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ABSTRACT

In deep sub-micron (DSM) technology, wires are equally or more
important than logic components since wire-related problems such Kot Y1 Zn-a Koz Yoo Zine2 Xo Yo Zo CI n?ﬂ;ﬂ?
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sign. Recently, a method [12] for generating a partial product re- (

duction tree (PPRT) with optimal-timing using bit-level adders to ‘ i F nf fn
implement arithmetic circuits, which outperforms the current best CO S ‘ Sz ‘ S co S
designs, is proposed. However, in the conventional approaches in- Crs @ G Co (b)

cluding [12], interconnects are not primary components to be op- . )

timized in the synthesis of arithmetic circuits, mainly due to its Figure 1 A structure of an n-bit CSA

high integration complexity or unpredictable wire effects, thereby  Figure 1(a) shows the structurerebit CSA. (The block symbol
resulting in unsatisfactory layout results with long and messed wire in Figure 1(b) represents a CSA module.) Adbit CSA consists
connections. To overcome the limitation, we propose a new mod- of ndisjoint full adders (FAs). Note that unlike normal adders (e.g.,
ule generation/synthesis algorithm for arithmetic circuits utilizing RCA (ripple-carry-adder) and CLA (carry-lookahead-adder)), there
carry-save-adder (CSA) modules, which not only optimizes the cir- iS no carry propagation between the FAs in the CSA. Thus, for
cuit timing but also generates a much regular interconnect topology a sufficiently large value of,, the CSA implementation becomes
of the final circuits. Specifically, we propose a two-step algorithm: much faster and also relatively smaller in size than the implemen-

(Phase 1 CSA module generation) we propoae optimal-timing tations of normal adders.
CSA module generation algorithimr an arithmetic expression un- There are several works related to efficient representation, al-
dera general CSA timing modglPhase 2 Bit-level interconnect location and transformation of CSAs in VLSI design automation.

refinements) weptimally refine the interconnects between the CSA Kim et al.[10] performs the CSA transformation in three steps: (a)
moduleswhile retaining the global CSA-tree structure produced by an identification of operation tree to be transformed, (b) a transla-
Phase 1. It is shown that the timing of the circuits produced by tion of the expression of the identified tree into an addition expres-
our approach is equal or almost close to that by [12] in most test- sion, and (c) a conversion of the addition expression into a CSA-
cases (even without including the interconnect delay), and at thetree. Given a non-cyclic dataflow graph of arithmetic computations,
same time, the interconnects in layout are significantly short and the algorithm iteratively performs the three steps until there is no
regular. candidate expression of tree to be transformed. A few extensions to
the work in [10] were proposed. Mathur and Saluja [13] improved
the implementation of the first step in [10] by extracting a charac-
terization of safe grouping of operations to be transformed. Um
and Kim [14] improved the procedure of the third step in [10] by

Categories and Subject Descriptions
B.2.4. [Arithmetic and L ogic Structures]: High-Speed Arithmetic
— Algorithms,Cost/Performance

General Terms: Algorithms, Design and Peformance providing an optimal-timing CSA-tree allocation algorithm using a

Keywords. Carry-save-adder, layout, high performance constant CSA delay model. Further, Kim and Um [15] extended the
scope of the CSA transformation to include operations across mul-

1. INTRODUCTION tiplexors, across design boundary, and across multiplications. On

The optimization of arithmetic expression has been the subject of the other hand, Yet al. [16] extended the scope of the CSA trans-
intensive investigation in the several phases of design process. A lotformation to include operations across registers. Kim and Kim([17]
of techniques for synthesizing arithmetic circuits are proposed [1]- Proposed a design exploration algorithm by trading timing and area
[12]. A carry-save-adder (CSA) module [20] is one of the most fre- Of the circuits using CSAs. In addition, ‘et al. [18] proposed a
quently used implementations in the operation level since it has anCarry-save representation for DFG (dataflow graph) to make it easy

advantage of fast timing possibility with, if any, little area penalty. 0 Solve the CSA allocation and retiming together.
Contrary to the CSA module (word-level) based implementa-

tions mentioned above, there have been numerous research works

on the design of fast arithmetic circuits, especially multipliers (e.g.,
Permission to make digital or hard copies of all or part of this work for [19]), usingbit-level FAsas basic implementation components. (An
personal or classroom use is granted without fee provided that copies areextensive survey can be found in [20, 21].) The main issue of the
not made or distributed for profit or commercial advantage and that copies bit-level arithmetic optimization is implementing fast Partial Prod-
bear this notice and the full citation on the first page. To copy otherwise, to yct Reduction Trees (PPRTSs) using FAs. Oklobdeijaal. [11]
republish, to post on servers or to redistribute to lists, requires prior specific proposed an optimal algorithm, callétree-greedyalgorithm, for

permission and/or a fee. . . - .
DAC 2002,June 10-14, 2002, New Orleans, Louisiana, USA. constructing a minimum-delay PPRT using FAs under a restricted

Copyright 2002 ACM 1-58113-297-2/01/000655.00. FA timing model. Further, Stellingt al. [12] proposed an algo-



P nal structure of CSA, in addition to the three (normal) input ports,

x (o) — s, P a CSA has 1-bit carry input port. Lét, Y, Z (D(X) < D(Y) <
v 12T 0> DS = MaX(D)Dy, . D@0, } D(Z)) be then-bit vector addends, assigned to( trze thrc(ee) normal
z(n) carry input ports of the CSA, and be the signal assigned to carry in-
D() < D(y) < D) 5 D(carry) = max{D(y)+D #D,,, D2)+D, } put port. Then, the delays wumand carry of the CSA are de-
‘ : ! fined byD(sum = max{D(Y) + Ds1,D(Z) + Ds} andD(carry) =
Figure 2: Timing model for FA maxD(y) + D¢ + D2, D(2) + Dc}. Note the CSA-tree allocation
rithm called two-greedy which is an improvement of ththree- algorithm in [14] produces an optimal-timing CSA-tree under the
greedyalgorithm, by developing a number of new techniques for constraint ofDs; = Dep, but is not optimal under the general CSA
analyzing and designing PPRTSs. timing model. We propose a new CSA allocation algorithm (sec-

Clearly, in terms of timing, the bit-level implementation using tion. 3.1) which produces an optimal-timing CSA-tree under the
FAs is superior to the word-level implementation using CSAs. Con- general CSA timing model.
versely, in terms of layout efficiency for interconnects, the CSA 2.2 M otivating Example

implementation is superior to the FA implementation because the | et ys begin with an example of synthesizing an arithmetic circuit
wires in the former are regularly grouped into buses. Note th_at to see how our proposed approach is essentially different with the
in DSM technology, wires are equally or more important than logic onventional methods. Suppose we want to add seven operands
components in layout since wire-related problems such as crosstalkxl’ .-+, X7. Each operand is 3-bit wide, and its word-level and
noise are much critical in system-on-chip (SoC) design. However, pit.|evel arrival times are shown in the table in Figure 3(a). Fig-
mo_st of the previous worl_<s have focu_sed on minimizing the circuit e 3(b) shows the optimal-timing CSA-tree structure, which we
timing, and not much seriously taken into account the interconnect ¢ circuit1, produced by the algorithm in [14] under a restriction
OptImIZ.atIOI’] for easy layout during the arithmetic circuit imple- gnthe CSA timing model. On the other hand, Figure 3(c) shows the
mentation. _ _ optimal-timing FA-tree structure, which we calfcuit2, produced

In this paper, we propose a layout-aware synthesis algorithm for by the algorithm in [12] under the general FA timing model. From
arithmetic circuits utilizing carry-save-adders (CSAs), which not pe comparisons betweagircuitl and circuit2, we can find that
only optimizes the circuit timing but also generates a much reliable {he interconnects igircuit1 look more regular (i.e., grouped into
interconnect topology of the final circuit. Specifically, we propose pyses) than those icircuit2 sincecircuitl comes from a coarse-
a two-step algorithm:Rhase 1 CSA module generation) we pro-  grained (word-level) module generation, leircuit? is faster than

posean optimal-timing CSA module generation algorittion an circuitl sincecircuit2 comes from a fine-grained (bit-level) cell
arithmetic expression undergeneral CSA timing mode{Phase generation.
2: Bit-level interconnect refinements) vaptimally refine the in- The motivation of our approach is to make use of both advan-

terconnects between the CSA moduidsle retaining the global  tages of [14] (word-level) and [12] (bit-level). Figure 3(d) shows
CSA-tree structure obtained in Phase 1. From experiments, it is an jmproved optimal-timing CSA-tree structure, which we caH
shown that the timing of the circuits produced by our approach is cuit3, produced by our algorithm under the general CSA timing
equal or almost close to that of the optimal bit-level implementa- mogel. Consequently, the timing ofrcuit3 (=11) is shorter than
tion by the work in [12] in most testcases (even without including that of circutl (=13), and the interconnects @ircuit3 are still as
the interconnect delay), and at the same time, the interconnects ineqgylar as that irircuitl. We further improve the timing ofir-

layout are significantly short and regular. cuit3 by FA-level interconnect reorderingircuit4 in Figure 3(e)
2. PRELIMINARIES shows the resultant CSA-tree structure optimized faireuit3, in
21 CSA Timing M odel which the FAs marked with dotted circle indicate the reordering

of FA input connections. For example, g its first and third
connections are switched to reduce its output timings. Since the
original CSA-level circuit structure is preserved during the (local)
FA-level interconnect reordering, the degree of interconnect regu-
larity in circuit4 is retained in a global prospective. Nevertheless,
the timing (=10) of critical paths igircuit4 is reduced, and much
close to the optimal (bit-level) timing (=9) icircuit2.

Finally, Figures 3(f) and (g) show the layouts (assumed a sim-
ple symmetrical FPGA-style mapping) with optimized routability
for circuit2 andcircuit4, respectively, where the heavy line in Fig-
ure 3(f) indicates the longest net. Note that the layout in Fig-
ures 3(f) is optimal in the sense that we were not able to reproduce
a layout forcircuit2 that has less number of the longest nets and/or
connection blocks with maximum routing density than the layout
in Figure 3(g). This means that, in addition to the gate delay, when
we take into account the interconnect delay in measuring the per-
formance of the final circuit, the overall timing ofrcuit4 can be
much shorter than that afrcuit2. Furthermore, it is clear that this
trend will be very likely as the circuit size increases.

In fact, circuit3 andcircuit4 are produced by Phase 1 and Phase 2
of our proposed two-step approach. The comparison of the layouts
clearly indicates that, among the four circuits in Figureiguit4
is the most efficient structure in terms of timing and layout in syn-
ID(X) = 0if X is a constant number. thesizing arithmetic circuits. We now provide the details on the two

Let D(x) denote the arrival time of if x is a 1-bit signal, and
D(X) =maxXD(x1),D(x2),- -+ ,D(xn)} if X is ann-bit vector signal
(X1,%2,- - ,%n).1 Sincen-hit CSA consists of disjoint FAs, let us
check the timing model of FA first.

Let p, g, r be the three input ports of an FA, andrry andsum
be the carry and sum output ports of the FA, respectively.xLgt
andz (D(x) < D(y) < D(2)) be the bit addends, each assigned to
p, g, andr. Based on a typical logic implementation for FA (See
Figure 2.), the time needed by an FA to generatesiisioutput
from its inputs amounts to the 2-level XOR delay. Thus, we use
two delay paramete®y andDg to model the delay tgumout-
put whereDg; indicates the delay from to sumport andDg, the
delay fromr to sumport. Similarly, we useéD. (2-level NAND
delay) to indicate thearry delay of an FA. We refer the FA tim-
ing model mentioned above to as theneral timing model of FA
Consequently, the arrival times feumandcarry signals from in-
puts are calculated Hy(sum = max D(y) + Ds1,D(z) + Ds2} and
D(carry) = maxD(y) + D¢+ Dg,D(2) + D¢}. Note that the PPRT
reduction algorithm in [12] used the general FA timing model and
produces an optimal-timing FA-tree allocation.

We now definea general CSA timing modély extending the
general timing model of FA as follows. According to the inter-
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thegeneral CSA timiing model (Phase 1) level interconnect reordering (Ph&e
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(f) Layout for the result in (c) (g) Layout of our result in (e)

Figure 3: An example showing the effectiveness of our approach, in
terms of timing and layout

phases of our approach.

3. ANEW SYNTHESISAPPROACH

The proposed layout-conscious synthesis approach is performed
in two optimization phases. Given an arithmetic expression to be
implemented, irPhase 1 we propose a timing-optimal CSA-tree
construction algorithm, which we refer to partial-greedy-CSAl-
gorithm, for an arithmetic expression under the general CSA timing
model. InPhase 2we propose a layout-aware HA merging tech-
nique (calledHA-merge to refine the CSA-tree structur@lfase
2.1), and an optimal FA input reordering technique (calédref)
to further improve the timing of the circuit without deteriorating
the CSA block-level interconnect structufghase 2.2

3.1 Phasel: Optimal-Timing CSA Allocation
The CSA allocation problem is stated a®roblem 1) Given an
addition expressichof

F=Xi+X+ - +Xn+S1+S+ - +s+c (1)

where X, - - - Xy are multi-bit addends,s- - - s, are single-bit ad-
dends and c is a constant, and the arrival times of the addends, for
the general delay model for CSA (defined in section 2.1), determine
a CSA-tree structure for F with a minimum delay.

Let us first consider a restricted case of Problem 1.
Subproblem 1: Problem 1 withc=0 andm—1>n.
The inequalitym— 1 > n implies that the number of multi-bit ad-
dends is large enough for all single-bit addends to be used as carry
inputs to CSAs.

Let R be the set of all possible CSA-trees for Subproblem 1,
in which all single-bit addends are necessarily used as carry in-
puts to CSAs. Let us consider the following CSA-tree construction
strategy, which we capartial-greedy-CSAlgorithm: We allocate
CSA:s iteratively to sum up all the addends such that at each itera-
tion, we allocate a new CSA with three multi-bit addends, in which
two of them have the first and second earliest arrival times among
the multi-bit addends, and one single-bit addend with the earliest
arrival time assigned to the CSA inputs. Note that the CSA-trees
produced by theartial-greedy-CSAalgorithm will have different
timings and structures depending on the way of selecting the re-
maining multi-bit addend at each iteration. (See Figure 4.) Let
A be the set of all CSA-trees that can be produced byptréal-
greedy-CSAalgorithm.

We define a number of notations for the ease of our discussion:
Let CSA denote the CSA created at thth iteration of partial-
greedy-CSAmethod. &, bj andd; (D(a) < D(bj) < D(d;)) de-
note the multi-bit addends connected to the three normal input ports
(from left to right, X, Y, Z in Figure 1) ofCSA, respectively, and
s denote the single-bit addend to tharry-in port of CSA. In
addition,carry; andsum denotecarry andsumsignals ofCSA, re-
spectively. Lefl be a circuit generated by performingterations
of CSA allocation inpartial-greedy-CSAnethod. We us®(x, T)
to denote the arrival time of signain CSA-treeT, andD(T) is set
tomaxD(xy, T), --D(%n,T)), D(y1,T), - - D(yn, T)} wherex; and
yi,i=1,---n, arecarry andsumsignals ofCSAin T, respectively
Lemma 1 There exists a CSA-treé & A such that IT') < D(T)
for any Te R. (We omit all the proofs due to the space of limita-
tion.)

Lemma Isuggests that usingartial-greedy-CSAnethod can re-
duce the search space for finding an optimal CSA-tree flom

2The expression can contain subtraction and/or multiplication op-
erations. As to converting it into an addition expression, refer to
[10].

SWe simply useD(v) to indicateD(v, T) if the meaning ofT in
D(v, T) is implicitly clear in our discussion.



D(z; )=2,
D@, )=7,
D(s; )=0,
D(s, )=4,
next iteration
D(x; )=3,
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Figure 4: Anillustration of partial-greedy-CSA algorithm

Note that the procedure pértial-greedy-CSAnethod is quite sim-
ilar to thetwo-greedy FA allocatiomethod proposed in [12]. The
differences are (i) our CSA allocation solution considers the carry-
out vector of a CSA asny CSA input during the next iterations
of CSA allocation, whereas [12]'s FA allocation solution (in bit-
weight 2) uses the carryout signal of an F#aly as input to an

FA allocated at the next bit-weight (i.e.1*2); (ii) In addition to

the multi-bit inputs, the CSA allocation problem has another input

type, i.e., single-bit inputs, which have a freedom to be used either
as normal inputs to CSAs or as carry inputs to CSAs, affecting the

value ofD(carry) only. We found that some of the properties in
[12] regarding thewo-greedy FA allocatiomethod also hold for
our partial-greedy-CSAnethod. Now, let us consider an extended
version of Subproblem 1.

Subproblem 2: Problem 1 withc =0 andm—1 < n.

The inequalitym— 1 < n implies that some of the single-bit ad-
dends must be used as normal inputs to CSAs. Thus, we shoul
decidewhich and how manyof the single-bit addends are to be
used as normal inputs to CSAs. lebe the number of single-bit

32

allocation, if either c> 0 and m—1 < c+n or ¢ < 0 we should
treat ¢ as a multi-bit addend, and ifxs 0 and m—1 > c+n, we

should break c into into a form df+ 1+ ... + 1(= c) and use them
as carry inputs to CSAs.

We use a branch and bound search to find an optimal-timing
CSA-tree structure by applyingartial-greedy-CSAllocation strat-
egy. Since the CSA allocation algorithm in [14] produces an optimal-
timing CSA-tree using the CSA timing model constrainediay =
Dg, we can use the timing of the CSA-tree, produced by [14] under
the setting of the value @, to the value oDg (D < Dg), asan
upper bounaf the optimal-timing in the branch and bound search.
In addition, we devise a number of pruning techniques based on the
following properties to speed up the execution of the branch and
bound search. Let be a CSA-tree produced tpartial-greedy-
CSAmethod, i.e.T € A.

Property 1 If there are CSACSA € T such that i< j,% D(dj) <
D(bj) and D(d;) > D(a;), there is a CSA-tree "Te A such that
D(T’) < D(T).

Property 2 If there are CSA CSA € T such that ik j, D(bj) <
D(di) < D(d;) and I(dj) > D(d;) + Ds1 — D, there is a CSA-tree
T’ € A such that T’) < D(T).

Property 3 If there are CSACSA € T such thatik jand D(d;) >
D(d;), there is a CSA-tree’Te A such that BT’) < D(T).

Phase2: Optimal Refinement of CSA Tim-
ing

The objective of this phase is to reduce the timing of the CSA-tree

addends to be used as normal inputs to CSAs. Then we can easiljurther by refining the bit-level interconnect structures while main-
showk > [nf_gwlL from the fact that converting one single-bit ad-  taining the topology of the word-level CSA-tree structure obtained

dend to a multi-bit addend to be used as a normal input to a CSA in Phase 1. Phase 2 is a two-step optimization: (Phase 2.1) Layout-

requires one additional CSA and thus, resulting in one more carry awareHA (half-adder) merging stephich merges a pair of HAs in
input ports available, and at the same time, one less single-bit ad-2 CSA-tree into an FA and (Phase 2F) refinement stepvhich

dends.

locally refines the FA's inputs.

First, let us consider which of the single-bit addends are to be Phase 2.1 (HA-merging): For the CSA allocation in Phase 1, if the

used as normal inputs to some of the CSAs when the nuintser
fixed. We claim the following:

bit-widths of three (normal) inputs to be added using a CSA are not
totally equalP or some input has a constant bit-value (e.g., logic-0

Lemma 2 To select k single-bit addends to be used as normal inputs Or 1) in & certain bit-position, some of the FAs in the CSA will be
to CSAs, the addends with the earliest arrival times will be selected degenerated into HAs.

for optimal-timing CSA-tree allocation.
Moreover, the following lemma answers to the question of how

many of the single-bit addends are to be used as normal inputs to,

some of the CSAs. we show that for optimal-timing CSA-tree allo-
cation, the value ok should be chosen &s= [=T11].

Lemma 3 The optimal number of single-bit addends, k, to be
used as normal inputs to CSAs for optimal-timing CSA allocation
is [ =L,

Finally, we complete the solution of Problem 1.
Subproblem 3: Problem 1 withc £ 0.

For each bit-column, from the rightmost bit column to the left-
most, we perfornHA-mergefrom top to bottom, the leaf HAs first
and the root HAs last. During the top-down HA-merge process,
if the sum signal of an HA is fed to an input to another HA (i.e.,
tightly connected), we combine the two HAs into one FA, as shown
in Case 1 of Figure 5(a). There are two possible ways of connecting
the carry signal of the new FA, as described in the example in Fig-
ure 5(a) (i.e.transl andtrans2). We have an important property
for the HA-merge for Case 1.

Property 4 If an HA-merge is performed for Case 1 in Figure 5(a),
the timing oftrans?2 is always better than or equal to thatofnsl

If cis a negative number, we need to do a sign-extension for the yhen the general timing model for HA (similar to that of FA) is

constant. This means that we shall treat it as a multi-bit addend.

However, if itis a positive number, there are two choices: (1) break-
ing c into a form of 14+ 1+ ... + 1(=c) to be used as carry inputs
to CSAs, or (2) treating as one multi-bit addend. (Obviously, us-
ing a strategy of mixing options (1) and (2) will produce inferior
timings.) Ifc > 0 andm—1 > c+n, we can use all single-bit and

constant addends as carry inputs to CSAs (i.e., option (1)) because

partial-greedy-CSAlgorithm with the option (1) and the timing of
CSA structure witte = 0 are basically the same. Howevercif 0
andm— 1 < c+n, we claim that treating as a multi-bit addend
(i.e., option (2)) produces a better timing.

Theorem 1  When we usegartial-greedy-CSAnethod for CSA

used. Further, the timing afans2 is always better than or equal
to that ofcasel_org.

Consequently, according to Property 4, when we encounter a pair
of tightly connected HAs (i.e., Case 1) we apply HA-merge to the
HAs and produce a merged FA in a form likans2 in Figure 5(a).

On the other hand, if two HAs are not tightly connected as shown
case2_org in Figure 5(b),we do not directly merge the two HAs

4Note thatCSA is the CSA created at thieth iteration of the
partial-greedy-CSAnethod.

5This mostly happens when a multiplication is decomposed into a
set of shift-add operations.
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(b) Internal input connections to a CSA block
using word-level timing (Phase 1)

FA-level connection reordering
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(c) Optimized input connections to FAs in a CSA block
using bit-level timing (Phase 2.2)

Figure 6: An example of illustrating FA-refinement.
4. EXPERIMENTAL RESULTS

We conducted a set of experiments to check the effectiveness of the
proposed layout-conscious module generation/synthesis algorithm,
(b) HA-merge for loosely connected HAs (Case 2) consisting oPartial-Greedy-CSAHA-mergeandFA-reftechniques.
Our algorithm was implemented in C++ and executed on a Pentium-
3 500MHz Linux machine. We tested our algorithm on a set of
random arithmetic expressions and benchmark examples [22], and
hen compared our results with that produced by the Stelling’s bit-
evel delay-optimdl algorithm [12].
After the synthesis using ours and Stelling’s for each testcase, we
performed, for each synthesized design, placemssing Fiduccia
and Mattheyses'’s partitioning algorithm [23], and roufinging
Lee’s maze routing algorithm [24]. We used the Synopsys Design
Compiler [25] withlcbglOpv(0.35u) technology library [26] to set
the timing parameters for CSAs and FAs. We used a simple formula
a - L2 to approximate the delay of the wire connecting two FA cells
whereL is the number of blocks on the corresponding routing path.
) o a is a parameter to reflect the relative delay difference between
Property 5If an HA-merge is performed for Case 2 in Figure 5(b),  gates and wires, the value of which will depend on the layout style
the timing oftrans4 is a}lways better than.or equaltothatefse2_org  gng target library used.
when the general timing model for HA is used. e Synthesizing arbitrary arithmetic expressions: We tested our
According to Properties 4 and 5, the proposed HA-merge can bealgorithm using a set of arithmetic expressions, and the results are
performed iteratively, from top (leaf) CSAs to bottom of CSA-tree, summarized in Table 1. The bit-level arrival times of the operands
which monotonically reduces the timing of the CSA-tree at each inthe expressions are randomly generated in between 0.0 and 2.0ns.
iteration. The table shows the critical path and longest net delays for the de-
Phase 2.2 (FA-refinement): In this phase, we perform a bit-level ~ Signed by ours and Stelling's [12]. Figure 7 show the layouts for
timing refinement while preserving the word-level global intercon- the designs produced by Stelling's and ours Eap.3 where we
nect structure obtained in Phase 2.1. Note that Phase 1 used a word1ave 61% shorter critical path delay (highlighted in the figure). The
level arrival times of input addends during the CSA-tree allocation. cOmparisons indicate that the circuit structures produced by ours
That is, if there is am-bit addendX = (X,_1,%:_2---Xo), Phase 1 significantly reduce the critical path delay and the longest net de-
usesmaxD(¥,_1), D(X_2) --- D(Xo)} as the value oD(X). lay compared to Stelling’s. Note that as thealue increases (i.e.,
Since we try to preserve the word-level interconnect structure of Wire delay being more dominant than gate delay), the performance
the CSA-tree during this phase, we perform a sort of FA-level con- Improvement is more significant.
nection restructuringnside ofthe corresponding CSA block. Con- e Synthesizing filter designs: We also tested our algorithm using
sequently, the values of the arrival timesygfY, andYs determine high-level synthesis benchmark designs, and the results are sum-
the order of input connections ©SA, which in turn determines marized in Table 2. We assumed the arrival times of input operands
uniform relative orders of the inputs of all FAs @SA, as shown are 0. The results indicate that our synthesis algorithm reduces the
in Figure 6(b). In Phase 2.2, for each FA we reorder its input con- critical path delay 22% on the average compared to Stelling’s. Fur-
nections to reduce the FA's output timings, as shown in Figure 6(c). thermore, the reductions are consistent. In summary, the compar-
We perform the FA's input reordering for a CSA-tree topologi- isons of the results strongly suggest that considering layout effects
cally, the FAs in the leaf CSAs first and the FAs in the root CSAs

last, which we callFA-ref method for FA's input reordering. We ? : L
; rafic HrminA.nnti The target layout we used is gate array (lattice) style for simplicity,
claim thatFA-refis timing-optimal. ;
i - ) but our approach can be applied to any layout style such as standard
Theorem 2 When the bit-level rewiring for a CSA-tree is allowed cell and FPGA.

only for the inputs to the same FA, the timing reduced by FA-ref 8we set the channel capacity in the layout to 4.
method is optimal.

Figure 5: Examples for layout-aware HA-merge for (Case 1) tightly
connected HAs and (Case 2) loosely connected HAS.

in the same way as that of Case 1 because the merger causes
(global) distortion of the interconnection topology of the initial
CSA-treeInstead, we split the FA, one of whose inputs is directly
fed from the upper HA, into two HAs in a chain and merge the
upper HA with the decomposed HA that is directly connected to
the upper HA into an FA. Thus, we perform HA-merge process for
Case 2 in two steps: (Step BA-splitto convert Case 2 into Case 1,
and (Step 2HA-mergeaccording to the procedure in Case 1. Fig-
ure 5(b) shows an example of the two steps. We have the following
property, which justifies our HA-merge process.

6:optimal’ when considering gate delays only.



Stelling[12] Ours Improvement Filter Stelling’s[12] Ours Improvement
Exp. [of crit. path delay/| crit. path delay/| crit. path delay/ Design o] crit. path delay/| crit. path delay/| crit. path delay
long. netdelay | long. netdelay | long. netdelay long. netdelay | long. netdelay | long. net delay
0.04 11.27/3.24 8.87/1.96 21% / 40% 0.04 16.11/6.76 12.08/4.84 25% / 28%
Exp. 1 [ 0.02 6.7871.62 5.5970.98 18% / 40% Lowpass | 0.02 8.5273.38 6.4872.42 24% [ 28%
0.01 45470.81 3.9570.49 13% / 40% 0.01 4.7271.69 3.6871.21 22% [ 28%
0.04 14.69/6.76 8.14/3.24 45% / 52% 0.04 12.26 /4.84 12.08/4.84 4% / 0%
Exp. 2 | 0.02 7.8973.38 4.8671.62 38% /52% Laplace 0.02 6.7472.42 6.4872.42 4% /0%
0.01 4.4971.69 3.2270.81 28% /52% 0.01 3.9871.21 3.7871.21 5% / 0%
0.04 46.43/17.64 18.22/9.00 61% / 49% 0.04 46.43/17.64 18.22/9.00 61% / 49%
Exp. 3 [ 0.02 23.79/8.82 9.50/4.50 60% /49% Wavelet [ 0.02 23.79/8.82 9.5974.50 60% / 49%
0.01 12.4874.42 5.1472.25 59% / 49% 0.01 12.48711.86 5.1472.25 59% / 49%
0.04 21.92/9.00 14.43/6.76 34% / 25% 0.04 21.38/14.44 20.02/6.76 6% / 53%
Exp. 4 [ 0.02 12.1674.50 8.4973.38 30% / 25% IR 0.02 11.2377.22 10.50/3.38 6% /53%
0.01 7.2872.25 5.5271.69 24% [ 25% 0.01 6.15/3.61 5.7471.69 7% 53%
0.04 18.42/9.00 13.41/6.76 27% | 25% 0.04 18.68/11.56 16.53/11.56 12% /0%
Exp. 5 [ 0.02 10.4274.50 7.9673.38 24% [ 25% Complex | 0.02 9.99/5.78 8.69/5.78 6% / 0%
0.01 6.4272.25 5.2471.69 18% / 25% 0.01 5.6172.89 4.7772.89 7% 0%
0.04 19.27/9.00 11.88/3.24 38% / 64% 0.04 22.97/11.05 15.79/7.40 22% [ 26%
Exp. 6 | 0.02 10.8774.50 7.4871.62 31%/64% Avg. 0.02 10.05/6.13 8.26/3.70 21% 1 26%
0.01 6.6772.25 5.2870.81 21%764% 0.01 5.4974.60 5.4974.60 21% [26%
0.04 29.06/9.11 12.49/5.16 38% / 43% . .
Avg. [002 11997455 — 317258 % T23% Table 2: Resultsfor a set of benchmark designs.
0.01 6.98/2.28 47371.29 27% [ 43% 6 REFERENCES
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5. CONCLUSIONS 6]
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