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Abstract

As technology advances apace, crosstalk becomes a design met-
ric of comparable importance to area and timing. This paper fo-
cuses mainly on the crosstalk issue, specifically on the impacts
of physical design and process variation on crosstalk. While the
feature size shrinks below 0.35 pm, the impact of process vari-
ation on crosstalk increases rapidly. Hence, a crosstalk insensi-
tive design is desirable in the ultra-deep submicron regime. In this
paper, crosstalk sensitivity is referred to as the influence of pro-
cess variation on crosstalk in a circuit. We show that the lower
bound of crosstalk sensitivity grows quadratically, while that of
crosstalk increases linearly. Therefore, designers should also con-
sider crosstalk sensitivity, when optimizing other design objectives
such as crosstalk, area, and delay. According to our modeling, these
objectives are all in posynomial forms, and thus the multi-objective
optimization problem can optimally be solved by Lagrangian relax-
ation. Experimental results show that our method is effective and
efficient. For instance, a circuit of 2856 gates and 5272 wires is
optimized using only 46 minute runtime and 2.8 MB memory on a
SUN UltraSPARC 11 300 workstation. In particular, by relaxing La-
grange multipliers to the critical paths, it takes only two iterations
for all solutions to converge to the global optimal, which is much
more efficient than related previous work. This relaxation scheme
provides a key insight into the rapid convergence in Lagrangian re-
laxation.

1 Introduction

As the feature size shrinks into the ultra-deep submicron
(UDSM) regime, crosstalk is becoming a new design challenge
of comparable importance to area and timing. This paper focuses
mainly on the crosstalk issue, specifically on the impacts of physi-
cal design and process variation on crosstalk.

In the UDSM era, the interconnect delay starts to dominate the
delay in a circuit. Gate delay declines as technology progresses, but
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the intrinsic delay of interconnect remains the same. In addition,
the growing coupling capacitance magnifies the effective loading
of interconnect and induces noise to interfere signal propagation.
Moreover, interconnect may become a bottleneck of the continua-
tion of Moore’s law, which has perfectly forecasted the legend of
semiconductor industry so far [13]. This trend forces designers to
endeavor after interconnect optimization. Recent literature inten-
sively focuses on crosstalk, mainly depending on the coupling ca-
pacitance between wires. The typical techniques to reduce the cou-
pling capacitance include wire permutation [5], perturbation [12],
and shielding [11], etc.

On the other hand, when technology shrinks below 0.35 um,
designers have to consider the impact of subwavelength lithogra-
phy, where the feature size becomes smaller than the wavelength
of the light shining through the mask [8]. Subwavelength lithogra-
phy could cause variations in the dimensions of components. This
type of process variation may create considerable unexpected circuit
behavior [11] and, in the worst case, could offset the optimization
done by designers. Hence, a reliable design of insensitivity to pro-
cess variation is desirable.

Considering crosstalk and process variation together, this paper
first raises an issue on crosstalk sensitivity, which reflects the in-
fluence of process variation on the crosstalk in a circuit. Crosstalk
sensitivity is measured by the first derivative of crosstalk with re-
spect to wire width, thus it could be considered during the wire siz-
ing stage in post-routing optimization. In Section 3, we derive the
formula for crosstalk sensitivity. Based on our formula, as technol-
ogy scales down, the lower bound of crosstalk sensitivity increases
quadratically, while the lower bound of crosstalk increases linearly.
This fact shows that process variation affects crosstalk more than
physical design does. Currently, most research attention is directed
to crosstalk minimization; however, our work reveals that a reliable
design with crosstalk insensitivity is also desirable in the UDSM
technology.

When technology advances apace, designers are simultaneously
challenged by multiple objectives, including crosstalk, crosstalk
sensitivity, area, and delay. Our modeling for these objectives shows
that they can simultaneously be handled by gate and wire sizing in
post-routing optimization. According to our modeling, these design
metrics are all in posynomial forms [6], and thus the multi-objective
optimization problem can optimally be solved by the Lagrangian re-
laxation method. Moreover, our method can easily be extended to
other objectives, for example, energy in high-performance circuitry.
The experimental results show that our method is effective and effi-
cient. For instance, a circuit of 2856 gates and 5272 wires is opti-
mized using only 46 minute runtime and 2.8 MB memory. We note
that all solutions rapidly converge to the global optimal after only
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two iterations by relaxing Lagrange multipliers to the critical paths  power. In addition, an input drivetr 1 < i < s, is treated as a gate

of the benchmark circuits. The relaxation scheme provides akey ~ whoses; is always 1 and#; equalsR”. With the circuit model,
insight into the rapid convergencein Lagrangian relaxation. Tothe a combinational circuit is transformed into a network with resistors
best knowledge of authors, this kind of efficiency has never been  and capacitors, as illustrated in Figure 3. In the transformed circuit,

reported in related previous work. for 1 < i < n+ s, upstream(i) is the set of all the nodes except
. . . i oni's upstream paths; similarldownstream(i) is the set ofi
2 Circuit Inter pretation and all the nodes on its downstream paths. The Elmore delay [4] is

A digital circuit can be divided into combinational and sequen-  used as the delay of a component; the ddlayof node: is r, C;,
tial parts. After applying peripheral retiming [9], we can perform  whereC; is the downstream capacitance. In the circuit gréipbf a
optimization on the combinational part to achieve our design ob-  circuit, each nodeis associated with all the above parameters. Thus
jectives. Hence, this paper focuses on combinational circuits and ~ We can optimize a circuit through manipulating the corresponding
interprets them in the way similar to that adopted in [2]. circuit graph.

~_ A 3 e TR
Figure 1: (a) A combinational circuit, where the gate and W:! (B 2 T e

wire sizes can be varied. (b) The corresponding circuit graph,
where two arfiicial nodes, 0 and 14, are added.
Figure 3: A circuit is transformed to an RC network. As an
Given a combinational circuit witk primary inputst primary — example, the delays = rsCs, whereCs is the sum of all the
outputs, andk gates and/or wires as shown in Figure 1(a), we co “apacitors in the shaded area
struct the corresponding circuit graph as depicted in Figure 1([5. ’
Each primary input or primary output has a respective correspond-

ing input driver or output load. Acomponent is a circuit ele- § Crosstalk and Crosstalk Sensitivity

ment that may be a gate, a wire, or an input driver. A circu In this section, we will discuss the formulas for crosstalk and
graphH = (V, E) is a directed acyclic graph. The set of nodes g

V = GuUW U RUJ{3} U {t} contains the se’ of gates, the crosstalk sensitvity. . .

setW of wires, the sé{R}of iip}ut drivers, as well as two afitial  3-1 Crosstalk—Coupling Capacitance
nodes—the sources and the sinkt. On the other hand, the sét

of edges represents the connections between nodes. Arfiegge gxi wire i
an ordered pair, links nodeto node;y if dataflow from node: to

nodej. Additional edges are added to connédb input drivers O\j i G

and link primary outputs te. The index of each node is done by o
the topological sort [3]. We set the indices dfand¢ as0 and )fji wire |

m = n+s+1respectively. In additionpput(:) = {;1(5,2) € £}, f.. is the unit-length fringing capacitance between jand
andoutput(i) = {j|(i,j) € E}. 1]

gate i oﬁ; T wire j R ‘ Figure 4: Two neighboring wires has coupling capacitance.
T -\ lj
) s : fi - | i
» 'ﬁ_c_ / » ﬂ_cj VvV Ij‘ In this paper, the coupling capacitance is used as the quantity of
s 'y 27 372 crosstalk. Figure 4 gives an instance where a coupling capacitance

exists between two parallel wires segmergad; probably belong-
. L L ing to different routing trees. The coupling capacitangeéetween
Figure 2: A gate/wire is modeled as a combination of Réuo neighboring wires of sizex; and; of sizex; is directly pro-
elements. A gate is the loading of its upstream, but the drivsrtional to the overlap lengih; but inversely proportional to the

of its downstream. A wire is represented by theodel. center-to-center distande; .
Figure 2 shows the analytical models for gates and wires used cij = fisly :
throughout this paper. We choose thenodel [11] to approximate dij — “TEJ
wire behavior. For a gateof sizex;, the resistance; is #; /z;, and R -1
the capacitance is ¢;z;, wherer; andé; are its unit-size resistance _ figlij vty 1
X P ; S 1-—— (> 0). 1)
and capacitance. For a wijeof sizes ;, the resistance; is #; /x;, dij 2dy;

and the capacitanes is ¢;z; + f; + 2C.;, wheref; is its unit-

size resistance, ant}, f;, and2C.; are its respective unit-size, As can be seen in Equation (1), wire sizing affects crosstalk, thus
fringing, and worst case coupling capacitance. We will detail theausing variation on delay and disturbance on signal integrity.
calculation of the coupling capacitance in Section 3.1. Later, byhe first term in Equation (1)f;;1;;/d;;, is a constant extracted
incorporating the coupling capacitance into the wire capacitand®; technology files and design circuits, while the second term,
we can directly consider the coupling effect on delay, and even @i — (z; + ,)/2d;;) ™", could be varied by wire sizing. Let =
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(zi + x;)/2d;;, the second term becomgis— +) ™', 0 < = < 1. 4 The Gateand Wire Sizing Problem

It can be seen that;; is a positive quantity, and its lower bound A generic optimization problem in the gate and wire sizing stage
iy is fi;lij/dij. As aresult, the crosstalk lower bouagd is in- is described as follows.

versely proportional to wire spacing, thus increasing linearly with

technology advancingl — =) ~* can be expressed by Taylor seriesM : Minimize Dinas [+ max delay * /
Yoo x™ If (1 — z)”" is approximated by the firdt terms in the Subject to D < Dz, [ * timing relationship * /
: S ”
series, then therror ratio isz”. Whenk = 2, X < XB7 / * crosstalk constraints * |/
cym iy (14 T + x; . @ 5 <SP, / * crossta{k sensitivity
2d;; constraints x [

B .
Theneighborhood N (4) of wire i is defined as the set of its ad- A S AT+ area constraints * /
jacent wires; thelominating index /(z) of N (z) of wire 7 is defined s1zang constraints.
as the set of adjacent wires with the indices greater thdor in- . L . -
stance, if wire§ and4 are adjacent to wiré, thenN'(5) = {7,4}  ProblemA tries to minimize the critical dela... under timing, -
andi(5) = {7}. Hence, the worst case coupling capacitaiiCe; crosstalk, crosstalk sensitivity, area, as well as sizing constraints.
between wire and its neighborsig Z]GN(@') ci;. By Equation (2), The following will detail the objective and these constraints.

the capacitance; of wire i is 4.1 The Objective and Constraints
In order not to traverse total paths (that may grow exponentially
i = Gimit fi+ 20y =Ciwi+ fi +2 Z cis in the graph size), each nodel < : < m, is associated with its
NGy arrival timea;. The objective function is to minimize the critical de-
’ lay, and is equivalently to minimize the arrival timg, of sink. The
L ‘ . ri+ x5 timing relationship between components are subject to the timing
= Gimitfit2 Z €ij (1 + 2d,, ) constraints. Thus
JEN()
a; < am, J € input(m),
= lea+2 ) ) a; +Di < ai s+1<i<n+s,j € input(t),
JEN(3) D, = a;,1<i<s.
fuils = The crosstalk for each pair of adjacent wiieendy is bounded
+ fi+2 Z % (1 + 2dJ' ) (3) by X;]. Hence, we have, by Equation (1),
. (¥ (¥
JEN()

ciy < XlB
In Equation (3), we consider the worst case coupling capacitance ! -1
2C,;. If the switching behavior of wires is available, the worst case O Y T B < XB
coupling capacitanc®”'.; in wire capacitance; can be substituted ! ! -
by the effective coupling capacitance [7]. On the other hand, by
incorporating the coupling capacitance into the wire capacitance, =
we can directly consider the coupling effect on delay, and even

on power. Note that Equation (3) is posynomial (positive polyno-

mial) [6], an important property to guarantee the optimality of oS can be seen, the crosstalk boulid) must be larger than the
algorithm. crosstalk lower bound,;. If technology is scaled dowr;; will

T i in a linear fashion.
3.2 Crosstalk Sensitivity increase in a : . N
As indicated in Figure 4, the influencesof andz; onc;; are On the other hand, for each pair of adjacent wiresd;, the

. A r Ik sensitivity i nstrain .ByE ion (4
in the same direction: the larger andx;, the largerc;;. Conse- crosstalk sensitivity is constrained I5y; . By Equation (4),
quently, thecrosstalk sensitivity ¢;; of ¢;; is defined as theuper po-

g

r; +xy Cij
— <1 .
2di;  — Xg )

. B
sition of the first derivatives of;; with respect tac; andx;. Sig <55
—2
— dcij dcij = G <Si (1 - xlz;; x]) < 55.
Sig = 81:@ + % )
T, +x Si
_ 8cij+acij = f§1—1/5é. (6)
or; Ox; +J ij
. fi]li] | % + - 0 @) The crosstalk sensitivity bounﬂﬁ needs to be greater than the
- dfj - 2d;; (>0). crosstalk sensitivity lower boung;. As technology advancing;;,

thus increases in a quadratic fashion. In other words, the crosstalk
Equation (4) reveals that the crosstalk sensitivityis also a pos- §ensitivity issue may become more significant than the crosstalk one
itive quantity; moreover, its lower boung; is fi;l;;/d?,. The inthe UDSM era.

crosstalk sensitivity lower bour; is quadratically proportional to By Inequalities (5) and (6), we have

the inverse of wire spacing. Thus process variation affects crosstalk ~ _

in a quadratic fashion. Crosstalk sensitivity should be an increas- A min (1= S _ /S
ingly important design metric in the UDSM regime. 2d;;  ~ X sg)”
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. G Si Let X=(Teq1, ..., Tnte) @Nda=(a1, ...,am). As a result, the La-
; < 2d; - = 2. \Fetls o Fnts) e
= @it < 2di;min (1 X 55) grangian function is given by
. B
= T+ §X1]~ LA,,B,W()Qa) = am,+ Z )\]m(a] am)
Hence, in the gate and wire sizing stage, designers should pursue J€input(m)
not only crosstalk minimization but crosstalk insensitivity also. n+ts
Although many objectives have to be attained, area is still an + Z Z Ai(a; + Di — ai)
important design concern. The area occupied by each gate/igire iZet1 jeinput(i

given bya;z;, wherea; is the quantity of unit size. Since the sizes
of input drivers are fixed, we focus on the remaining area occupied
by gates and wires, which is restricted4& .

n+s

Z aixr; < AF.

1=s+1

Given a technology file and circuit, the lower bounds of
gate/wire sizes are always related to the feature size, and the up-
per bounds are limited by the performance concern. Thus we have
the following constraints for all gates and wires.

. Theorem 1.
Li<z; <Uj,s+1<1<n+s.

: — g

+ Z)\Oz
+ Z Z ﬁU CL‘,—|—CL‘] XU)

zGW]GI

nts
+ 7(2 oz,m,'—AB).

1=s+1

By the Kuhn-Tucker theorem [14]M(x a)=0, we have

Theorem 1 Theoptimality conditions on Lagrange multipliersare

given by
(1) Z] Einput(m)
Gate | Wire Crosstalk Crosstalk Sensitivity Area/ | Sizing
Delay | Delay || LowerBound Lower Bound Device
1/U > 1 U U* 1/U° 1/U

Proof:

Table 1: Technology scaling down U times benefits gates Rk
harms wires.

Ajm = 1.
(2) Zkeoutput(i) Aik = Z]Ginput(i)

Aji, for1 <i<n+s.

arranging terms fakx s - (x, a), we have

L)H,@W(X,a) = 1-— Z )\]m Am
We summarize how the aforementioned design characteristics J€input(m)
change as technology scales down U times. Table 1 reveals the e
profitable effects of scaling—the speed of gates increases in a linear n Z Aip — Z Ao | a
fashion, while the area declines in a quadratic fashion. In contrast, ‘ o ‘ R
the table also indicates the harmful impacts of scaling—the delay =1 \k€ouput(r) J€input(i)
of wires does not decline; moreover, the crosstalk grows in a linear nits
fashion, and the crosstalk sensitivity increases in a quadratic fash- n Z Z o | D
ion. As shown in Table 1, crosstalk sensitivity should be a new 7 ‘
comer after crosstalk which may play an even important role in the =1 \s€mput(s)
future technology.
. + ﬁl Ti+ &5 — X )
4.2 Problem Formulation ;J;) ’ ro
We substitute the objective and constraints derived in the preced- s
ing subsection for those in Problef as follows.
9 + A Z T — AB).
P Mintmize am t=s+1
Subjectto a; < am ) € input(m
J a] 1D <a ‘;_1_ 1 g Z(< 71_1_ 5 We apply the Kuhn-TuckertheorergM(x a)=0, the theo-
¥ > 2 _ _ b
o . follows. a
J € input(1) rem ] _ o ‘
Di = a; 1<i<s If we deflne,u—(g.l, vy i) a_ndul = Zjempm(?) Aji, under
v+, < xE ijeWw the optimality conditions, Equation (7) can be rewritten as
k2 —_ ’L] b
Z:‘:I-;l air; < AP nts
Li <z <Ui s+1<i<n+s. Lup(x) = Z“l

5 Lagrangian Relaxation

As given in ProblemP, the objective and constraints are in
posynomial (positive polynomial) forms [6]. This property guar-
antees Probler® can optimally be solved by the Lagrangian re-
laxation method. We relax the constraints into the objective func-
tion by introducing one Lagrange multiplier to each constraint.
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whereD; = r;C; andC; is :'s downstream capacitance. It can be shown that there exists a vector of Lagrange multipliers

For any vector satisfying the optimality conditions in Theo- such that the optimal solution &R.S is also the optimal solution
rem 1, the corresponding Lagrangian relaxation subprol@$  of the original problenP. The problem to find such a vector is the
of Problem? is formulated as follows. Lagrangian dual problem:

LRS : Minimize Ly g~(x)

. . LDP : Mazimize min L, g(x)
Subjectto L; <z; <U; s+1<i<n+s.

Subject to A wn the optimality conditions.

L, 8.y (N . -
) By =5, (x)=0, we have the optimal sizing for each gate or By Theorems 1 and 2, we propose @& algorithm shown in
wire as follows. Figure 5 to solve Problem3DP optimally. At the beginningAl
sets3 and~ to arbitrary positive numbers and assigns an arbitrary
positive vector in the optimality conditions to. In A2, p is then
calculated with respect tA. A3 solves the Lagrangian relaxation

Theorem 2 Let Xx=(Zs41, ..., Tnts) beasolution. For s+1 < i <
n + s, the optimal sizing

2¥ = min(U;, max(L:, opt:)), where subproblemCRS. Lagrange multipliers are then adjusted by the
sub-gradient method iA4. A5 projects the new multipliers onto
opti = O Fhe nearest pointin the op_timality conditic_)ns; our projec_tion scher_ne
‘ Oy + 05 +0,’ is relaxing Lagrange multipliers to the critical paths. It is shown in
0. — o experimental results that this projection strategy leads to very fast
L= Tt convergenceA6 updates the iteration counter. We repeat the above
O = oy, process until the solution converges within the error bound4sge
O = Z pere | E 4+ 2 Z ¢i; |,
k€upstream(r) JEN (i
Subroutine: LRS (Lagrangian Relaxation Subroutine)
Os = Z Hyréis + By, Input: the circuit graph and Lagrange multiplierg, 3, v
IEN( Output: x=(zs41, ..., Zn+s) Which minimizesL,, s ~ (x)
242 o Sl z;,« Li,)Vs+1<1<n+s.
cl = { - Bimeve ™, itiew, S2. ComputeC!,¥s+1<i<n+s
Gi otherwise. by traversingH in the reverse topological order.

S3. fori=s+1ton+sdo
z;  min(U;, max(L;, opt;)).

Proof: 4. RepeaS2-S3 until no improvement.

C! is the portion of downstream capacitari¢ewhich is indepen-

f the sizer;. | fC!, E i 7 i i . . .
dent of the size:;. In terms ofC;, Equation (7) can be rewritten in Algorithm: OS (Optimal Sizing)

the following. Pl
Input: the circuit graphd
nts ) Output: X, 3, v which maximizemin L,, s~ (x)
Lupa(x) = Y mirC ALl k1
‘ A < an arbitrary vector in the optimality conditions;
G2 v (B + an arbitrary vector,
+ Z iy + an arbitrar iti ber;
9 ¥ y positive number;
iew A2, p=(p1, ..., phm ), Wherep; = Zjempm(i) Aji-
+ Z Z Bij(wi + 2 —x5) A3. CallLRSand compute, ...cn.
iew el A4. Adjust multipliersh;;'s, 3i;'s, v
e by the sub-gradient method.
+ oA Z aiz; — AP) A5. ProjectA onto the nearest point in the optimality conditipn.
T ' AB. k¢ k+1.

A7. Repeaf2-A6 until (@, — La,s,~(x)) < error bound.

We extract the terms dependenton

pifti O

Lupr(x) = —— Figure 5: The Optimal Sizing Algorithm.
+ Z uka ci +2 Z c,]
k€upstream(r) JEN (i . . .
6 Extensionto Other Objectives
+ Z HaiTsCi%i+ Z Bijzi Our formulation can also be extended to other objectives such as
JEN( JEN(e energy in high-performance circuitry. We demonstrate how the en-
+  yoiw —i— terms mdependent of x;. ergy constraint can be incorporated into our formulation in this sec-

o oL tion. Extensions to other objectives can be considered similarly. For
The minimum_Z,. s - occurs when—2-£2 (x)=0; thus the theorem a given technology file and circuienergy is the product of power
follows. O consumption and delay, which is generally a constant. This type of
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H Ckt ‘| Ckt Size I Xtalk (fF) [[ Xtalk Sens. (fFkm) [[ Area(kum?®) || Delay(ns) [[ ite time | mem H
Name || #G [ #W [ Al [[  Tnitial | Final || Tnitial | Final [[ Tnitial [ Final |[ Tnitial [ Final ]| (m:s) | (MB)
c432 217 408 663 370.39 95.44 1622.80 155.97 56.96 17.78 |[386.45 |31.04 2 (00:13 1.12
c499 253 491 787 426.76 120.84 1809.51 208.06 67.73 23.51 ||314.58 (24.01 2 [00:23 1.22
c880 390 714 | 1166 615.13 173.57 2599.26 299.20 98.04 33.03 ||337.47 (26.27 2 ]00:43 1.21
c1355 650 | 1200 | 1893 || 1064.46 | 283.12 4640.17 | 469.55 [[166.02 | 52.51 |[{359.35 |28.38 2 |02:17 1.39
c1908 390 826 | 1251 742.84 | 195.93 3239.36 | 327.38 || 114.70 | 36.18 |[|376.44 [29.80 2 |00:55 1.30
c2670 924 | 1736 | 2819 1473.02 418.20 6154.96 700.62 ||239.38 78.51 |[|464.04 |38.62 2 |04:14 1.59
c3540 1038 | 2187 | 3277 || 1915.42 | 506.60 8207.23 | 826.86 ||304.98 | 90.38 [[435.16 |35.75 2 |06:26 1.76
c5315 1778 | 3694 | 5652 || 3153.84 | 886.35 || 13351.34 |1471.83 ||509.12 |165.16 |[|386.35 [39.43 2 [19:54 2.29
6288 2856 | 5272 | 8162 || 4567.58 | 1218.15 || 19453.80 |1978.36 ||725.77 |219.64 [|689.87 [64.50 2 46:28 2.80
c7552 2247 | 4344 | 6799 || 3698.97 | 1034.57 || 15557.38 |1739.88 |{598.27 [189.37 |[|675.42 [59.64 2  [29:25 2.39

[ Tmprv(X) ] - 1] 3.67 I 9.41 1] 3.14 1] 11.97 1] - I

Table 2: Experimental results on the MCNC93 benchmark circuits.

energy can thus reflect the energy consumed by the circuit per lo8- Conclusion
to-high or high-to-low transition. Létr p be the supply voltage. If This paper has raised a new issue—crosstalk sensitivity, which is

the overall energy in a circuit is subject®®, we have an important new design metric in the UDSM technology. We have
s optimally solved a multi-objective optimization problem by La-
Z V2, < EP grangian relaxation. The experimental results show that our method
‘ ’ is very efficient and effective. Our projection scheme, relaxing La-
w=etl grange multipliers to the critical paths, provides a crucial insight

This inequality is also in a posynomial form; thus, without los#to effectively adjusting Lagrange multipliers, which is a key in-
of optimality, it can be incorporated into the optimization problergredient to Lagrangian relaxation.
solved in the preceding section. Lébe the Lagrange multiplier
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