesis
method (TDSR) is described below:
Procedure TDSR(Dhdl,Tconst)
begin

Dgate  HDL Synthesis(Dhdl);
Pre layout timing analysis(Dgate);
Stree  Structural tree construction(Dgate);
Soft macro formation(Stree);
Floorplanning(Stree,Tconst);
Place route(Dgate,Tconst);
RC extraction(Dgate);
Post layout timing analysis(Dgate);
Slack computation(Stree,Dgate);
while (timing constraint is violated or more area

can be reduced)
begin

POS(SMi) and NEG(SMi) computation(Stree);
SMi  Soft macro candidate selection(Stree);
Stree  HDL Synthesis(SMi);
Floorplanning(Stree,Tconst);
Place route(Dgate,Tconst);
RC extraction(Dgate);
Post layout timing analysis(Dgate);
Slack computation(Stree,Dgate);

end of while
end of procedure

The inputs to the system include an HDL design
description (Dhdl) and timing constraints (Tconst). Let
Dgate and Stree denote the gate-level design and struc-
tural tree. Initially, the system performs HDL syn-
thesis, pre-layout timing synthesis, structural-tree con-
struction, soft-macro formation, 
oorplanning, place-
and-route, and post-layout timing analysis to produce
an initial chip layout. During the resynthesis itera-
tion, the system �rst computes the slack value for each
soft macro I/O port, and then computes for each soft
macro. Following, the system selects one soft-macro
candidate which contributes the most in timing or area
improvement. After resynthesizing the soft macro, the
system performs 
oorplanning adjustment, followed by
RC parasitic extraction and post-layout timing analy-
sis. Finally, if there is improvement, then the resyn-
thesis iteration continues. Otherwise, the system stops
and reports the �nal chip layout.

4 Experiments
We have tested the proposed method on three in-

dustrial designs. All three designs are described as hi-
erarchical, mixed RTL and gate-level netlists in Ver-
ilog. Table 1 shows the characteristics of the designs
in which Nets, IOs, HMs, SMs(Before=After),
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Figure 3: The experimental 
ow.

SMs(Cells=Gates), and Total Gates denote the num-
ber of nets, IO pins, hard macros, soft macros be-
fore and after performing clustering, cells/gates of soft
macros, and total gate-count of the design. In the three
designs, ind1 contains three clock sources, and ind2
and ind3 contain two clock sources. In all experiments,
we set the threshold values k = 2 for large-macro de-
composition and Sth = 0.1 Savg for small-macro clus-
tering.

Figure 3 shows the experimental 
ow. In the �rst
step, we used Synopsys' Design Compiler [11] to con-
vert the input Verilog design description into a hierar-
chical gate-level netlist and then performs timing anal-
ysis to report the 200 most critical paths. In the sec-
ond step, we used our proposed soft-macro formation
method as a pre-processing step to generate soft-macro
clusters for the 
oorplanner. In the third step, we
used Cadence's Silicon Ensemble [12] to perform chip

oorplanning and determine hard-macros' locations.
In the fourth step, we used the performance-driven
soft-macro placement algorithm [10] to perform soft-
macro placement. In the �fth step, we used AVANT!'s
Aquarious XO [13] to perform detailed placement and
routing. In the sixth step, the AVANT!'s STAR�RC
[14] was used to extract layout parasitic information.
In the seventh step, we used AVANT!'s STAR � DC
tool [15] to perform delay calculations and generate
an SDF �le. In the eighth step, we used Synopsys'
Design T ime [11] to perform post-layout timing analy-
sis. Finally, we applied the proposed soft-macro resyn-
thesis iteration to incrementally improve the area and
timing of the layout. During each resynthesis iter-
ation, we �rst used Synopsys's Design Compiler to
perform logic resynthesis by supplying a relaxed or a
tightened timing constraint to the soft macros. We
then applied an ECO function supported by AVANT!'s
Aquarious XO to perform placement and routing. For
all experiments, we provided the 
oorplanner (the third



Table 1: Characteristics of the benchmarking designs.

Designs Nets IOs HMs SMs(Before/After) SMs(Cells/Gates) Total Gates
Ind1 15,373 83 13 157/22 15,086/38,240 75,000
Ind2 27,404 155 8 150/28 42,030/75,361 95,000
Ind3 53,344 73 31 292/50 45,378/124,180 230,000

Figure 4: The initial critical path of ind2 using the 0.5�m
library.

step) and the placer-and-router (the �fth step) with the
most critical 200 paths (generated in the �rst step) as
the timing constraints.

We have conducted two sets of experiments. In the
�rst experiment, we used the TSMC 0.5�m cell library
[16]. In the second experiment, we used the TSMC
0.25�m cell library [17]. Note that ind1 and ind3 con-
tain a PLL module. Unfortunately, the 0.25�m-based
PLL module is not available and we could not perform
the experiment on the both designs using the TSMC
0.25�m cell library. Hence, in this paper, we only re-
port the result of ind2 using the TSMC 0.25�m cell
library.

Table 2 shows the area-delay comparisons of ind1
using the 0.5�m library, in which IO denotes the num-
ber of IO pins, #HM the number of hard macros,
#SM (B=A) the number of soft macros before and after
applying the soft macro clustering, GateSM the total
gate count of soft macros, GateTot the total gate count,
Area the chip area, Delay the worst path delay, Tresyn
the resynthesis run times in hours, and Teco the ECO
run times. The results show that by resynthesizing
some soft macros, the timing was improved up to 20%
with almost no area penalty. Table 3 shows the area-
delay comparisons of ind2 using the 0.5�m library. We
obtained the same result as that of ind1, in which the
timing was improved up to 13% with almost no area
penalty. Table 4 shows the area-delay comparisons of
ind3 using the 0.5�m library. The results show that the
timing was improved up to 11% with almost no area
penalty. Figure 4 shows the critical path before resyn-
thesis (Iteration 1 in Table 3). After two resynthesis
iterations, the new critical path is shown in Figure 5

Figure 5: The new critical path of ind2 using the 0.5�m
library after two resynthesis iterations.

(Iteration 3 in Table 3). Table 5 shows the area-delay
comparisons of ind2 using the 0.25�m library. The re-
sults show that the timing was improved up to 30%
with 11% area penalty.

We have also compared the average delays con-
tributed by gates and interconnects using 0.5�m and
0.25 �m technologies. Table 6 shows the average gate
and interconnect delay comparisons of the most critical
paths of ind2. The results show that using the 0.5�m
technology the average gate's intrinsic delay and inter-
connect delay are 0.171ns and 0.277ns, respectively.
In addition, using the 0.25�m technology, the aver-
age gate's intrinsic delay and interconnect delay are
0.107ns and 0.325ns, respectively. From the results, we
observed that the average interconnect-delay vs. gate-
delay ratios of the 0.5�m and 0.25�m technologies are
1.62 and 3.04. This indicates that interconnect delays
play an important role in deep-submicron technologies.

From the experiments, the following observations
can be made. When using the 0.5�m library for de-
signs ind1, ind2, and ind3 our proposed method can
improve timing from 11% to 20% with almost no area
penalty. This demonstrates that by e�ectively relax-
ing the timing constraints of non-critical modules and
tightening the timing constraints of the critical mod-
ules we can achieve signi�cant timing improvements
with little to no increases in chip area. When using the
0.25�m library, our method can improve timing by 8%,
22%, and 30% with 2%, 5%, and 11% increase in chip
area, respectively. We found that the 0.25�m library
supports a large set of components with a wide range
driven capability. This feature provides more design
alternatives during the synthesis process.



Table 2: The area-delay comparisons of ind1 using the 0.5�m library

Iter IO #HM #SM(B/A) GateSM GateTot Area(�m2) Delay(ns) Tresyn(hr) Teco(hr)

1 83 13 157/22 38,240 75,000 25,250,625 18.35 6 4
2 83 13 157/22 38,279 75,039 25,251,118 15.87 5 4
3 83 13 157/22 38,260 75,020 25,252,218 13.91 4 3

Table 3: The area-delay comparisons of ind2 using the 0.5�m library
Iter IO #HM #SM(B/A) GateSM GateTot Area(�m2) Delay(ns) Tresyn(hr) Teco(hr)
1 155 8 150/28 75,361 95,000 27,957,500 38.25 9 7
2 155 8 150/28 75,501 95,140 28,037,599 33.71 8 5
3 155 8 150/28 75,533 95,172 28,039,765 33.30 6 4

Table 4: The area-delay comparisons of ind3 using the 0.5�m library
Iter IO #HM #SM(B/A) GateSM GateTot Area(�m2) Delay(ns) Tresyn(hr) Teco(hr)
1 73 31 292/50 124,180 230,000 52,560,000 19.83 13 9
2 73 31 292/50 124,479 230,299 52,563,260 18.95 8 7
3 73 31 292/50 124,611 230,431 52,565,788 17.64 7 6

Table 5: The area-delay comparisons of ind2 using the 0.25�m library
Iter IO #HM #SM(B/A) GateSM GateTot Area(�m2) Delay(ns) Tresyn(hr) Teco(hr)
1 155 8 150/28 75,361 95,000 6,250,000 27.68 10 7
2 155 8 150/28 75,610 95,249 6,388,250 25.67 9 5
3 155 8 150/28 76,922 96,561 6,566,400 21.67 9 5
4 155 8 150/28 78,169 97,808 7,022,500 19.32 8 4

Table 6: The comparisons of the average gate and interconnect delays of ind2 using the 0.5�m and 0.25�m libraries
Lib. Gate Delay(ns)[A] Interconnect Delay(ns)[B] [B]/[A]

0.5�m 0.171 0.277 1.62
0.25�m 0.107 0.325 3.04

The experiments were conducted on an HP-C180
workstation with 750Mb main memory. Tables 3-6
show the run times for the resynthesis and P&R ECO
iteration. For example, in the �rst iteration of the ind1
design (Table 2), it took an average of 6 hours and 4
hours to run the synthesis and P&R ECO tasks.

5 Conclusions

In this paper, we have presented a complete chip
design method which incorporates a soft-macro resyn-
thesis method in interaction with chip 
oorplanning for
area and timing improvements. We have conducted a
series of experiments on three industrial designs. The
results have demonstrated that by e�ectively relax-
ing the timing constraints of non-critical modules and
tightening the timing constraints of critical modules we
can achieve signi�cant timing improvements with very
little to no area penalty.

In this study, we have shown that an integrated syn-
thesis, 
oorplanning, placement, and routing design

ow allows designers to perform design resynthesis and
ECO-based placement-and-routing guided by accurate
layout timing information. This method is very e�ec-
tive for timing improvement with very little to no in-
crease in chip area. One drawback for such a design

ow is that it is an extremely time-consuming task. It
takes close to 1 full-day to run one resynthesis iteration.
Shortening the iteration time will be a key factor in im-
proving the design exploration process. One possible
approach is to move the iteration loop to a higher-level,
such as 
oorplanning level. In order to make this hap-
pen, a more accurate delay and area estimationmethod
is required. Another important issue is how to deter-
mine the initial timing budget for each module before
synthesis. Good initial time-budgeting should shorten
the number of resynthesis iterations and thus speed up
the entire design process.
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