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An Interconnect Energy Model Considering
Coupling Effects

Taku Uchino and Jason Congellow, IEEE

Abstract—This paper presents an analytical interconnect energy
model with consideration of coupling effects, including crosstalk 60
and glitch, which are not adequately considered by the conven-
tional (1/2)CV? model. The energy model introduces a new time-
scale parameter, called thecharge time which represents the cor-
relation time length between two events and is considered to be 0
the counterpart of the Elmore delay. The authors’ energy model is -20 . . . .
more accurate than the(1/2)CV2? model with the same time com- 00 05 10 15 20 25
plexity. Experimental results show that their algorithm is several ’ ' N ’ ' '
orders of magnitude faster thanHSPICE with less than 5% error. In wire length (mm)
comparison, the error of th_e(l/_2)CV2 mode_l can_be as hlgh_as Fig. 1. Error of(1/2)CV? model compared witliSPICE. The circuit is
100%. The authors furth(_arlnvestlgate_the relationship betv_veer! in- composed of ten parallel equal-length interconnects with minimum width
terconnect energy and signal correlation and propose a simplified ang spacing under the 70-nm technology. The load capacitad@d for
model, which is even faster than their basic model. This paper also each interconnect is the sum of the ground and coupling capacitances. The
discusses ongoing issues of their model, including stability analysis, horizontal axis represents the length of these interconnects. The input waveform
event propagation, and resistive shielding effects in interconnect is randomly generated in such a way that the time interval between successive

error (%)

energy calculation. events is 40-1000 ps.
Index Terms—Coupling effects, interconnect energy model, Input Output
power estimation.
Waveforms Waveforms
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N THE deep submicron design of integrated circuits, | I R
the analog behavior of interconnects becomes critical in “‘ta iy i e g
.. . . . m n
determining system performance, reliability, and power. This = s,
requires early interconnect estimation, which has been difficult | =€ = |
in the conventional logic-centric design flow. To overcome i W e
this difficulty, an interconnect-centric design flow has been b —| e i,

proposed [1], in which the interconnect topology and geometry tg +§

is determined at early design stages. This makes it possib

to estimate interconnect delay, noise, and power at the ear

design stages, provided we have accurate interconnect model!;
For interconnect power modeling, thie/2)CV? model has

been commonly used. This model is based on the assumption

that each event (i.e., rise or fall transition) consumes energy. 2. Coupling effects. The waveforms on the left represent the input

(1/2)CV5D where( is the load capacitance and,p is the waveforms, where: represents the time difference between the events. The
! . .. waveforms at the far ends of the interconnects are shown on the right. (a) and
supply voltage. Although this model is simple and easy to de(ﬁ?illustrate the mutual coupling, and (c) illustrates the self coupling.

with, it is not accurate in the deep submicron design. Fig. 1
shows that the error of th@ /2)C'V2? model becomes large for
long interconnects under the 70-nm technology derived from
NTRS'97 [1], [2]. The error is due to the following coupling
effects.

Mutual Coupling (Crosstalk): Events on different inter-
connects can interfere with each other through the cou-
pling capacitance. Fig. 2(a) and (b) illustrate the mutual
coupling.
Self Coupling (Glitch or Noise):Successive events on
Manuscript received October 9, 2001. This work was supported in part by ~one interconnect can interfere with each other in the sense
the National Science Foundation under Award CCR-0096383. This paper was that the first event may not completely charge/discharge
presented in part at the 36th Design Automation Conference, New Orleans, LA, . . .
the interconnect before the second event begins to dis-
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T. Uchino is with the STI-Design Center, Toshiba America Electronic Com-  charge/charge the same interconnect. Fig. 2(c) illustrates

ponents, Austin, TX 78758 USA (e-mail: taku.uchino@toshiba.co.jp). the self-coupling.
J. Cong is with the Computer Science Department, University of California, . . .

Los Angeles, CA 90095 USA (e-mail: cong@cs.ucla.edu). To see the importance of the coupling effects in energy es-
Publisher Item Identifier S 0278-0070(02)05624-5. timation, we investigate simple interconnect models shown in
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(a) (b) (c)

Fig. 3. Simple examples to illustrate coupling effects.

Fig. 3, wherel, R, andC represent the current, resistance, and . interconnect 1
coupling capacitance [Fig. 3(a) and (b)] or ground capacitance| [\ /= — Sz
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Fig. 3(a) and (b).
According to the(1/2)CV? model, the interconnect energy __/—\_/_\_ g }””’””””””””””””””’/’””””””””””””””””

is2 x (1/2)CV3, = CV3p, for each case in Fig. 3. Onthe  waveform »

other hand, careful analysis gives the following energy: interconnect 2

RN

G A TSI

interconnect 1

€
E=CV} (1:|:e (——)) 1
DD Xp RC (1)
where “-" sign is for Fig. 3(a) and (c), and+" sign is for
Fig. 3(b). Equation (1) is obtained by inserting the solutonof Tomli— Taesles—r
the circuit equations into the interconnect energy defined by FIE S 000 St gt 44 Ly =T
E = [dtRI? wheret is the time, andk!? is the power. The U tdef 268 T miT -
coupling effects are represented by the tesp(—¢/RC) in waveform e R ooy )
(1), which can range from 0 to 1. This means that the intercon- (b) tnterconnect 2
nect energy heavily depends on the coupling effects. interconnect 1
Toincorporate the mutual coupling effects into (hg2)CV 2 . tl=£n 4eo nodel edged ~ . .
model, Kim et al. [3] proposed a power model considering °° o0e” Cdgel - cdaes
the time difference between two transitions. They implicitly edge3 — = e 5
assumed that their model parameteis independent of the ; e e
i root2=nodel0 PSS npded edge >
interconnect topology and geometry. | edge2  edge6 \f’.dw
The self-coupling effects were considered in several papers edge8 o
noace

[4]-[6]. However, the interconnect topology and geometry was
not adequately considered since they were focused on the glitch (c)
power of the logic gates.
This paper proposes an analytical interconnect energy moggl 4. Interconnect modeling. (a) Physical implementation of interconnects.
unifying the mutual and self-coupling effects, which were deak) RCL model after driver modeling. (c) Graphical representation of (b).
with differently in the previous works. Since our model is based II. INTERCONNECTMODELING
on the interconnect topology and geometry, it is useful in the ) )
interconnect-centric design flow. Our model introduces a ney Overview of Our Interconnect Modeling
time-scale parameter, called thiearge timewhich represents  We assume that repeaters have been adequately inserted for
the correlation time length between two events. The charge tithoag interconnects, and an interconnect in this paper represents
is considered to be the power counterpart of the EImore deléne set of the wire segments in one stage driven by a repeater
due to their similarities. or driver as shown in Fig. 4(a). For simplicity, a repeater is also
The paper is organized as follows: Section Il is devotezhlled a driver.
to the definitions and assumptions of the interconnect modelEach wire segment is modeled by a lumped RCL element,
used in this paper. Section Il derives our interconnect eand the mutual inductances and coupling capacitances are con-
ergy model. Section IV explains our model with examplesidered as the interaction among these elements as shown in
Section V proposes an algorithm to calculate the char@ég. 4(b). These elements composérdarconnect graphown
time. Section VI presents an event-driven energy calculatiomFig. 4(c).
algorithm. Section VIl discusses the relation between energyEach driver is modeled by a voltage source and an output re-
and signal correlation. Section VIII shows the total flow ofistance as will be explained in Section II-D. An output resis-
our interconnect energy calculation. Section IX shows thance is represented by an edge in the interconnect graph. For
experimental results. Section X introduces a few importaakample, edges 1 and 2 in Fig. 4(c) represent the output resis-
features of our model to be investigated in the future workgncesR;; and R in Fig. 4(b), respectively.
and Section Xl concludes the paper. Sections II-B—E go into details of our interconnect modeling.

interconnect 2
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B. Graph Structure e
P o | o=y O T v

The nodes and edges in the interconnect graph are defined as 0 ts c, V 10 to) Rd L,
follows: I T

(Gl) Each node represents either the VOItage source 0&8 5. Driver modeling. The CMOS driver with the input waveform on the

driver, a sink, or a joint of wire segments. left is modeled by the output resistance with the voltage source on the right.
(G2) Each edge represents either the output resistance of a

driver or a wire segment.

The node representing the voltage source of a driver is called t[I% o o )
root. The root is always connected to only one edge representing O Simplicity, we assume the driver is a one-input and one-
the output resistance of the driver. output buffer as shown in the left-hand side of Fig. 5, whgre

An interconnect is a directed tree. The direction of an edgelfsthe load capacitance angdis the transition time of the input
consistent with the path from the root to a sink. In other wordgignal. This driver s mo_del_ed by an output reS|staRgea_nd a
any edge points to the downstream. voltage sourc&’s switching instantly at time, as shown in the

Let M andN denote the number of the interconnects and thght-hand side of Fig. 5. To determine the model parameters
number of the edges, respectively. Since each interconnect 84andto, we compare the output current of the CMOS driver
tree, the total number of nodes in our modehis+ N. The ({c) with that of the mode{/,) using the moment matching

labels for nodes and edges are defined in such a way that pethod. )
have the following. Note that the Laplace transform 6f; is expressed as

.eDriver Modeling

(L1) Edgem (=1,..., M) represents the output resistance .50 CLAV
of the driver in interconnecta. / dte " Iy (t) = me*m 4)
(L2) NodeN +m (m =1,..., M) is the root of intercon- 0 d-L
nectm, called the rootn. whereAV = V(~o) — V(0) is the change of the voltage. Re-
The labels for the other edges and nodes can be determinedptaeing I, with I~ in (4), we obtain the following equation:
bitrarily. These labeling rules are illustrated in Fig. 4(c), where oA
M =2andN = 8. = —st L Vv —st
dt Ie(t) m ———— °, 5
lé ol ~ e (5)

. Electrical P i . . .
C. Electrical Properties Expanding both sides of (5) arousd= 0, and comparing the

Let V,,.(¢) denote the voltage of roet at timet. Since each coefficients ofs™ (n = 1,2), we obtain
transition ofV,,, is modeled by a step function (as will be de-

scribed in Section II-D ), the time derivative &%, (¢) is ex- RXC? =y — a2, to+ RyCp =a, (6)
pressed as
" where
Vm(t) = Z 6 (t—ty,) AVS (2) 1 e
"= o dtt"Ic(t =1,2
Z W=y | #Iel) (=12

wherew, is the number of the events on roet, 6(t) is the 416 moments af, which can be measured BFPICE. Solving
é-function, t7, (¢ = 1,2,...,wy,) is the time of event,, and (g \ve obtaink, andt,. SinceR, andt, are functions of’;,

AV, is the change oF,, () att7,. Note thatAVil = £Vbp ¢ "and the switching condition (rise/fall), we can make lookup
in digital circuits sinceV,,,(¢) is either 0 orVpp. We assume tapes forR, andt, with these variables.

2, > 0, andt?, < ¢ ifand onlyifa < b.

Theresistance matri¥t is an/NV x N diagonal matrix, where £ priver Internal Energy
R;; is the resistance of eddge

The inductance matrixL is an N x N symmetric matrix,
whereL;; (i # j) is the mutual inductance between edgaad

The driver internal energy per eveht,,; is modeled by

1
4, andL;; is the self-inductance of edde Eint = Eiotal — §CLAV2 (1)
The capacitance matribxC is an N x N symmetric matrix,
whose elements are defined by where Ey..,1 IS the total energy including interconnect energy

as well as driver internal energyi...1 can be measured by
& B HSPICE. SinceF;, is a function ofCy,, t,, and the switching
Cow = Z Pow,  Cow=—Tow (v#w) ®3) condition, we can also make a lookup table fgr,; with these
w=1 variables.

wherel’,,, is the ground capacitartef nodev, andl’,,,, (v #
w) is the coupling capacitance between nodesidw. I1l. DERIVATION OF OUR ENERGY MODEL
1A sink is a terminal pin which receives a signal from the driver. This section derives our energy model using the Kirchhoff's

2The ground capacitance includes the area and fringe wire capacitance gwrent law (KCL) and Kirch_hof_f’s Voltage law (KVL) equa-
the sink capacitance, if any. tions for the modeled RCL circuit.
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Viinodes, Ei:edges B. KCL and KVL Equations

C 11d (1)=0(v) Usingl',,,, or C (capacitance matrix) defined in Section II-C,
»>e the charge of node, i.e., ¢, is expressed as

)

wHEY w=

Fig. 6. Example of(v), O(v), h(i), Vi, &, andChild(s). whereU,, (U,,) is the voltage of node (w). On the other hand,
the current conservation implies

A. Incidence Matrix N

This subsection provides useful properties of the incidence Go = Ligy) — Z I, = Z vili (13)
matrix for the interconnect graph. iCO(w) i=1

Theincidence matrix4 is an(M + N) x N matrix such that ' _ o _
Ayi =1 (Ay; = —1) if nodew is the head (tai) of edge:, and whereg, is the time derivative of,,, I; is the current of edgg
A,; = 0 otherwise. Note that the incidence matrbsatisfies ~and we used (8). From (12) and (13), we obtain

N
ZA'vi-Ti = Ti() — Z T (8)
i=1 icO(v) wherel/ (I ) denotes the voltage (current) vector whote(ith)
element id/, (I;). Equation (14) represents the KCL equation
for the coupled interconnects.

Considering the voltage drop for each edge, the KVL equa-
tion is obtained as follows:

cii= AT (14)

foranyzy, zs,...,zN, wherei(v) is the edge incoming to node
v, andO(v) is the set of the edges outgoing from nadécf.
Fig. 6).

Using labeling rules (L1) and (L2} is expressed as
M

[0] RI+LI =" &V, — AYU. (15)

AT . m=1
_ T

(ilp 0 Equations (14) and (15) can be also expressed as

A=| "% |, é,=|1| « mthrow (9)

: 0 L . . . M -

—65‘9 5 CU=1I, RI+LI=> &.WVm-U (16)
m=1
0

wherel = ATT, andC = A-1C A7, Using (10), thefs, /)

where the row vectaf?, (m = 1,2,..., M) is the transpogeof )
’ element ofC' is expressed as

the column vectoé,,,. The N x N matrix A,. in (9) is called the
reduced incidence matrix,. is invertible since the interconnect =

. @ T Ci; = Cow 17
graphis aset oftrees. The inverdg! satisfies the property that ’ Z Z (7

vEV; wEV;
(A7Y),, = {(1)’ (ve Ei) (10) Especially when = m andj = n wherem,n = 1,..., M,
, (g (17) becomes as follows:
whereV; is the set of the nodes in the subtree rooted at the head
of edgei (cf. Fig. 6). The proof of (10) is as follows. Covm Z Loy Con = —Lyn (m #mn) (18)

Proof. Let B denote the matrix whose components are de-
fined by the right-hand side of (10), |eB“ =1(=0)if _ _
v eV (v ¢ V). We wil prove BA,# = Z for any vector wherel,,,,,, = > vey,, Lvo is the total ground capacitance of

#, since it impliesB = A;7t. Using (8), we obtain interconnectm, andl'y,n = >-,cy > ey, Dvw (M # ) is
the total coupling capacitance between interconnectndr.
(BA,Z); = Z Ti(w) — Z Z z;. (11) Hence (... is the total load capacitance of interconnect
weV; veEV; jeO(v)

C. Solution for KCL and KVL Equations

Note that eacli € O(v) is the incoming edge of some node ] ) ] ) )
Equation (16) can be combined into the following single ma-

in V;. In other words, there exists € V; such thatj = i(w).

This means each; in the second term of (11) is canceled out'x €quation:
by the first terma:z(w) for some nodev € V;, and we are left 2 0@ - g) (19)
with z; since there is no node< V; such that € O(v). Hence
(BAZ); = ;. B where
3Thehead (tail)of an edge is the node to (from) which the edge is incoming = . M é’
(outgoing). 7= [q . b= { m} Vi (20)
4The transpose of matriX is denoted byX' 7. I el 0
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and and
_— ) .
o=[%" L[ & Hon) =[50 01 | T). 28

Using the method of constant variation, the solution of (19) Note thatH.,,,.(¢) is symmetric with respect ta. andn
expressed as

Hrnn(t) = Hnrn(t)- (29)
t .
Z(t) = b(t) — /0 deeQUmOB(¢) (21)  In the above derivation, we used the stability condition
> ; Qt _
with initial condition #(0) = 5(0), i.e., 1;(0) = 0 andU,(0) = Jim ¥ =0 (30)

Vi (0) for v € V,,, which means the circuit is static at time

‘=0 which means any eigenvalue &f has the negative real part.

This can be proved using the fact that matriég<”, andL are
D. Energy Dissipation real, symmetric, and positive definite. The complete proof can

) ) ) . be found in [8]. Equation (30) also implies
The total interconnect enerdy is defined by the integral of

the power as follows: lim H,,,(t) =0. (31)

t—o0

- _ T 7
E:/ dtZRu J —/ dtl” RI. (22)  E. Model Order Reduction
Since H,,,,,(t) contains a large matrig, we apply the mo-

Using Z defined in (20) and (22) we have ment matching method [9] t&l,,., (t).

o0 0 0 Inserting (28) into the Laplace transform Hi,,,,(¢) defined

_ =T =
E_/o dt¥ [0 R} z. (23) by
Inserting (21) into (23), we obtain Hp(s) = / dte™" Hypnp (1)
0
/ dt/ dg/ dgb F(t;¢, 5) (5) (24) we obtain
7 1 =2TA -1 871
where matrixF'(¢; €, ¢') is defined by Hpn(s) = [€,C 0](s — Q) { 0 } ’ (32)
(h,¢) = (@70 [8 ;)J Q) Expandln? (32) around = 0, we obtain

Hon(s) = M), — sM) + s* M3 ~
Note thatF'(¢; £,¢') is a total derivative, i.e.,

; where
F(t:€,8) = 2 G (25) M) =(CRC)n (33)
where MY, = (C(RCR - L)C) (34)
Gl &) = _%CQT(t—f) [(5 2 } Q=) M®@ = (O(ROROR — RCL — LOR)O)mn (35)

) -1
Inserting (25) into (24), and changing the order of the integr@f® moments off,..,,(t). We also define moment/;;,,” as

tion, we obtain Mr(,ml) = Hop(t = 0) = G (36)
E =/ dﬁ/ d¢’ / dt% Using these moments, the one- and two-pole models for
max(¢,¢") T ) H,..(t) are obtained as follows.
« <g (O)G(t;¢, 5/)3@/)) ) 1) One-Pole Model:In the one-pole modeli,,,,, () is ap-
proximated byf(¢#) = ref'. The parameters andp are de-

termined by the condition$f,,.,(t = 0) = f(t = 0) and
H,..(s = 0) = f(s = 0), wheref(s) is the Laplace trans-
form of f(¢). The result is as follows:

Carrying out the integration oveér we obtain

M M
E=2.> Bun (26)
et =t Hypn(t) 22 M D e tMED /MG (37)
where Note that inductance does not appear in this model.

2) Two-Pole Model: The two-pole model is shown only for

1 - - ! 1 INY y !
Bun=g [ [ H(E=EDVAOVE) @D roforence
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In the two-pole modelH,....(t) is approximated byf(¢) = k n3
riePit+rocP2t, The parameters , 7o, p1, andp, are determined LN il i3 i3 ,
- el # R A 1
by the conditionsH,,,,(t = 0) = f(t =0), Han(s=0) = " TR 11 50
f0 (s =0) (n =0,1,2), wheref(s) is the Laplace transform . s
of £(t), andHYr) (f(V) is thenth derivative with respect te.
The result is as follows:
e *(gcosh Bt + rsinh 3t) (D > 0)
Hpn(t) = S e g+ rPt) (D=0)
e~ (g cos Bt + 7 sin Bt) (D <0)

sy

-

w
¥
\
\
N
\
\

In this paper, the energy model (40) is called Hitgamodel The
following examples show the difference betweenEhendEC

where model.
— In the first example, we assumd = 1 andw; = 2 as
D =B?—-4B,B,, a= ﬂ, B= D] illustrated in Fig. 2(c). In this case
2B, 2B,
(204080 — M By ) Ey=CuVhp(l—e™), Ec=CuVip.
q EM,(,;}), r=
vary The terme—¢/"1 represents the self-coupling effects.
By =M VMY — MO A0 In the second example, we assufife= 2 andw; = wy = 1
B, =MD M) — a0 prv) as illustrated in Fig. 2(a) or (b). In this case
By =MO a2 _ arOarQ) 1 /- . —_—
2 mn mn mn mn El — 5 (Cll + 022 :|: 2|012|C 6/7‘12) VDQD (41)
IV. OUR ENERGY MODEL where+ (—) sign is taken whem\V! = —AV} (AVE =

1
Our energy model is the one-pole model of (26). Inserting (ﬁVQ )- On the other hand

and (37) into (27)F in (26) is approximated by
M M w, w,

1. o _4b
By = Z Z ZZ 507""6 =il AVEAVY (38)  goes not show any difference between these two cases. The
m=ln=la=1b=1 factore—</™2 represents the mutual coupling effects.
wherem () is the label of interconnecd/ is the number ofthe  Using (18), (41) is also expressed as
interconnectsy (b) is the label of event on roak (n), wy, (wy) 1
is the number of the events on roet (1), Cynp, is the load E == (fn 4Ty + 200 (1 + e—e/nz)) V2,
capacitance of interconneset, |C,,.,.| (m # n) is the coupling 2
capacitance between interconne@tandnz t2, (%) is the time The termi’;2(1 + e~</712) is considered as the effective cou-
of eventa (b) on rootm (n), AV,% (AVy) is the change of the jing capacitance. When= 0, this effective coupling capaci-

root voltage due to event(b) on rootm (n), and tance is either two or zero times of the original coupling capac-

1 . )
Ec = 5(011 + C22)VEp

(0) itancel';». This represents the Miller effects.
Mrnn
Tran = —= (39)
mn V. CALCULATION OF CHARGE TIME

0) . , . . . . .
where M., is defined in (33)7,,,,, represents the correlation This section presents an algorithm to calculate the charge

time length between two events on interconneetsand n,  time 7,,,, for the interconnects implemented by horizontal or
whose computation will be explained in more detail in Segertical wires as shown in Fig. 7. We assume the via resistance
tion V. Specifically, whenn = n, 7,,,, represents the time to and capacitance can be ignored and only adjacent parallel wires
charge/discharge interconneet In this senser,,,, is called have coupling capacitance.
the charge timeeven whenn # n. The energy model (38) is  Each wire is divided into a minimum number ahiform
called theE1 modelin this paper. segmentsuch that the unit-length resistance, ground, and cou-
Note that thee1 model considers the coupling effects sincgling capacitance are constant within each uniform segment. In
each term depends on two everfta, a) and (n,b), where Fig. 7, (5o, j») is divided into two uniform segmentgjo, j1)
(m,a) ((n,b)) denotes event (b) on rootm (n). The term and (4, j»). This is because the unit-length coupling capaci-
m # n (m = n buta # b) is due to the mutual (self) couplingtance is different for these two segments.
effects. To apply our interconnect model, each uniform segment is
Ignoring terms representing the coupling effects in (3§urther decomposed into small pieces of wire segments, each
(i.e., leaving terms such thétn,a) = (n,b)), the following of which is considered as a discrete lumped electrical element

(1/2)CV? model is obtained: as shown in Fig. 8. A piece of wire segment of length is
M w,, represented by an edge, and the wire capacitance of the edge
Eeo = Z Z %érnrn (AV,;;')Q ) (40) is assigned to junctions, which are represented by nodes in our

interconnect graph.

m=1a=1
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uniform segment o wherer,, is the unit-length resistance of uniform segment
Note that the summation oveéin (42) is replaced by the sum-
mation of the integrals over each uniform segmerit (45).
Also note thatR;; is replaced by, dz5.

Inserting (44) into (45), we obtain

/ \ 9

' pA— e ' MO — 27 I, < o <l ) C’(m <l_a> + 79‘”"9‘”1[“

VD - : mn "\ 2 12 '

L x=la x=0 .

S g e e Based on the above arguments, the algorithm to calculate
; Con andM,(,?,),, is presented as follows:

L VAN 1 Algorithm calcCMC )

i i 1. 7:=0, 7:=0;

: : 2. for (8 # Child(e)) ¥ := ¥+ calcCM (3);
Rt 3. for (i =0,1,2) 2y +cila/2;

Fig. 8. Decomposition of a uniform segment. 4. yi=y+2 .
5. for (each pair m, n such that ¢, # 0,

To calculater,,,, defined by (39),@,,m and M,(,?,)L must be Yn # 0)

calculated forn,n = 1,. .., M. According to (33) 6. be (')5' ©
N ; Mann = Mnth + T l (yrnyn + (1/3)2771271);
MO =5N"R;;CinCin. 42 en
mm ; (42) 9. return  §+ 7
Hence, we have to calculate;,, @ = 1,...,N;
m = M) Accord|ng to (17) Czrn is expressed as Whereg (7?) is a linked list with at most\/ entries, and
f0||OWS_ ym (zm ) represents the entry @f (%) corresponding to inter-
connectn. Before the first call ofalccM, M,\2) is set at zero.
zrn - CL T C m 43 . . ! mn .
w%; ZOR S Jeg;d(z) 7 (43) Each step otalcCM is described as follows: At Line %,,, be-

COMesy,;, = Carm(0). At Line 3, 2, becomes,,, = gamla /2.

whereh(i) is the head of edge V,, is the set of the nodes in o becomes(]m,,(l /2) (Line 4). The contribution fromy is

interconnectrn except its root, and’hild(7) is the set of the added tav/ ) (Lines 5-8). FinallyC.(L.) is returned (Line

edges outgoing frorh(i) (cf. Fig. 6). Equation (43) shows thatg). By calling calcCM for all the roots, we obtair,,,, and
C;,. can be calculated from the bottom up. (©

. . . M form,n =1,..., M.
In the continuous limitlz — 0, edgei is replaced by a point =~ 7" ™= ™ v . .
(o, ), wherea is a uniform segment, and is the distance . The time complexity of the algorithm (M K°), whereK

from the head ofx as shown in Fig. 8. Correspondingt; is the maximum number of the uniform segments contained in
G=1. Nm=1 M)is rep?écéd by F()x) wh%cr;?s one interconnect. The reason is as follogwhas at mos2 K + 1

nonzero elements since the number of the downstream uniform

defined by . . segments is at mogt, each of them couples with at most two
Com(z) = gamz+ > Camllp) (44) interconnects, and “1” represents the self-coupling. Hence, the
BEChild(a) time complexity of thdor loop of Line 5-8 isD(K?). Since this
where Child(«) is the set of the uniform segments outgoindor loop is done at most/ K times, the total time complexity is
from the head ofy, I3 is the length of3, and O(MK?). Note thatK is a function of the wire congestion and
the maximum wire length driven by a driver. This medfiss a
Jam = Z cf’lém,m; local parameter and is independent of the circuit 8izeHence,

the time complexity of our algorithm i©(M ) with respect to
in which é,, ,,.: is the Kronecker delta,m), is the label of the the circuit size.
interconnect containing, m?, (m?2) is the label of the intercon-

nect containing the upper/left (lower/right) adjacent wire, and VI. EVENT-DRIVEN ENERGY CALCULATION
A= Ef»:o v (i=0), Because of four summation symbols in (38), straightforward
R (i =1,2), calculation of E; requiresO (M?w?,,) operations, where
wherev? is the unit-length ground capacitance of uniform segtmax = max(wi, ..., wy ). This section proposes a more
menta, andyl (v2) is the unit-length coupling capacitance be€fficient algorithm.
tweena and the upper/left (lower/right) wire. Our algorithm is based on the event-driven calculation, in
In the continuous limit, (42) is also replaced by which the increase of the energy due to each event is accumu-
L. . . lated to obtain the total energy. In tii&/2)C'V? model, this
M,(,?,)L = Z / dxr o Com(2)Con(x) (45) procedure can be easily done by counting the number of events

SWhen edge represents an output resistance, the above replacement is un-
5;,; =1fori = j,andé, ; = 0 for: # 5. necessary since edgés considered as a lumped electrical element.



770 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 21, NO. 7, JULY 2002

and multiplying it by(1/2)CV?2. However, the consideration of gorithm can be implemented on an event-driven logic simulator
coupling effects makes the procedure more complex. such asVerilog-XL.

The increase of the energy due to each event is obtained a¥he time complexity of the algorithm i©(WW K), where
follows. Assume thatu,, events have already occurred on roo = >>Y_ 4, is the number of the event&(K) comes
n (= 1,...,M) until the current time. The total energy until from for loop of Line 9-13 since the number af such that
now is equal ta&; given by (38). Letm, a) denote anew event, C,,,,, # 0 is at most2K + 1 as shown in Section V. Since
which satisfieg?, > ¢° for any other everin, b). LetE{ denote K is independent of¥/, the time complexity with respect to
the interconnect energy including evént, «), which is notin- W is O(W), which is also that of the event-driven simulation
cluded inE;. The increase of the energy due to evgnt o) is  without energy calculation. This means our algorithm does not
equal to the differencAE?, = E{ — Ey, which is expressed as change the time complexity of the event-driven simulation.

Ornrn Ava 2
AVINEES % VIl. ENERGY AND SIGNAL CORRELATION
Mo po , This section shows that the energy from mutual coupling can
+ Y Crppe™ =t/ T U AV (46)  pe ignored if the signals on the coupling interconnects are mu-
n=1 tually independent. This leads to the further speedup of the al-
where gorithms proposed in Sections V and VI.

b
sz;m _ Z e—(tﬁg—t;)/mnAV;_ (47) A. Cancellation of Energy

e=1 To explain the relation between interconnect energy and
signal correlation, we start with a simple example shown in

Comparing (47) with ) ! ; ;
Fig. 2(a) and (b), in whiclym, a) and(n, b) form ane-aligned

b—1 L .. .
-1 = Z o= (0712 T Ay pair, and(m, c) {;m_d(n, d) for.rr_1 ane-antlahgngd pair, vyhere the
mn p " e-aligned ¢-antialigned) pairis the event pair switching in the
. same (opposite) direction with time differeneeTo calculate
we obtain o . . .
the contributions ta®,,,,, from these pairs, we insert (2) into
xb = 0, e (b=0) (48) (27) to obtain
L N G TS G S v we
Equations (46) and (48) lead us to the following event-driven Epn =3 o Homn (Jt2, —2]) AV2AVY.
energy calculation algorithm: a=1b=1
According to this equation, the contribution t,,, from
Algorithm calcE1() the c-aligned pair (m,a), (n,b)) is Hpun(e)AVRAVY
1. B :== 0; while that from the e-antialigned pair (m,c), (n,d)) is
2. for (each m) t, :=0; H,..(¢)AVE AVE. These contributions cancel each other out
3. for (each m, n such that Chy, #0) X, := SINCEAV: = AV andAVyY = —AV?.
0: In general F,,,,, = 0 when the number of thealigned pairs
4.Set up event queue EQ; is equal to that of the-antialigned pairs for anyg. The number of
5. while (EQ is not empty) thee-aligned pairs is equal to that of thentialigned pairs when
6. begin V,» andV,, are mutually independent. This is because wtign
7. Pop the first event (m,a) from EQ; andV,, are mutually independent, the signalsigf andV;, can
8. Ei:=F1+(1/2)Cprm (AV#,,)Q? switch independently, and the probability of the appearance of
9. for (each n such that C,,. # 0) ane-aligned pair is equal to that of arantialigned pair. In sum-
10. begin mary, we have the following.
11.  E) = E| + Cppeltn )/ ™ X, AV Theorem 1: E,,,, =~ 0if V,,, andV}, are independent.
12, Xpm = AVE 4 e(tm — %) /Tom Xom, Before proving Theorem 1, the meanings of the statements
13. end “E., =~ 0"and "V, andV,, are independent” must be made
14. t,, = t2; clear.
15. end " To explain “E,,,,, = 0,” we modify (27) to obtain

E,.. = lim FE,,(T)

in which F4, t,,, and X,,,,, are initialized (Lines 1, 2, 3), e
the events are ordered and stored in the event qa&p€Line Lo (T) + Ly (T)
4), the earliest event iE'Q) is retrieved and removed from B (T) =2 nm
EQ (Line 7), the self-component of the energy is adde&'to - 2 T
(Line 8), the coupling components of the energy are added to  ; (T E/ deHmn(e)/ dEV (V€ + ©)
E; (Line 11), X,,,,, is updated for the next calculation (Line 0 0
12), andt,, is updated (Line 14). and we used (29).%,,.,. ~ 0" means

Note that the above algorithm only needs the latest event on . B (T)
each root, and we can discard older events. This means our al- im —=—

T—oo

where

=0.
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( Layout Information ) Gate/RT Level Net List
Test Vectors

I Interconnect Extraction I

3

I Charge Time Calculation I

!} ¥

I Event-Driven Energy calc.e—] Event-Driven Simulation I

]

( Interconnect Energy )

Fig. 9. Interconnect energy calculation flow.

Roughly speaking, this means the average power is zero sifite interconnect energy model given by (49) is calledBbe

E,..(T) is a component of the energy due to events up to tinmeodelin this paper. Th&0 model is faster than thE1 model

T, andlimy_, .. E,..(T)/T is the average power. since the calculation faE,,,,, (m # n) is omitted. In fact, Line
To explain ‘V,,, andV,, are independent,” we introduce theb of calcCM in Section V is replaced by

average of a signal and a signal pair. The averadg.otlenoted

by (V;,.), is defined by the following time average: for(eachm such that,, # 0)
1 [t and the time complexity ofalcCM becomesO(M K?). Also,
(Vi) = Jim T/O dEVin(8)- calcE1l in Section VI is replaced by Algorithm calcEO().
Similarly, the average of;,,(£)V,.(¢ + ¢) is defined by Algorithm calcEOQ()
1. EO =0

for (each m) t,:=0, X,,:=0;
Set up event queue EQ;

(Vi @Val€+ ) = lim / AV, (Vi (€ + €). g
4. while ( EQ is not empty)
5
6

(Vin (&) Vi (€ + €)) represents the signal correlation betwégn

and V. In this paper, V,,, andV,, are independent” means>: begin

(Vi €)WV (€ +0)) = (Vi) (Vi) holds for alle. . . Pop the first event (m,a) from
Using above definitions, Theorem 1 is proved as follows. EQ; o 1 (bmet® )/
Proof: It is enough to show 7. Xy = AVR A etrm i) [T Xop,
8. Ey:= Eg+ Cryn (X — (1/2)AV”)AV,;’“
Prnn = hln 4Inln(T) =0 9 t = t?n;
T—00 10. end

whenV,,, andV,, are independent. In this case The time complexity ofa1cEO is O(W).

Finn :/0 deHmn(<) <V"’(£)V"(£ + 6)> VIIl. SUMMARY OF OUR ENERGY MODEL
:/OO deH n () (Vi) (V7). Since our interconnept.energy modell rquires interconnect
0 topology and geometry, it is most useful in an interconnect-cen-
SinceV,, is boundec(O < Vi < Vip) tric designfl_ow described _in [1]. Our_interconnecten_ergy model
can be applied at any design stage in the above design flow such
. 1 d V . V(1) = Vin(0) 0 as the interconnect planning level with floorplanning, intercon-
(Vin) = Jim ~ §Vin(§) = fim T =% nect synthesis level, and interconnect layout including detail

routing. In any of these design stages, the interconnect energy
estimation is basically composed of the following three steps:

B. Energy Model Without Signal Correlation 1) interconnect extraction;
2) charge time calculation;

3) event-driven energy calculation.
Procedure 1 includes the extraction of the unit-length resistance,
C‘mn(m #n) #0 =V, andV, are independent ground, and coupling capacitance for each uniform segment
after decomposing interconnects in a sequence of uniform seg-
In this case, according to Theorem 1 we can ignBsg, (m # ments. In Procedures 2 and 3, we use the algorithms presented
n) in (38) and obtain the following new model: in Section V and VI, respectively. Procedure 3 can be efficiently
M w, w performed with any commercially available event-driven logic
Ey = Z Z Z Cmme—ltiﬁ—ti’nl/mmAV:IAV% (49) Simulator, such agerilog-XL/PLI. The above procedures are
el o1 b1 illustrated in Fig. 9.

Therefore,P,,,, = 0.

Assume thatV,,, andV,, are independent for each coupled
pairm andn. In other words
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TABLE | 200 —
COMPARISON OFINTERCONNECTENERGY MODELS 150 ad
model ]| complexity | condition /assumption < 100 W/ ——EC
EC MK+W Coupling effects are not considered. S 50 a || ™ E?
= —a
2 Only self coupling effects are con- @ E.—./.
EO MEK*+W sidered. One-pole model. 0~
3 Mutual and self coupling effects are - — — I
El MK* +WK considered. One-pole model. 50 0 0.5 1

correlation coefficient

COMPAR|SON1<-3AFEIF;EOFIJ AND RUNTIME Fig. 10. Relation between error and correlation coefficient.

crcuit Ecerr%ro(‘ﬁb)m ! EC .T}}t‘m&(se‘;épm due to too longHSPICE runtime. The total energy, including
c(10,10) 76 | 24 [ 0.6 .00 .00].01 70 CMOS driver energy, is measured#§PICE using the POWER”
c(10,20) 11 76 | -0.5]1.0 [ .00 | .01 | .01 | 190 command as the basis for comparison. The total energy values
¢(10,30) 88 33 |3.0].00 /.01 .01 960 for EC, EO, andE1 are computed as the sum of the interconnect
gggzégg gg ;(73 ;2 88 8% 8§ 1%0& energy estimated py each modell, and the total estimated driver
<(20.30) 94 46 139 1.00 .02 .05 4800 internal energy using (7) in Section II-E.

¢(30,10) 771 3.1 | 1.7 | .00 .00 | .04 910 The results show that our models0(and E1 models) are
c(30,20) 89138 [33[.01}].01].08] 6200 within 5% accuracy ofiSPICE, while the error of the commonly
c(30,30) ]93] 4.0 1 38].00.01] .10 27000  used(1/2)CV? model £C model) can be as large as 94%.
c(1000,10) f| - | - - | 02].12125 - In Table I, there is no obvious difference betwegn
0(5020’10) - = - [.06 1 55] 13 = and E1 since the signals are mutually independent. Fig. 10
¢(10%,10) = = - 118112 ] 27 = shows the relation between error and signal correlation

for ¢(10,10). The vertical axis represents the error com-

Table | compares the interconnect energy models describe@ff€d With HSPICE, and the horizontal axis represents the

this paper, where “complexity” is the sum of the Comp|exitiegverggecorrelgt_ion coefficientbetween two roots. The cor-
for Procedures 2 and 3. relation coefficient between roots: and n is defined by

Tmn = |prnn - prnpn|/\/prn(1 - prn)pn(]- - pn)v Whereprn
is the probability ofV,,, beingVpp, andp,,.,, is the probability
of V,,, andV,, being simultaneously¥p . The valuer,,,,, = 0

We implemented our algorithm to compare it WilSPICE on  implies V,,, and V,, are mutually independent, angl,,, = 1
a SUN ULTRA 60 workstation running at 360 MHz. We usedmnplies they are maximally correlated, i.e., eitié, = V,
the 70-nm CMOS technology derived in [10] in our test, wherer V,, = Vp — V,. According to Fig. 10, the error &0 is
the clock frequency is 1 GHz arild,p = 0.75 V. We assumed large when the correlation is strong. This is consistent with our
minimum wire width and spacing, in which ground capacitancegnalysis in Section VII.
is 0.054f F/um, coupling capacitance &119f F/um, and  Columns 5-8 of Table Il compare the runtime where “.00”
resistance is 0.38/pm for a unit-length wire. The unit-length means “less than 0.01.” The overhead to read in SPICE files
inductance is assumed to be 1 fkin. is excluded foiEC, EO, andE1 since it is negligible compared

In Table II, ¢(M, L) represents a circuit witi/ intercon- with HSPICE runtime. The results for large circuits ¢(1000,10),
nects, each of which has edges. In this caséy = M x L. ¢(5000,10), ¢(10000,10), show the runtimegef EO, E1 to be
The topology of the circuitis randomly generated such that ealhear with respect to the circuit size.
edge has 0-3 children, and couples with 1 or 2 edges. Note thafhe above results show that the following hybrid approach
such a topology may not correspond to a real layout. The wiiguld be efficientEC is used for short interconneci) is used
length is determined such that the maximum Elmore delayfisr long interconnects, an8,,,,, (m # n) is added if the signals
less than half of the clock cycle. Each interconnect is driven By rootsi andn are strongly correlated. The strength of the
a CMOS driver with output resistance 3227and gate capac- correlation is represented by,,., which can be obtained using
itance23.1f F, which is also considered to be the sink capaer probabilistic approach [11]-[13].
itance. Each input waveform is randomly generated. In addi-
tion to the “proper” events (expected events by the functionality X. ONGOING FUTURE WORKS
of the circuit), we also include the “glitch” events (unexpected
events, noise). The time interval between a glitch event and e
nearest event, which is either proper or glitch event, is 40-120Although the exactH,,,,,(¢) is stable as shown in (31), the
ps. Input waveforms have a length of 50 clock cycles and astability for the one-pole model is not guaranteed. According to

IX. EXPERIMENTAL RESULTS

Stability Analysis

mutually independent. (37) and (39), the stability condition for the one-pole model is
Columns 2—4 of Table Il, labelegc, E0, andE1, show the 7,,, > O.
estimation error of the energy compared Wii$PICE for EC, This stability condition is guaranteed whem = n since

EO, andE1 models, respectively. The missing entries “” are,,, = S n, RiiC2, /Coum is positive (cf.Crpm > 0).
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On the other hands,,,, = 75 — 75 for m # n, where

) _ Rii|Cim Cin|

Tmn — Z —_—
icéove,  |Cmnl

1 — Rii|CimCin|

=y —=m
igtnve,  |Cmnl

Condition (51) means that evefit:, w,,(¢)) must be propa-
gated to the next gate at later timiebut before the next event
(m,wn,(t) + 1). If (51) is not satisfied, the event is not propa-
gated due to event evaporation.

The above arguments lead to the following event propagation
algorithm with consideration of event evaporation.

in which &, is the set of the edges in interconneet and we Algorithm eventPropagation()

used the fact that’;,,, > 0 wheni € &,,, andC;,, < 0when 1. for (each sink v) ¢,:=-1, Yy :=0;
i ¢ &n, Obtained by (3) and (17). Note that the one-pole mod@l Set up event queue EQ;
is unstable wheno) < 75 3. while  (EQ is not empty)

To overcome this difficulty, we replace the negativg,, 4- begin
with zero. In this casel,.., = 1/2C,..V3, (w,(,% - w,(,%) 5. Pop the first event (m,a) from EQ;

6. for (each sink v of interconnect m)

wherew(ys (wiwn ) is the number of the simultaneous tran7.  pegin
sitions switching in the same (opposite) direction. We igno@® Y, := AV2 + e—(tfn—tfnfl)/dmvyv;
wi andwS), since the simultaneous transition rarely occur9. if (¢, > 0)
This mean<,,,,, can be ignored when,,,, < 0. 10. begin

Although the above prescription (i.e., replacing negatiye 11. Delete event t, from EQ;
with zero) works well in our experimental results, further re12. t, = —1;
search would be required. 13. end

_ 14. t =12 4 dmolog(2|Y,|/Vbp);

B. Event Propagation 15. if  (t>1t2)

As described in Section VIII, the event propagation is the tadie.  begin
for the event-driven simulator, but not for our energy models 7. Add event ¢ to EQ;
the(1/2)CV? model. However, itis important to investigate thel8. &, :=¢;
event propagation with consideration of coupling effects. Fd9.  end
example, in Fig. 2(c), the input pulse of widtbecomes smaller 20. end
pulses at sinks; andv, due to self-coupling. If we assume sink21. end

v1 andws are also inputs of other gates with threshold voltage

Vb /2, then the pulse at nodg is propagated through the gate
while the pulse at node; is not. In other words, the pulse at
nodev. disappears. In this paper, the disappearance of a pu

due to self coupling is called thevent evaporation

To consider event evaporation in the event propagation algo=,
rithm, we analyze the sink voltage (i.e., input of the next gater]t

Using the one-pole model for (20), the voltage of nadg.e.,
U,) in interconnectn is expressed as
Uy(t) = Vn(t) = 7 D) ey (50)

wherew,,(¢) is the label of the last event before time

a 07
Ynm; - {AV,Z + 6—(tfn—tfn_1)/dmvya—1

muv ?

(a=0)
(az1)

andd,,, = Ziew(”) R;;C;,.. is the Elmore delay from root

m to nodewv, whereUp(v) denotes all the upstream edges of
. . C

nodewv. Note that inductance and mutual coupling effects do nﬁzﬁ

appear in (50).

In this algorithm,z,, represents the time of the next event
cheduled at node, and¢,, = —1 means there is no scheduled
i%nt. Event evaporation is considered at Lines 9-13 to satisfy
< &% and at Lines 15-19 to satisk™*) < ¢.
According to our preliminary experiments, the above algo-
hm is very accurate with the same time complexity as the
conventional event-driven simulation. However, further inves-
tigation would be necessary to include mutual coupling.

C. Resistive Shielding

In this section, we investigate the energy of a pulse propa-
gated through an interconnect shown in Fig. 11.

When the lengttL of the interconnect is longer than certain
critical lengthL.,;;, the pulse disappears on the way to the other
end of the interconnect due to thesistive shielding effecThis
eansthe energy is a const&nt, for L > L. since the pulse
n charge/discharge only a definite part of the interconnect.
e following questions arise.

The time wherl/,, crosses the threshold voltage is the solu- (1) 1S our energy model accurate with the existence of the

tion of U/,(¢t) = Vpp/2 and is expressed as

, 2y, ()
t= t;;)zm ® + dm'v 10g H/T

with the condition that

tar ) <t < g OF (51)

resistive shielding effect?
(Q2) What is the value of..;;?
(Q3) What is the value of,.?
To answer these questions, we solve the following RC trans-
mission line equations:

1t 2) = 2 (1, ),

% ol

Ca(tv J}) = %(t,l’) (52)
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Fig. 11. RC Transmission line. § 80 l \ E0
Q
g
aQ
wheret is the time,z is the distance from the far end of the £ # Lerit
interconnect](¢,x) andV (¢, z) are the current and voltage at o ¥ , ‘ ‘
« at timet, and» and¢ are the unit-length resistance and ca- 0.0 20 40 60 8.0 100
pacitance, respectively. We assume= 0.36 /um andc = wire fength L (mm)

0.292f F/pm. The boundary condition is given by
Fig. 12. Cor_nparison afT andE0 models as functions of wire length with
V(t,a: _ L) _ v(t), I(t,a: _ 0) _ I(t _ 0737) -0 (53) fixed pulse width (100 ps).

wherew(t) is the voltage waveform of the pulse, whose time 400
derivative is expressed as 3
< 300
. <
o(t) = Z 8(t — to)AV,. 2 200 ==ET
a=1 2 —E0
=
Q
The solution of (52) with (53) is § 100
£
= . s x
Ite)= 3 (~1)"L(t)sin [(_ +n7r) _} (54) 0 , ' - -
il 2 L 0 100 200 300 400 500
pulse width € (psec)
where
Fig. 13. Comparison diT andE0 models as functions of pulse width with
I 2 9 AV, t—t, /7 2 fixed wire length (3 mm)e..;, = RC/3 is the charge time.
W)= D00t~ t) S5t exp | =2t (5 4 )
0= 30t t) T e |~ (G

energy is not important compared with the full-swing energy
in which R = rL andC = cL are the total resistance andwvhenL > L. In fact, Fig. 14 shows that the error of the

capacitance, respectively. Inserting (54) into the definition eformalized energy (i.e., the ratio of the pulse energy to the full-
the energy swing energy) o0 model is small. As a result, the answer to
- I (Q1) is “YES".
Er :/ dt/ dz r(I(t,z))? To answer (Q2), note that the charge time is the time to
0 0 charge/discharge the interconnect. This means that when the
we obtain pulse widthe is larger than the charge time the interconnect
is charged/discharged. When < 7, the interconnect is not

o 1—exp [_R_EC (g + mr)Q} completely charged/discharged, i.e., the resistive shielding
Er =CVip Z — 5 (55) effect appears whea < 7. Hence,L.;; is the solution of

n=—oco (5 +n77) ¢ = 7. Sincer = RC/3, we obtain

The energy model (55) is called tE& modelin this section.

According to (39) and (45), the charge time for the RC trans- Lot =/ ﬁ (57)
mission line isRC/3. Hence,E0 model defined by (49) be- re
comes Ly in Figs. 12 and 14 is given by (57).
3¢ To answer (Q3), note that the energy is constant when
2 . .
Ly =CVjsp <1 — exp [—%D . (56) L. This meansE,,, ~ Er(L — oo). Replacingl/Ly"

with [ dz, and(n + 1/2/L) with «, in (55), we obtain
The energy given bgT andEO models is plotted in Figs. 12

. . . . 2

and 13 as a function of the wire length an_d pulse width. Fig. 12 Er(L — o) = lim CVpp

shows thatE'r does not depend on the wire length whien> Looo L2

L., as conjectured at the beginning of this section. On the other 1 —exp |:_£ <n+§ 2)}
hand, Ey is smaller thanEr whenL > L. However, this s re L
does not mean theo model is inaccurate as will be explained in x Z nti2\

the following. In the real circuits, in addition to the pulse events, T < r ) n

there are also full-swing events. The energy of a full-swing event ex? 9
(i.e.,(1/2)CV?)is proportional ta, while that of a pulse event VR, [ d 1 —exp [_Fx }

is constant whet. > L. This means the error of the pulse T2 [m * 72
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Fig. 15. Comparison d&fT andE0’ models as functions of pulse width with
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On the other hand, sincgy is a good approximation when

L < L, Eq can be also represented By at L = L.
According to (56) and (57), we obtain

/3ce
EO(Lcrit) = VDQD 7—(1 — 671).

ComparingEr (L — oo) with Eo( L.t ), we obtain

EO(Lcrit) _ \/%(1

— e 1) & 0.970298 775.
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obtained by our model without using the solution of the trans-
mission line equations. However, it is not obvious whether this
method can be extended to more general circuits including cou-
pling interconnects with more general topology. This is for fu-
ture work.

XIl. CONCLUSION

This paper presented an interconnect energy model with con-
sideration of coupling effects, such as crosstalk noise and in-
complete voltage swing, which are significant for deep submi-
cron design. Our interconnect energy model is characterized by
a new parameter, called the charge time, which represents the
correlation time length between two events. We developed an
efficient algorithm to calculate the charge time and showed that
its time complexity is linear with respect to the circuit size. We
also developed an event-driven algorithm to calculate the in-
terconnect energy and showed that its time complexity is also
linear with respect to the number of events. Furthermore, we
investigated the relationship between interconnect energy and
signal correlation, and proposed a simplified model (i.e., (49)).
Experimental results show that our approach is several orders
of magnitude faster thaiSPICE with less than 5% error. In
comparison, the error of tHet/2)C'V'? model can be as high as
100%.

Our future work will concentrate on the continued improve-
ment of our energy model as discussed in Section X, and ap-
plication to the power optimization at the global interconnect
planning level.
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