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Abstract

Accurate Estim ation of Design M etrics in  Deep Submicron C ircuits: RLC 

Interconnect Delay and Crosstalk Induced Power

by

M osin M ondal

The advent of the deep submicron (DSM ) era was accompanied by a number o f 

challenging effects th a t severely im pact the performance o f modern integrated circuits. 

In  th is thesis, we present models and methods for the correct estim ation o f two design 

metrics: RLC delay and crosstalk induced dynam ic power. We develop an efficient 

analytical model for the loop self inductance th a t accurately estimates inductance 

at a given frequency. This model can be used for fast and accurate RLC delay 

calculation. The sim plicity, precision and efficiency o f our model can greatly fac ilita te  

any application tha t requires fast estim ation o f inductance, such as inductance aware 

physical synthesis. We also present an integrated methodology for analyzing crosstalk 

induced power dissipation in  cell based d ig ita l designs. Techniques for estim ating the 

sw itching and short c ircu it power are presented. A  new cell pre-characterization 

technique fo r estim ating the add itional short c ircu it power is developed. A  heuristic 

for com puting the additional energy on a sw itching v ic tim  net is also presented in  th is 

work. Results demonstrate th a t the models and techniques developed in  th is  work 

are accurate and efficient.
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C hapter 1

Introduction

1.1 D eep Submicron (DSM ) Effects

The never ending quest for high performance and increased degree o f system-on- 

chip in tegration has been m aintained through aggressive technology scaling in to  the 

deep subm icron (DSM) regime. However, the advent o f the DSM era was accompanied 

by a number o f detrim ental effects, known as the “DSM Effects” , th a t severely im pact 

the performance o f integrated circu its. The increasing delay of on-chip interconnects, 

crosstalk noise between adjacent wires, crosstalk induced delay, increasing leakage and 

dynamic power dissipation, inductive coupling in  global wires, the growing im pact of 

process varia tion  on design performance etc. are some of the DSM effects [1 ], A  

m ajor im p lication  o f these effects is the dominance o f interconnects over devices in  

the DSM or nanometer regime.

In  th is  thesis, we concentrate on two im portan t DSM effects, namely the inductive 

effect and crosstalk noise. Both of these effects stems d irectly  from  technology scaling 

and are more significant in  the upper m etal layers. Since the resistance o f intercon

nects increases w ith  decreasing cross section, the interconnect delay increases due to

1
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scaling leading to  degradation o f c ircu it performance. To alleviate th is problem, two 

techniques fo r reducing the interconnect resistance axe employed: (1 ) low re s is tiv ity  

interconnect m ateria l Copper is introduced in  place o f A lum inum  which reduces the 

w ire resistance in  a ll interconnect layers and (2 ) the height of the wires is not scaled 

fo r the upper m etal layers, which decreases the resistance further. However, the high 

operating frequency and high slew rate o f the DSM designs make inductive reactance 

more significant than the reduced resistance, thereby making inductive effects very 

prom inent for long global interconnects as found in  data /clock busses, power grids 

etc. On the other hand, the increased aspect ra tio  (ra tio  of height to  w id th ) of the 

interconnects in  the upper m etal layers makes coupling capacitance between adjacent 

lines more significant than the ground capacitances of the ind iv idua l wires which, 

coupled w ith  the high slew rate, makes crosstalk a m ajor concern for DSM designs. 

These DSM effects along w ith  others make physical verification (tim ing  and signal 

in teg rity  analysis) o f DSM designs c ritic a lly  im portan t for verify ing  the performance 

o f a design. T im ing  and signal in teg rity  are two wide research areas in  themselves 

and in  th is work we present two specific topics from  these two areas: ( 1 ) accurate 

modeling o f frequency dependent loop self inductance for reducing pessimism in  RLC 

tim ing  analysis [2, 3, 4] and (2) methodology for estim ating crosstalk induced dynamic 

power [5].

2
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1.2 Thesis Contributions

In  th is thesis, we focus on the accurate estim ation o f two im portant design metrics, 

namely the delay and power, for deep submicron designs. Specifically, we proposed 

models and methods for accurate estim ation o f RLC delay and crosstalk induced 

dynamic power dissipation. The particu la r contribu tion  o f th is  thesis are as follows:

1.2.1 Inductance Modeling for Accurate RLC Delay

E fficient estim ation o f RLC delay is lim ited  by the speed o f the inductance cal

culation process which often leads to  the use o f inaccurate ana lytica l models for the 

purpose of fast RLC tim in g  analysis. We propose an efficient analytica l model for 

the loop self inductance that accurately estimates inductance at a given frequency. 

This model can be used for fast, accurate and less pessim istic RLC delay calculation. 

We also investigate the effect o f the frequency dependence of loop self inductance on

i
delay estim ation. The sim plic ity, accuracy and efficiency o f our model can greatly 

fac ilita te  the process o f inductance aware physical synthesis, inductance screening, 

interconnect synthesis and optim ization, and any other application th a t requires fast 

estim ation o f inductance. The average error o f the inductance values estimated by 

our models was found to  be less than 2% as compared to  fie ld solver results [2, 3, 4],

3
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1.2.2 Crosstalk Induced Power

We propose an integrated methodology for analyzing crosstalk induced power 

dissipation in  cell based d ig ita l designs. A  new cell pre-characterization technique 

for estim ating the additional short c ircu it power due to  crosstalk and an analytica l 

technique for com puting the additional sw itching power are presented. A  heuristic for 

com puting the additional energy on a sw itching v ic tim  net is also developed in  th is 

work. The presented methodology is three orders o f magnitude faster than c ircu it 

sim ulators w hile the average error is as low as 3.5% [5].

1.3 Thesis Organization

The thesis is organized as follows. Chapter 2 explores the pessimism introduced 

in  RLC tim in g  analysis because of inaccurate modeling o f inductance. O ur new 

analytica l inductance models, which reduce the pessimism in  delay estim ation, are 

presented in  th is chapter. In  Chapter 3, a methodology fo r the analysis o f erosstalk 

induced power consumption is presented. D ifferent sources o f crosstalk induced power 

consumption are identified and methods for estim ating the ir contribu tion  have been 

developed in  th is  chapter. F ina lly, the m ain contributions o f th is  thesis and possible 

future research directions have been discussed in  Chapter 4.

4
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C hapter 2

Frequency D ependent A nalytical M odeling of  

On-Chip Inductance for A ccurate RLC  

Interconnect D elay E stim ation

Due to  aggressive technology scaling in to  the deep submicron regime and the in 

creasing demand for system-on-chip in tegration, interconnect w ire-length has been 

increasing drastically. The continuous rise in  operating frequency, coupled w ith  the 

in troduction  o f low res is tiv ity  m etal (Copper) in  the newer technologies have made 

on-chip inductance significant in  long, th ick  and wide wires, as found in  power d is tri

bution networks, high performance data busses and clock nets [6 , 7].

For aggressive design of high performance integrated circuits, i t  becomes extrem ely 

im portant to  reduce pessimism in  chip design by rea listica lly adjusting the design mar

gins. Since any inaccuracy in  the system m odeling can lead to  erroneous estim ation 

o f design m etrics namely delay, power, noise etc., it  is im perative to  apply efficient 

and accurate methods to  determ ine these m etrics. Accurate estim ation o f delay is one 

o f the most c ritica l requirements for correct chip functiona lity. T rad itiona lly , delay is

5
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calculated using RC models o f the on-chip interconnects [8 ]. However, delay estima

tio n  for the global nets must factor in  the inductance along w ith  the resistance and 

the capacitance as the inductance sign ificantly affects the propagation delay, rise /fa ll 

tim e and se ttling  signal of a signal line [7, 9, 10].

The m ain bottleneck o f RLC m odeling o f interconnects is the unava ilab ility  of 

efficient analytica l techniques for inductance estim ation. The analytica l m odeling of 

inductance is challenging because of its  long spatia l range [6 , 11]. U nlike resistance 

and capacitance, inductance is a loop quan tity  [1 2 , 8 ] and the value o f inductance de

pends on the actual d is trib u tio n  of the currents through the re turn  paths [13, 14, 15]. 

This makes the extraction o f inductance h igh ly complicated. The com plexity is in 

creased by the frequency dependence o f the current d is tribu tion . A t low frequencies, 

the resistance dominates the overall impedance since the inductive reactance (ojL ) is 

low. To m inim ize impedance, current d istributes itse lf over a ll possible re turn  paths 

to  m inim ize resistance. A t high frequencies, on the contrary, inductive reactance is 

dom inant and the current is lim ited  to  few nearest re turn  paths to  m inim ize induc

tance by reducing the flu x  linkage. F ie ld solvers like FastHenry [16] can be employed 

to  solve th is  problem, but they are com putationally expensive fo r complicated struc

tures such as power grids. Therefore, analytica l models prove to  be essential for 

incorporating inductive effects during the design and the early verifica tion phases. 

K rauter et. al. proposed a frequency independent ladder synthesis technique to  rep

resent the frequency dependence [17]. A lthough the ir technique provides an algebraic

6
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form ula fo r low frequency inductance, i t  needs to  solve a system of linear equations 

for obtaining the frequency dependent inductance. Solving a system of such equations 

becomes cumbersome fo r com plicated structures and lim its  its  app licab ility  in  in te r

connect synthesis and optim ization. Depending on the dimensions o f conductors and 

layout of the re turn  paths, the value o f inductance can vary quite sign ificantly w ith  

frequency. Therefore, for accurate calculation o f delay, the frequency of interest and 

the corresponding value o f inductance should be used. U nfortunately, available ana

ly tica l models are often incapable o f handling th is  inherent frequency dependence of 

on-chip inductance and are too restricted to  cover a wide range o f practica l scenarios.

In  th is thesis, we propose an efficient ana lytica l model for the frequency depen

dent loop self inductance. This model can be used fo r fast, accurate and less pes

simistic delay calculation. We also investigate the effect of the frequency dependence 

o f loop self inductance on delay estim ation. The sim plic ity, accuracy and efficiency of 

our model can greatly fac ilita te  the process o f physical synthesis [18, 19], inductance 

screening [20], interconnect synthesis and optim ization. Section 2.1 describes the new 

modeling techniques fo r the DC and frequency dependent loop self inductance. Re

sults dem onstrating the accuracy and efficiency o f the developed models are presented 

in  2.18. In  section 2.2, we discuss the pessimism introduced in  delay estim ation by 

neglecting the frequency dependence o f inductance and demonstrate how our model 

accurately predicts the frequency dependent inductance, thereby enabling realistic 

estim ation o f RLC delay.

7
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d d d

9  S ignal L ine  0  Return Paths

F igu re  2.1: Layout of a signal line w ith  a number of return lines on each side. This is 
typical for global nets in the higher metal layers. The length of the conductors is Z, the 
widths of the signal and return lines are wa and wr respectively. The height of the lines is 
h and the return line pitch is d.

2.1 M odeling o f Inductance

In  th is  section, we develop an analytica l model th a t captures the frequency de

pendence o f self inductance as a function of the geometric configuration of the re turn  

paths and the conductor dimensions. O ur frequency dependent inductance model can* 

be applied to  a wide range o f complicated scenarios encountered in  the design and" 

analysis o f power-grids, data busses and clock nets o f high performance integrated 

circuits. As an aid to  the frequency dependent model, we also develop a model for 

the DC self inductance.

Figure 2.1 shows a typ ica l layout o f a signal line w ith  a number- o f re turn  paths-on 

each side. Let us consider a signal line w ith  n\ and ra2 re turn lines on its  two sides. 

A ll o f the conductors have height h and length I. The w idths o f the signal and re turn

8
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lines are wr and ws respectively. The center-to-center separation of the re turn  lines is 

d. The signal line is ly ing  at the center o f two re turn  lines, as depicted in  Figure 2.1. 

A  sim ilar case has been considered in  [21] and [22], In  [21], only the low frequency 

inductance is calculated and add itional restriction  o f wr — ws is imposed which we 

remove in  our m odeling to  make it  more generalized. More im portantly, both  o f [21] 

and [2 2 ] assume th a t the numbers o f re turn  lines on each side o f the signal line are 

the same. Th is imposes a restriction  on the usab ility  o f those methods since in  rea lity  

such cases w ith  the same number o f re turn  lines on each side are hard ly found. For 

instance, in  a power d is trib u tio n  network, i t  is obvious th a t only one signal line can be 

at the m iddle o f the network. S im ilar arguments can be presented for a shielded bus 

structure consisting o f equally spaced shielding lines. Since the bus w id th  is in  the 

power of 2  in  general, there may not be even a single signal line w ith  equal number of 

re turn  lines on each side. We generalized our method to  provide frequency dependent 

inductance and made it  applicable fo r both the sym m etric (n i =  — n) and non-

sym m etric (n i /  n?) configurations o f the re turn  paths. Therefore, our technique 

offers more fle x ib ility  and ve rsa tility  for accurate modeling of frequency dependent 

inductance.

The frequency response o f self inductance generated by FastHenry, for layout 

shown in  Figure 2.1 w ith  conductor dimensions typ ica l in  today’s global wires, is 

depicted in  Figure 2.2. Two cases are considered here —  the solid line represents the 

actual frequency dependence considering both p rox im ity  and skin effect using proper

9
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3.0
Non-discretized 

 Discretized2.9

2.8

2.6

2.4

2.3

2.2

2.1

Frequency (Hz)

F igu re  2.2: Frequency response of loop self inductance for the configuration shown in 
Figure 2.1. The dimensions used for this case are I =  3000/xm, wr =  1.5fj,m, ws =  Ifim , 
h =  1.6/ttm, d =  25/xro, n i =  8 and =  9. The frequency response of the non-discretized 
(dotted) case matches closely w ith  the discretized (solid) case up to nearly 10GHz here. 
Above 10GHz the dotted line gives an upper bound of the actual inductance.

conductor d iscretization, whereas the dotted line represents- the frequency response 

w ith  no discretization. A t the low frequency, the currents through, the conductors 

are uniform  across th e ir cross sections. A t a higher frequency, the current through 

the re turn  paths near the signal line becomes larger than the current through the 

re turn  lines fa r from  the signal line. This is d ifferent from  skin effect since current 

s till flows through the whole cross section o f the conductors. Th is localization of 

current ( current crowding) leads to  the lowering o f flu x  linkage w ith  the signal line 

and the self inductance decreases. A t even higher frequency, skin effect comes in to  

play along w ith  the p roxim ity  effect and current flows only at the outer surfaces of

10
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the signal and re turn lines. The onset o f the skin effect depends on the dimensions 

o f the conductors. Due to  skin effect, the effective flu x  linkage is reduced even more. 

F ina lly, a t the terahertz frequency range, the currents flow only through the outer 

skins o f the signal line and the nearest two re turn  lines causing the inductance to  

saturate at a m inim um  value.

As shown in  Figure 2.2, the non-discretized m odel w ith  a uniform  current density 

assumption (dotted line) produces results almost identical to  the discretized (solid 

line) case up to  a few gigahertz frequency. A t frequencies above 10GHz, the uniform  

current density assumption given by the dotted line in  Figure 2.2 overestimates the 

inductance by a few percentage giving an acceptable upper bound o f the actual induc

tance a t high frequency. Given the fact th a t the clock speed o f the fastest processors 

around is around 4GHz, the dotted line can be considered an excellent approxim ation 

for analytica l m odeling o f frequency dependent self inductance. In  th is  work, we have 

considered the non-discretized approxim ation of the frequency dependence for our 

modeling.

The low frequency inductance (also called the DC inductance) represents the 

upper bound o f loop self inductance, as seen from  Figure 2.1. Th is DC value is used 

for estim ating the worst-case delay. Moreover, for our frequency dependent model 

we use the DC inductance as a parameter, as can be seen la te r in  th is  section. The 

use o f existing low frequency inductance models either reduces the efficiency o f our 

technique or im pacts its  accuracy. Therefore, firs t we forimrkt;tethe-'k>w frequency

11
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inductance model and then we discuss the more complicated frequency dependent 

model as developed in  [3].

2.1.1 DC Inductance Model

As mentioned before, analytica l models exist for a restricted version o f the layout' 

o f Figure 2.1, w ith  wa =  wr and n i =  n 2. Since these restrictions greatly reduce the 

app licab ility  o f the models, we remove these constraints from  our model. Therefore, 

our model is also va lid  for wa 7  ̂ wr and n a 7  ̂ n2. We begin our modeling from  a 

sym m etric (n i =  712 =  n) and equal w id th  (wa =  wr =  w) layout and choose the 

expression fo r low frequency inductance sim ila r to  th a t in  [21]. The equation has the 

form :

r _  ^  
2 tr

(Ql + SL) in + (<*„ + 25) f +  asln(„ + a,) + a, (2.1)

where a* ( i= l to  8 ) represents fittin g  parameters. To extend th is  model ter the gen

eralized form , we propose two equivalent quantities: equivalent w id th  and equivalent 

number o f re turn  lines. Equivalent width is the w id th  of both the signal line and 

the re turn  paths tha t, when substitu ted in  equation (2 .1 ), yields the actual value of 

inductance fo r unequal-w idth lines. Let f ( w s, wr ) be the actual induclance.depending. 

on the unequal w idths ws and wr . The equivalent w id th  weq is the w id th  for which 

f ( w eq,w eq) =  f ( w s, wT). Therefore, the equivalent w id th  enables us to  use equation

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(2.1) even fo r unequal signal and re turn  line w id th . By perform ing a number o f ex

periments, we found th a t the equivalent w id th  weq can be approxim ated as a linear 

com bination o f ws and wr as:

weq =  (5wa +  (1 -  P)wT (2.2)

where /? is a parameter. Note tha t, as expected, ws — wr =  w  produces weq =  w. 

O ur experiments indicate th a t w3 has greater effect on weq and therefore /? w ill be 

greater than 0.5. The optim al value o f /3 was found to  be 0.8.

S im ilarly, i f  there are n i re turn paths on one side o f the signal line and n 2 on 

the other side, there w ill be an equivalent number o f re turn paths, neq, on each 

side leading to  the same value o f inductance. Th is equivalent number can be used in  

equation (2 .1 ) to  determ ine the inductance in  case o f non-sym m etric layout structure. 

A dd itiona lly, for n i =  n 2 =  n, neq should be equal to  n. I t  is to  be noted th a t the 

equivalent number may not be an integer as we introduced it  to  model the non- 

sym m etric layout patterns in  terms o f the sym m etric ones. From our experim ental 

data, we obtained the follow ing expression for the equivalent number w ith  n 2 >  ny:

(2.3)

where 7  is a parameter.

Having obtained the equivalent w id th  and number o f re turn  paths, equation (2.1)

13
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Table 2.1: Ranges of Conductor Dimensions and Number of Return Paths Used in Our 
Experiments

Geometric Parameters Range

Length, I 100 firn  — 5000pm

W id th  o f re turn  lines, wr 0.2pm — 5pm

W id th  o f signal lineSj ms 0.2pm — 5pm

Conductor height, h 0 .2 pm  — 2  pm

Center-to-center distance of re tu rn  lines, d 0.4pm — 30pm

Number o f re turn  lines on either side, n 2 - 6 4

can now be rew ritten  to  take care o f the generalized layout structure as:

(2.4)

For obta in ing the parameters o f equations (2.2), (2.3) and (2.4), a wide range of 

conductor dimensions and different number o f re turn  paths were considered. The 

ranges o f these dimensions and numbers are indicated in  Table 2.1. The dimensions 

covered by th is  new model span over a much w ider range as compared to  the accept

able range in  [21]. Depending on the re lative dimensions o f the signal and re turn  lines 

and the ir distances from  each other, two different sets o f parameters are obtained. As 

can be noticed from  equation (2.4) and as explained in  [21], these two sets correspond 

to  the conditions d >  (weq+ h ) and d <  (weq +  h ). The parameter values are tabulated 

in  Table 2.2. I t  is to  be noted th a t the conductor dimensions axe expressed in  pm .

L  =  —
2ir

, “ 2 a  i  H------
n,'eq

In
Q-zd 

weq +  h
+  — yoi4 neg 4- ——J +  a&ln (neq +  £*7 ) +  as

14
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Table 2.2: Parameters Values for eq. 2-4

C ondition Parameter Values

d >  (weq +  h) c*i =  1.019, o 2 =  0.478,a3 =  13.195,

0 4  =  —0.332,05 =  —7.508,06 =  1.005, 

o 7 =  —0.509, o 8 =  —2.348,

P =  0.800,7 =  1-744

d <  (W e q  +  k) 0 1  =  0.975,02 =  -0 .853,03 =  2.962, 

0 4  =  —0.071,05 — —7.311, og =  1.023, 

0 7  =  2.564,08 — —0.878,

13 =  0.800,7 =  1-802

V

F igu re  2.3: Equivalent RL circu it for a signal line w ith two return paths on each side 
symmetrically. The driving point inductance is given by im (V /I) . ' The partial mutual 
inductance terms between individual lines axe indicated by arrows. The symmetry in  the 
structure reduces the number of independent current variables to two, w ith  I  =  —(I\  +  h )- 
The nodal equations contain only I i ,  I 2 and V\ in them.

2.1.2 Frequency Dependent Inductance Model

For m odeling the frequency dependence of loop self inductance we generalize the 

behavior o f a less complicated loop configuration to  obta in the general model. We

15
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propose th a t for a given geometry, i f  the frequency response o f a signal line w ith  two 

re turn  lines on each side is known, then the behavior o f signal lines w ith  any number 

o f re turn lines can be obtained by extrapola ting the result for the tw o-line case. In  

case of a signal line w ith  one re turn  line on each side, the two re turn  lines always carry 

the same amount o f current irrespective o f the frequency. Therefore, two on each side 

is the smallest number o f re turn  lines fo r capturing the frequency dependence o f loop 

self inductance.

Consider a signal line sandwiched between two re turn  lines on each side. The 

equivalent c ircu it is shown in  Figure 2.3. R  and L  represent the resistance and p a rtia l 

self inductance o f the signal line, whereas R i and are the resistance and p a rtia l self 

inductance o f each o f the re turn  lines. The resistance values are easily calculated by 

the standard form ula p i/A . P artia l self inductances can be computed by the formulas 

presented in  [23, 24]. As shown in  Figure 2.3, the M j terms represent the pa rtia l 

m utual inductances between different conductors. In  th is  figure, M i is the pa rtia l 

m utual inductance between the signal line and a re turn  line w ith  center-to-center 

distance d/2. S im ilarly, M 2 is calculated w ith  the center-to-center distance 3d/2. 

M3, M i and M 5 are p a rtia l m utual inductances between the re turn  lines separated by 

(center-to-center) d, 2d and 3d in  the same order. These terms can be calculated using 

the form ula in  [25] th a t applies to  conductors of any w idths. Because of the sym m etry 

in  the structure, the current flow through the re turn  paths w ill also be sym m etric, 

reducing the  system to  be consisting of two independent current variables, I t  and h ,

16
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and the node voltage V j. The nodal equations for the system are solved to  find  out 

the impedance as seen by the voltage source. The loop self inductance is given by 

the im aginary part o f the impedance as:

A  +  4 ir f2B
L ( f )  =  C  +  iw P D  (2 '5)

where A , B, C, D axe given by:

A  =  R 2 ( L  +  4L X -  4M X -  4M 2 +  ^ M 3 +  M 4 +  ^ M 5 ) (2.6)

B  =  ^ { 2 L - M 3 - 2 M i  +  M 5)[L2 - 4 M 2 - 4 M 2 - M 2 . - M 2 - 2 L 1M 3 

— 4(L i — — 2M 3M 4  +  4M i (2M 3 +  M 3 +  A/ 4  — A/5 ) +  2L\M §

+  A/3 A/ 5  +  L{AL\ — AM\ — 4 A/ 2  T  M 3 +  A/5 )] (2-7)

C  =  4 R 2 (2.8)

D  =  (2L — M 3 — 2M 4 +  A/5 ) 2  (2.9)

From equation (2.5), we note th a t the low frequency and high frequency inductance

17
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values are given by

L ' i = j a w ) = g

Lh, = \« n U f )  = ~  (2.10)

Because of the monotonicity of the frequency dependence, there exists a frequency 

where the value of inductance is the arithm etic mean o f L y  and L ^ f. We denote th is 

m idpoint frequency for th is  tw o-return-lines case by / mit/ given by equation (2 .1 1 ):

1 Fc R
fmid  =  ^  =  v p L  _ M a _  2m 4 +  M b )

We postulate th a t for a given geometry, the frequency dependent inductance L ( f ) 

o f a signal line  w ith  rq  and n 2 number o f re turn  paths on each side can be approxi

mated by an equation sim ila r to  (2.5):

t  ( f \    ~ i~  L h f ( f  /  fmid) / n  ■,
( / ) _  l  +  i f / f m u r  ( ' }

where L y  represents the value o f inductance at the low frequencies, L hj  is the high 

frequency inductance, f mid is the frequency at which L ( f ) is \ { L i f  +  £ /,/), and m  is 

a parameter contro lling  the slope o f the curve at f mid- These parameters are shown 

in  Figure 2.4. Therefore, i f  we can find  these four parameters (L ;/, Lhf, fmid and m ), 

we can determ ine the frequency response over the entire range of frequency. The firs t

18
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o
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This slope is 
/'controlled by m

"l
1

/ ( L,f+Lh,)/2 \

\ ,
f ' ---------------_\_
.mid 

^  ■
Frequency

Figure 2.4: Graphical representation of the parameters of equation (2.5). L// is the 
inductance at the low frequencies, whereas L/,/ is the inductance at very high frequency. 
fmid represents the frequency where the value of inductance is midway between L]f and 
Lhf. The parameter m controls the slope of the curve at fmid-

parameter, L y ,  is determ ined using equation 2.4. Th is parameter can also be obtained 

using other existing formula as in [17]. Note that the high frequency self inductance 

for a signal line w ith  more than two re turn  lines on each side can be approxim ated by 

the high frequency inductance o f equation (2.10) as well. This is because current flows 

only through the adjacent re turn  lines at very high frequencies. Therefore, we w ill be 

focusing on find ing the parameters f mid and m  now onwards. These two parameters 

are dependent on the length, w id th , and height o f the conductors as well as the ir 

separation and number o f re turn  paths.

F irs t we s ta rt w ith  the case o f n \ — rt2 ~  re: The* dimensions dy Wf and- k  are*
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combined in to  a single variable, represented by r , th a t is the ra tio  of the re turn  

line p itch (d) to  the sum o f height and w id th  [i.e .,r =  d /(w r +  h)}. Therefore, the 

expressions for the parameters, denoted by f mid(n, n) and m (n, n),,involve the number 

o f re turn paths on each side, n, and the ra tio  r .  For the range o f dimensions mentioned 

in  Table 2.1 we find  the equations for these parameters as:

fm id(n,n) =  f mid( 2 ,2 ) ^ P/ (2.13)

/ 7 1  \  P *7 l

m (n ,n ) =  2 ( - )  (2.14)

where p f  =  —0.032r_O18 and pm  — —0.18r-0124.

Having obtained the parameters fo r the symmetric* case, we now come back to 

the generalized case th a t has n \ re turn  lines on one side and n 2 on the other side 

o f the signal line (n 2 >  r ii) .  For th is  arrangement, the corresponding parameters 

fmid(n 1 , n2) and m (n l, n 2 ) are expressed in  terms o f the. corresponding values for the 

sym m etric case w ith  n =  n i,  and the ra tio  n 2 /n i.  The parameters for the generalized 

case are given by the follow ing equations:

n 2\ Pl
fm id (jl\i ^ 2 ) =  fm id ijll j ^ l )  ( J (2.15)

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and

(2.16)

where

Pi =  0 .0 0 75 n ir-°'5 -  0.66r- " 0 1 2 5 (2.17)

This completes the com putation of the two parameters, and hence the frequency 

dependent inductance, for the generalized problem.

tim e for a given geometry. Once these parameters are known, the frequency de

pendent inductance can be calculated using equation (2 .1 1 ) a t as many frequencies 

as desired. A t the same tim e, design decisions involving the frequency dependence 

o f inductance can be taken at th is  po in t since the ra tio  of high frequency and low 

frequency inductance are known along w ith  approxim ate value of the m idpoint fre

quency. These parameters provide an insight in to  how the inductance value decays 

w ith  frequency. Th is could be readily verified from  the derivative o f equation (2.12)

Note th a t the four parameters o f equation (2.12) need to  be calculated only one

&t fmid-

m (L lf ~  Lhf)
(2.18)

^Jmid
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2 .1 .3  R e su lts  for th e  In d u ctan ce  M od els

In  th is section, we demonstrate the accuracy and efficiency of our model for the 

DC and the frequency dependent inductance. In  the previous section, we proposed 

the concept o f equivalent w id th  and equivalent number of re turn  lines for modeling 

the DC or low frequency inductance. We also postulated, for the frequency dependent 

inductance, th a t the parameters for a generalized case could be obtained by extrap

o lating the result or the rq =  rq  =  2 case. To verify our assumptions we considered 

a wide range o f conductor dimensions and different number o f re turn  paths as men

tioned in  Table 2.1. FastHenry sim ulations were performed for getting  the frequency 

responses fo r these configurations. The fittin g  parameters fo r both the DC and fre

quency dependent model were extracted from  the sim ulation data  by a non-linear 

least square curve fittin g  method based on a subspaee" trust" region a lgorithm  [26]. 

The fittin g  parameters were optim ized by Nelder-Mead simplex method [27].

In  our experiments, we chose various dimensions and re turn  path combinations 

from  the data used for fittin g  the parameters as w ell as from  other testcases. Figure 2.5 

shows the error histogram  fo r these experiments. I t  was found th a t the average error 

was 1.96% including both the sym m etric and non-sym m etric configurations. The 

maximum error bound was around 17.2%. As reported in  [3],.the  frequency dependent 

model had a maximum error o f 13.3%. However, the DC inductance model reported 

a maximum error o f 17.2% [2], The combined model presented in  th is chapter, thus, 

had a maximum error determ ined by the maximum error in  the DC inductance.
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% Error

Figure 2.5: Error histogram for the comparison of results from our analytical method and 
FastHenry. The average error is 1.96%, 96% of the results Gave errors below 5% and the 
maximum error is 17.2%.

Nevertheless, out o f the approxim ately 1 m illio n  frequency po in t evaluations, 95.9% 

o f the cases had errors less than 5% and 99.81% had errors below 10% th a t proved 

the accuracy o f our method. The frequency responses for two layouts computed by 

our method are p lo tted  against FastHenry results in  Figure 2.6. The firs t layout is 

non-sym m etric w ith  n \ =  8  and =  24, w hile the second layout is sym m etric in  

nature w ith  12 lines on each side o f the signal line. As can be seen from  the figure, 

both the frequency responses obtained by our method match closely w ith  FastHenry 

results.

The m ain advantage of our model is its  com putational, efficiency... We. have cam.- 

pared the performance o f our method w ith  respect to  FastHenry. C ontrary to  the fie ld
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F igu re  2.6: Correlation of analytical formula w ith  FastHenry results. Example 1 represents 
a non-symmetric layout w ith m  =  8  and =  24. The conductors have dimensions I =  
2000fim, wr =  lfim , ws — lf im  and h =  1 pm. Example “2 corresponds to a symmetric 
configuration w ith  n i =  n2 =  12. The dimensions are I — 3000/xm, wr — 2fim, ws — 1 jum 
and h =  1.6/zm. The analytical curves are in  agreement with- FastHenry curves.

solvers and other num erically based methods, where the  runtim e increases rap id ly as- 

the com plexity o f the layout increases, our model has a constant runtim e requirement, 

for a ll cases because o f its  closed form  nature. Thus,- the speedup-obtained using 

our method becomes more prom inent when the number o f re turn  paths is more. The 

speedup obtained over FastHenry for our DC model is shown in  Figure 2.7. However, 

determ ination o f the frequency dependent inductance requires about four times more- 

com putation tim e. The speedup achieved by the DC inductance model over Fas

tH enry is shown in  Figure 2.7. I t  can be noticed th a t our method provides a speedup 

of more than 150 times over FastHenry even w ith  two re turn  lines on each side and
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Figure 2.7: Speedup obtained by the new DC inductance model as compared to FastHenry. 
The speedup significantly increases with number of return paths. Up to four orders of 
magnitude speedup over FastHenry is obtained

the speedup exceeds 104 for 64 re turn  paths. O ur m ethod offers an average speedup 

o f more than three orders o f m agnitude over the fie ld  solver for the DC inductance.

The frequency dependent model, as reported in  [3], provided an average speedup 

o f more than 550 fo r evaluating a part o f the test suite used to  verify the accuracy 

o f our model. In  th a t experim ent, we used the DC inductance model from  [17]. As 

we mentioned in  [3], the FastHenry sim ulation w ithou t any discretization required 65 

hours 23 m inutes in  a dual processor opteron server as compared to  only 7 minutes 

required by our method. I t  was found th a t the speed of com putation was lim ited  

by the DC inductance and therefore we developed the new DC inductance model
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as described in  section 2.1.1. W ith  the new DC form ula, the same com putation 

was performed in  1.5 m inutes th a t corresponds to  a speedup of 2615. This signif

icant improvement in  runtim e demonstrates th a t our model is extrem ely suitable 

for application in  inductance-aware physical synthesis process, inductance screening, 

interconnect synthesis and optim ization.

2.2 Reducing Pessim ism  in RLC Delay

Inductance affects tim ing  o f a design sign ificantly as it  changes both the propa

gation delay and the rise tim e o f a signal [28]. Moreover, depending on the c ircu it 

parameters it  can affect the signal se ttling  tim e-and voltage overshoot. The c ritica l 

path o f a design is determ ined by the propagation delay and thus propagation delay 

lim its  the maximum clock frequency at which the  design behaves in  the desired man

ner. On the other hand, rise tim e indicates the slew rate o f the signal and thereby 

determines the highest frequency component to  be handled by a design. I t  also im 

pacts crosstalk g litch  noise on neighboring signal lines [29, 30]. Voltage overshoot can 

lead to  time-dependent dielectric breakdown (TD D B ) o f u ltra th in  gate oxide causing 

device fa ilu re  [31]. I t  is well known th a t presence o f inductance increases propagation 

delay [7]. The bigger the inductance bigger, is the im pact on delay. In  today’s com

plex chip design environment, it  is often required to  estimate delay w ith  reasonable 

accuracy and m inim al com putational expense at various phases o f the design cycle. 

The com putational efficiency o f analytica l methods makes them a preferred choice for
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CAD implementation.

Pessimism in delay estimation

In  th is  section, we explore the re lationship between the pessimism in  RLC delay 

estim ation and the frequency dependence o f inductance. The pessimism results from  

using the low frequency inductance instead o f the actual frequency dependent induc

tance. Using an a rb itra ry  value o f inductance smaller than L if  w ithou t the proper 

frequency dependent inductance model can produce optim istic delay values leading 

to  chip fa ilure. Thus, when the frequency dependence is not exactly known, the de

signer is le ft w ith  no choice bu t to  use the low frequency inductance since i t  gives the 

worst-case delay value. The use o f low frequency inductance introduces pessimism in 

the design th a t hinders the development o f high performance integrated circu its.

Depending on the geometry o f the conductors and the structure o f the re turn 

paths, the four parameters mentioned in  section I I  may vary w ith in  a wide range. For 

example, the m idpoint frequency may vary from  ~  100MHz to  ~  100GHz and the 

sloping factor may vary from  1 to  2 as shown in  Figure 2.8 and 2.9. Obviously, these 

d istributions depend on the choice o f the samples, but the goal o f these figures is to  

point out the wide range rather than the nature of the d is tribu tion . Since inductance 

decreases w ith  frequency, the value o f actual inductance at the operating frequency 

can be sign ificantly less than the low frequency value in  the gigahertz frequency 

regime. Note th a t the pessimism introduced in to  delay depends on the ra tio  of the 

low frequency inductance to  the actual inductance. I f  L if  is used instead of the
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Figure 2.8: Variation of midpoint frequency, fmid- Depending on the. configuration, it 
varies over a wide range. A proper knowledge of this frequency helps to approximate 
inductance values.

actual frequency dependent inductance, the percentage overestim ation o f inductance 

as a function o f frequency is depicted in  Figure 2.10 for a typ ica l layout. I t  can be 

seen tha t the overestim ation is around 60% at 1GHz and at 5GHz, the value increases 

to  150%. Th is overestim ation o f inductance w ill cause pessimism in  delay estim ation, 

as w ill be dem onstrated in  the follow ing section.

2.2.1 Results for delay estimation

To demonstrate th a t using low frequency inductance instead o f actual frequency 

dependent value leads to  pessimism in  RLC delay estim ation,-we show results-from  

two testcases -  power grid  structure and shielded data bus. These testcases present
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Figure 2.9: Variation of sloping factor, m. Depending on the geometry, it varies in between 
1 and 2, making the rate of decay of inductance with frequency difficult to predict.

two im portan t special cases o f our generalized model. R esultsof these testcases prove 

th a t the frequency dependence o f inductance can cause huge pessimism in  the delay 

values if  the actual value of inductance is not known.

Testcase I :  A  typ ica l power g rid  in  the m etal 5 layer o f a 1.8/zm process is studied 

here. The length, w id th  and height o f the power lines are 3000/xm, 1 . 5 and 1.6/zm 

respectively. We assume a p itch  (d) o f 20/im  and signal line o f w id th  1 fim . This 

shows the app licab ility  of our model when the signal line  w id th  is different from  the 

re turn line w id th . For th is example, we consider a signal line th a t has 2 re turn  line 

on one side and 48 on the other side. We explore the behavior o f th is  signal line in  

the power g rid  at a frequency 4.0GHz corresponding to  an inpu t rise tim e of 80ps. 

Table 2.3 shows the inductance values for th is  example at a low frequency (us-
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F igu re  2.10: Percentage overestimation of inductance if  L ;/  is used instead of the actual 
inductance, as a function of frequency. Depending on the layout and the frequency of 
interest, the overestimation varies over a range. For the curve shown in the figure, the 
overestimation is 60% at 1GHz. The value increases to around 150% for 5GHz.

ing available form ula), and at 4.0GHz from  FastHenry and our frequency dependent 

form ula. Using these different inductance values, we performed SPICE sim ulations 

to  compute different performance metrics. Figure 2.11 shows the waveforms for two 

cases -  the firs t waveform is obtained using the low frequency inductance and the 

other using the actual inductance value from  our form ula. Here V o u tl and Vout2  

are the waveforms corresponding to  the actual inductance and low frequency induc

tance respectively. V in  shows the inpu t voltage waveform. D ifferent delay values and 

corresponding errors (pessimism) are presented in  Table 2.4. Note tha t the metrics 

corresponding to  our form ula match well w ith  those computed- uaing-FastHeiwy indue-
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Figure 2.11: Simulation waveforms for the power grid example. Vin (dotted line) is the 
input voltage waveform. Voutl (solid line) represents the waveform obtained by using the 
actual value of inductance from our formula and VoutZ (dashed linejfs obtained by using 
the low frequency inductance. Significant differences in propagation delay, settling time and 
voltage overshoot are noticed.

tance. The pessimism introduced in  propagation delay is-as-large ae-30% o f tfre actual ■ 

value. This means th a t the frequency of operation w ill be reduced by23% . m aking th e . 

design to  operate at approxim ately 3GHz. The effect on less c ritica l quantities--like" 

the 5% se ttling  tim e estim ation is remarkable w ith  a 78.8% pessim istic value. A dd i

tiona lly, the overestim ations in  the 10-90% rise tim e and percentage voltage overshoot 

are 8.4% and 13.6% respectively.

Testcase I I : In  our second testcase, we study a 32-bit shielded bus in  m etal 5 

layer at 4.0GHz. Once again, the technology used is 0.18pm. The length and height 

o f the conductors are 4000pm and 1.6pm respectively. This tim e, the w id th  of the
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Table 2.3: Inductance Values at Low Frequency and at 4.0GHz for the Power Grid Example

Low frequency 

inductance

Frequency dependent inductance (4.0GHz)

FastHenry Our form ula E rror

3.90 nH 2.14 nH 2.18 nH 1.9%

Table 2.4: Pessimism in Estimation of Metrics for the Power Grid Example Using Induc
tance Values from FastHenry, Low Frequency Formula and Proposed Formula

M etric

M etric values w ith E rro r

FastHenry

(reference)

Low freq. 

form ula

Our

form ula

Low freq. 

form ula

Our

form ula

Propagation Delay, t p 37.9ps 49.6ps 38.2ps 30.7% 0 .8 %

Rise T im e, t r 43.8ps 47.5ps 43.9ps 8.4% 0 .2 %

5% S ettling Tim e, t s 312.4ps 674.5ps 314.8ps 116.0% 0 .8 %

% Voltage Overshoot, os 30.6 48.1 31.1 57.2% 1 .6 %

signal line is same as th a t o f the re turn  paths, 2/im. The center-to-center distance 

o f the re turn  path is 6 /lim . The second b it lin e  of th is- bus has two re turn  paths- 

on one side and 31 on the other side. The comparison of inductance values, .are 

shown in  Table 2.5. S im ilar to  case I, we get the waveforms as shown in  F igure 2 .1 2 . 

A  remarkable difference between the two voltage waveforms obtained by using, the 

conservative and actual inductance values can be noticed. This difference has been 

quantified in  Table 2.6 tha t shows the pessimism in  the evaluation o f d ifferent m etrics 

when low frequency inductance is used instead o f the actual inductance. As seen from  

Table 2.6, the estimated propagation delay (72.4ps) for the bus w ith  low frequency 

inductance is almost 50% more than the actual propagation delay (48.5 ps) obtained
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Figure 2.12: Simulation waveforms for the shielded bus example. Vin (dotted line), 
Voutl (solid line) and Vout2 (dashed line) represent the same voltage waveforms indicated 
in Figure 2.11. The pessimism in propagation delay, settling time and overshoot is much 
more prominent here.

using the actual frequency dependent inductance. This corresponds to  a massive 

33% reduction in  the operating frequency. Table 2.6 also shows tha t using the low 

frequency inductance leads to  an overestim ation o f the percentage voltage overshoot 

by a factor o f almost 2.5. S im ilarly, the 5% se ttling  tim e is overestimated by a factor 

o f 3.8 in  the conservative estim ation. In  addition to  the pessimism in  propagation 

delay, se ttling  tim e and voltage overshoot, the use o f the low frequency inductance 

causes pessim istic estim ation of the rise tim e by 17%.
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Table 2.5: Inductance Values at Low Frequency and at 4.0GHz for the Shielded Bus 
Example

Low frequency 

inductance

Frequency dependent inductance (4.0GHz)

FastHenry O ur form ula E rro r

3.65 nH 1.32 nH 1.26 nH 4.7%

Table 2.6: Pessimism in Estimation of Metrics for the Shielded Bus Example Using In
ductance Values from FastHenry, Low Frequency Formula'and Proposed Formula

M etric

M etric values w ith E rror

FastHenry

(reference)

Low freq. 

form ula

Our

form ula

Low freq. 

form ula

Our

form ula

Propagation Delay, tp 48.5ps 72.4ps 47.6ps 49.2% 1.8%

Rise T im e, t r 52.5ps 61.3ps 52.2ps 16.8% 0.6%

5% S ettling T im e, t a 245.3ps 938.8ps 243. lps 282.7% 0.9%

% Voltage Overshoot, os 19.5 50»5 18-8- .- 158-9%.. 3.6% .

Variation of pessimism with location of signal line

I t  is im po rtan t to  understand th a t the amount o f pessimism introduced in  delay 

estim ation (by using low frequency inductance) is dependent on the location o f the 

signal line w ith  respect to  the re turn  lines. A  varia tion  in  the location o f the signal 

line alters the nature of inductance varia tion  w ith  frequency. To demonstrate how 

the pessimism varies w ith  the location o f signal lines, we calculate the pessimism in  

propagation delay and rise tim e for each b it lines o f a 32-bit shielded bus. Because 

o f the sym m etry in  the bus, it  w ill be sufficient to  analyze the signal lines up to  the 

16th b it. F igure 2.13 depicts the varia tion  o f the pessimism in  propagation delay
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Figure 2.13: Variation of the pessimism in delay estimation as a function of the location • 
of the signal line. This figure shows that the pessimism increases as the location of the 
signal line is moved away from the center of the bus. While- estimating delay values for - 
RLC models, this asymmetry in layout needs to be considered

and rise tim e for the shielded bus mentioned in  the previous section. I t  is noticed 

th a t the pessimism in  the com putation o f both the propagation delay and the rise 

tim e increases as the location of the signal line  moves away from  the center of the 

shielded bus. S im ilar trends are noticed for the percentage voltage overshoot and the 

5% se ttling  tim e, as described in  Table 2.7. The varia tion  in  overestim ation ranges 

between 34% and 49% for propagation delay, 133% and 159% for percent overshoot 

and 234% and 280% for se ttling  tim e. These results demonstrate the increased pes

simism in  the propagation delay, rise tim e, se ttling  tim e and the percentage voltage 

overshoot w ith  increasing asymmetry in  the layout. Th is emphasizes the usefulness 

o f our model as it  accurately estimates the inductance for the sym m etric as well as
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Table 2.7: Variation of Overestimation in  Percent Overshoot and 5%Settling Time w ith  
Location of Signal Line w ith  respect to the Return Lines

Location o f Signal Line 

(B it Number)

% O verestim ation in

Percent Overshoot (os) S ettling T im e (ts)

2 158.847 282.15

4 150.155 266.77

8 140.792 248.75

12 135.392 237.91.

16 133.399 233.71

asymmetric configuration of the return paths.

The cases we considered in  th is  w ork reflect commonly encountered scenarios in  

high performance V LS I design. The examples show how the use o f inaccurate induc

tance values can make the delay estim ation pessim istic. For a 33% overestim ation 

in  propagation delay, there w ill be a 25% reduction of the operating frequency. This 

strongly supports the efficacy o f our com putationally efficient and aeeurate frequency- 

dependent inductance model as it  produces rea listic estimation.. o£ propagation, de

lay, and other im portant m etrics such as rise tim e, 5% settling tim e and percent age 

voltage overshoot.
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C hapter 3

C om putation  o f C rosstalk Induced  Power

W ith  aggressive process scaling and increasing operating frequencies, power con

sum ption in  integrated circu its has become a m ajor concern in  modern V LS I designs. 

The growing demand for portable, handheld devices makes power an im portant design 

constraint. A  number of techniques exist in  the lite ra tu re  for the analysis of d ifferent 

kinds o f power dissipation at different levels o f abstraction [32, 33, 34], However, the 

existing techniques largely ignore the effect o f crosstalk, an im portant phenomenon 

o f the deep subm icron regime, on dynam ic power dissipation. Ignoring the effect of 

crosstalk can po ten tia lly  underestim ate the power consumption leading to  the v io la

tion  of the power specifications in  reality. Therefore, the fina l power analysis needs 

to  consider crosstalk effects for accurate power analysis. In  an attem pt to  bridge 

the gap in  the existing power analysis flow, in  th is  chapter we present a novel and 

comprehensive solution for accurate estim ation o f crosstalk induced power in  a cell 

based d ig ita l design environment.

Power dissipation in  a chip can be classified in to  two broad categories, namely the 

dynamic and sta tic power. Dynam ic power has two components:- switckm?pmtrer,
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which is the power dissipated to charge capacitances during switching activities, and 

the short c ircu it power th a t is drained from  the power sources when both the pu ll-up  

and pull-dow n networks are ON during, sigpal transitions. On the other hand, sta tic 

power consists of dra in to  source leakage as well as gate leakage [35].

The dominance o f coupling capacitance between adjacent interconnect wires over 

the ground capacitance o f the individuaLw ires has. made crosstalk a m ajor issue in  the 

deep subm icron regime [29]. W hile  many researchers have worked on g litch  noise [36] 

and delay noise [37], litt le  a tten tion  has been paid to  the im pact o f crosstalk on 

power. In  [38], the authors presented an interconnect energy model in  the presence of 

crosstalk effects like  incomplete voltage swing, bu t crosstalk g litch  noise was ignored, 

which has significant im pact on the energy consumption. Another coupling aware 

energy dissipation model was developed in  [39], bu t coupling noise was not modeled. 

Moreover, bo th  o f these works ignored device dependent power consumption such 

as the short c ircu it power. G upta and Kahng [40] pointed out the different sources 

o f error in  power estim ation due to  ignoring coupling effects, quantified these errors 

and showed th a t up to  60% o f the dynam ic power could be contributed by coupling. 

However, they d id  not propose any solutions for incorporating crosstalk effects on 

power and suggested th a t methods fo r estim ating the additional power need to  be 

developed.

In  th is  chapter, we present a methodology for analyzing and estim ating the im pact 

o f crosstalk on dynamic power dissipatrorr.- I t  is  shm m  that-th«-effeeV erosstalk
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on dynam ic power w ill be increasingly prom inent w ith  technology scaling due to 

increased coupling between interconnects. The methodology presented in  th is  paper 

is targeted towards achieving a combined timing-noise-power siqno£[ process. To 

fac ilita te  the estim ation of short c ircu it power, we use a cell pre-characterization 

technique. We also develop analytica l and com putational methods for estim ating 

switching power due to  crosstalk effects. Since, the aim  o f th is  w ork is to  incorporate 

the effect o f crosstalk on power com putation, sim plified assumptions regarding the 

probab ilis tic  sw itching o f nets are made. However, while im plem enting the a lgorithm  

in  an actual power analyzer, existing probab ilis tic  techniques for sw itching activities, 

including aggressor sw itching, should be considered more rigorously. In  section 3.1, 

the im pact o f crosstalk noise on the dynam ic power consumption is discussed. The 

proposed methodology is described in  Section 3.2, where firs t we explain our power 

estim ation flow  followed by the methods employed for com puting the sw itching power 

and the short c ircu it power. The additional power required by a sw itching v ic tim  net 

under the effect of crosstalk is presented as a special case o f short c ircu it power 

estim ation. Results for the power estim ation techniques presented in  th is  paper are 

also shown in  Section 3.2.

3.1 Effects of Crosstalk on Power

A dd itiona l dynam ic power is consumed due to  crosstalk because o f change in  the 

sw itching power as well as the short c ircu it power [40]. Depending on whether the
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Aggressor 1

Victim

Aggressor 2

F igu re  3.1: Simple circuit w ith a v ic tim net and two aggressor nets to illustrate the effect 
of crosstalk on power. A ll the inverters are of the minimum size.

v ic tim  net is sw itching or not, the effects of crosstalk on dynamic power are as follow:

1. Victim  net held static: Sw itching o f aggressors produces g litch  noise at a s ta ti

ca lly held v ic tim  net leading to  increased energy consumption at the net. The 

power consumption due to  crosstalk depends on the type o f the noise. I f  the 

g litch  is w ith in  the supply ra il, i t  can tu rn  ON both the pull-up  and pull-down 

networks producing additional short c ircu it current.

2. Victim  net switching: When the v ic tim  net switches, sw itching .of. the aggressors 

can make the transition  faster/slower depending on whether the aggressors are 

sw itching in  the same or opposite directions, respectively. In  case o f sw itching

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in  the opposite d irection, the waveform on the v ic tim  net can become non

m onotonic and draws more current from  the power supply as compared to  the 

nom inal case. However, in  case o f sw itching in  the same direction, the trans ition  

becomes faster reducing the short c ircu it power consumption.

The effect o f crosstalk on dynam ic power is dem onstrated w ith  the sim ple c ir

cu it shown in  Figure 3.1. The c ircu it consists o f a “v ic tim ” net and two “ aggressor” 

nets where the aggressor nets are capacitively coupled to the v ic tim  net. The dy

namic power dissipated by the c ircu it is sim ulated across different technology nodes 

for typ ica l interm ediate level wires considering scaling effects on the devices and 

interconnects. HSPICE [41] sim ulations are perform ed using predictive technology 

models [42, 43] for the devices and interconnects w ith  the supply voltages chosen 

according to  the ITRS recommendations [44]. In  Table 3.1, the energy consumption 

over a single clock period is reported when the v ic tim  net' is held-static-at logic zero- 

and the aggressors sw itch upwards. I t  is seen from  the table th a t the-contribution , 

o f crosstalk to  power dissipation becomes more significant w ith  technology scaling' 

since the ra tio  o f coupling capacitance to  the ground capacitance increases. Due to

Table 3.1: Dynamic power dissipation across different technology nodes for a static victim 
net

Technology Energy w ithou t Energy w ith R atio
Node (nm) coupling, E nc (J) coupling, E c (J) • E c /E j t f .

130 4.05e-14 8.14e-14 2.01

90 1.01e-14 2.93e-14 2.91
65 5.68e-15 1.93&-14 3.40
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crosstalk effects, a 2X increase in  dynam ic power is noted in  the 130nm technology, 

whereas the increment is 3.4X in  the 65nm technology. However, i t  must be mentioned 

tha t the results shown here look exaggerated since only one clock cycle is considered 

for the estim ation.

3.2 Analysis and M ethodology

The methodology presented in  th is  paper is ta rge ted io r standard cell based design 

environments and computes the additional dynam ic power due to  crosstalk on a net 

basis. I t  is to  be noted th a t we target to  compute the additional power due to  crosstalk 

in  th is paper, which needs to  be summed up w ith  the  conventionally estimated power 

for obtain ing the to ta l power. For the ease of fu tu re  reference,~we clearly define the 

two kinds o f w ith in -ra il noise [29]:

1. Vl : I t  is the noise th a t increases the signal voltage to above GND from  GND.*

2. VH: I t  is the noise th a t reduces the signal voltage to below VDD from  VDd -

In  th is section, we present our power analysis flow, followed by the proposed tech

niques for estim ating the additional sw itching and short c ircu it power, followed by 

a heuristic fo r com puting the add itional energy in  a sw itching v ic tim  net under, the  

influence o f crosstalk noise.
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Figure 3.2: Suggested flow for crosstalk induced power analysis.

3.2.1 Crosstalk Induced Power Computation Flow

The proposed flow  for incorporating crosstalk effects on power analysis is depicted 

in  Figure 3.2. In  the existing design flow, tim ing  and crosstalk noise analysis- are 

performed fo r verify ing  the layout against any tim ing  or noise vio lations. In  the
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m odified flow, we propose to  perform  an additional power analysis step th a t w ill u tilize  

the output (e.g., noise peaks and w idths, m odified slew in form ation, delay offsets 

etc.) o f the combined tim in g  and crosstalk analysis to  estimate the crosstalk induced 

power consumption. The com putation o f crosstalk noise is expensive and generally 

necessitates an ite ra tive  loop w ith  tim ing  analysis fo r realistic and less pessim istic 

estim ation. Since accurate crosstalk analysis data w ill be available at the end o f the 

tim ing-crosstalk analysis, we w ill u tilize  th a t data for accurate and com putationally 

efficient power analysis. A  m ajor im p lica tion  is th a t using our proposed technique, the 

crosstalk induced power com putation can be integrated inside the fina l noise analysis 

step itse lf thereby avoiding expensive c ircu it sim ulations. Thus, the proposed flow 

enables us to  introduce an integrated timing-crosstalk-power signoff methodology.

3.2.2 Switching Power

A dd itiona l sw itching power is dissipated when crosstalk glitches appear on a v ic tim  

net. There are two different scenarios corresponding to  the Vl and V# noise. For VL 

noise, the net is o rig ina lly  held at GND. Due to  aggressor switching, the voltage rises 

to  a peak and comes back to  GND again. D uring the charging phase, sw itching power 

is dissipated from  the power supply o f the aggressor drivers. For V# noise, on the other 

hand, the v ic tim  net o rig ina lly  held a t V d d ,  discharges to  a m inim um  and charges back 

to  Vdd• For th is  case, the sw itching power dissipation occurs during the second phase. 

I f  the peals noise voltage is V^o*, then it  can be shown th a t .the sw itching,energy is 

given by E sw — CeVDDVpeak, where Ce is the effective v ic tim  load capacitance. Let us
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F igu re  3.3: (a) C ircuit diagram for Vl and Vjj noise w ith  m ultiple aggressors, (b) Equiv
alent circuit for Vl : a holding resistance replaces the victim  driver and the capacitance 
represents the effective capacitance seen by the victim  net. (c) Equivalent circu it represen
tation for Vh -

consider a v ic tim  net w ith  n  aggressors. The aggressor driver outputs are modeled 

by saturated ramps w ith  rise and fa ll times t r and t f ,  respectively. Figure 3.3(a) 

shows the c ircu it for V l noise fo r a v ic tim  net w ith  n  aggressors and 3.3(b) shows 

the equivalent linearized c ircu it for com puting V l by replacing the pull-dow n network 

w ith  its  holding resistance, Rh., and the v ic tim  net w ith  its  effective capacitance, Ce. 

Simultaneous sw itching of the aggressors is considered for the worst case g litch  noise 

and the princip le  o f superposition is used to  combine the effect o f ind iv idua l aggressors 

to  obtain the overall power e x p r e s s i o n - .F o r - a .  s in g le  ..a g g re s s o r, sw itching, the c u r r e n t ,
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through Ce is given by:

( 0  < t <  t r ).

The energy consumption due to  Vl  noise considering n  aggressors w ill be given by

However, the estim ation is made under different sim plifying assumptions. I f  the peak

3.2.3 Short Circuit Power Analysis

W hen a crosstalk g litch  appears at the inpu t o f the- vietkn- receiver, the nom inally 

OFF path from  VDD to  ground becomes ON depending on the in pu t vector o f the- 

v ic tim  receiver. In  case of single in pu t gates like buffers and inverters, the short 

c ircu it happens whenever there is a g litch  at the inpu t of the gate. G lobal lines in  

a design, where the crosstalk effect is more prom inent, often contain a number of 

buffers inserted for m inim izing delay and noise and the short c ircu it currents through 

the buffers add sign ificantly to  the power consumption. To estimate th is  additional 

power, we propose an efficient method using a cell pre-characterization technique. In

n V *DCcCeRh

1 8 X P (Cc + .Ce) ^ .  '

voltage is obtained from  noise analysis itse lf, the energy value w ill be more realistic.
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Figure 3.4: General shape of crosstalk glitch waveform of type Vl and its triangular 
approximation.

th is  section, the characterization process is described, followed by the com putation of 

short c ircu it power using the characterized data. Results are shown to  illu s tra te  the 

com putational efficiency and accuracy o f the proposed methodology.

Cell Characterization

Cell characterization is often employed as a low cost substitu te  for expensive 

SPICE sim ulations for realizing com putationally efficient tim in g  and crosstalk anal

ysis solutions, as done in  the two w idely known noise analysis tools in  the lite ra tu re  

-  Harmony [29] and C lariN et [36]. Pre-characterization produces accurate results 

since i t  is capable o f capturing the nonlinearity o f the devices in  a cell. Instead o f 

sim ulating the whole design in  a SPICE like  c ircu it sim ulator, sim ulations need to  be 

performed on different cells in  a lib ra ry  only once.

The short c ircu it energy dissipated for each inpu t to  output com bination o f a 

cell is computed w ith  other inputs set according to  the sensitization vector derived 

fo r the pa rticu la r type of noise at the inpu t. For the purpose o f sim phcrty w ithou t
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losing much accuracy, i t  is a common practice to  approximate g litch  noise w ith  a 

triangu lar waveform. Figure 3.4 shows the general shape o f a noise waveform of 

the type Vl and its  triangu la r approxim ation. S im ilar approxim ation can also be 

obtained fo r Vh  noise. For each noise type, V# and Vl , triangu la r waveforms of 

varying peak and w id th  are applied a t one inpu t of the cell while the other inputs are 

held at logic values tha t allow the in pu t pulse to  propagate .to the  output. The load 

capacitance is varied over a range. A t the end, the characterization process generates 

a table of dissipated energy for each set o f noise type, pulse height, pulse w id th  and 

output load capacitance. Considering the number o f data points required to  create 

the above table, the characterization process can be fa irly  expensive since transient 

SPICE sim ulations are required for generating each entry of the characterization table. 

However, the follow ing observations are made to  speedup the cell characterization:

i) For a given noise peak and w id th , the varia tion  of the tim e to  reach the peak 

( “Peak tim e” in  Figure 3.4) has negligible effect on the energy dissipation. Therefore, 

the triangle  can be fa irly  approxim ated by an isosceles triangle peaking at tim e equal 

to  ha lf the w id th  o f the pulse. For a number of cells in  our lib ra ry  w ith  different peak 

voltages and noise types, the maximum absolute error by assuming isosceles triangle 

in  place o f the actual noise waveform was found to  be less than 5%, as can be noted 

from  Figure 3.5. Thus, sweeping over the value o f the peak tim e is not required.

ii) For a given peak voltage, the variation of energy dissipation is approximately 

linear with the pulse width. This is illustrated in Figure 3.&foran'm'ptrt of aNAN-D-
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%Error

Figure 3.5: Error histogram for energy dissipation with isosceles triangular assumption.

gate w ith  d ifferent noise peaks. The excellent lin e a rity  shown by the curves allows 

us to  reduce the characterization table by one column. For a given peak value, the 

characterization is now done for energy dissipation per un it w id th : Not only does it  - 

save the characterization for w id th  varia tion, bu t i t  also-obviates-the-requirement of- 

possible in te rpo la tion  during the analysis phase described in  the next subsection.

Short Circuit Power Estimation Using Characterized Cells

For the com putation o f short c ircu it power, the  cell characterization data is used 

along w ith  the data from  crosstalk analysis previously performed on the design. The 

algorithm  is described below:

a) The noise waveform obtained from  the crosstalk analysis is approxim ated by an
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Figure 3.6: Variation of energy dissipation with noise (type Vi,) pulse width for given peak 
voltages at the inputs of a NAND gate.

isosceles triang le  w ith  height equal to  the peak o f the g litch  and the w id th  is chosen 

such th a t the area under both waveforms match.

b) The load capacitance is chosen to  be the effective capacitance Ce [45] since it  

produces the conservative estim ation o f short c ircu it power [40].

c) A  2-dimensional linear in terpo la tion  .is perform ed on the pr.e-characterized cell 

data to  find  out the short c ircu it energy, E , dissipated by the given inpu t noise g litch. 

I f  the p ro ba b ility  of the occurrence o f the g litch  is Probg, then the dissipated short 

c ircu it power, Psc is given by Psc =  Probg.E .f ĉ  where /^ is - th e  operating frequency.

A  medium sized lib ra ry  was characterized using the abovementioned character

ization technique. The characterization o f a buffer or an inverter took less than 

five seconds on an opteron server, whereas a NAND gate required only 10 seconds.
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3.5

Figure 3.7: Error plot for the estimation of short circuit energy using our technique.

For the largest cell in  our lib ra ry, which consists o f 26 transistors and 9 inputs, the 

characterization process required around three m inutes only.

A  performance gain of three orders of m agnitude was obtained due to  the pre

characterization of the cells. In  a modern integrated c ircu it, the estim ation of crosstalk 

induced short c ircu it power needs to  be performed on thousands o f nets. To demon

strate the efficiency of our technique, we evaluated short c ircu it power on 1 0 0 ( 1  nets 

using both SPICE sim ulation and our methodology. The SPICE sim ulation required 

around 1160 seconds, whereas the in terpo la tion  m ethod perform ed the same compu

ta tion  in  only 0.3 seconds yie ld ing a speedup o f approxim ately 3800X. The accuracy 

o f our methodology was verified by selecting voltage peak, w id th  and load capacitor 

values over a wide range. Figure 3.7 shows the maximum, average and m inim um  

values of the absolute errors for six d ifferent combinations of load capacitance and 

pulse w id th  w hile the peak voltage is varied over a range o f 0.3V to  0.9V. For a ll
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Table 3.2: Energy dissipation in a switching victim net without and with aggressor switch
ing

V ic t im  a n d  
a g g re s s o r  

s w itc h in g

E n e rg y  ( J )  C o n s u m e d  fro m  

P o w e r  S o u rc e  o f
V ictim  Driver V ictim  Receiver Total

V ictim  Only 5.76e-16 1.22e-14 1.27e-14

O pposite D irections 6.27e-16 1.96e-14 2.03e-14

Sam e D irection 2.15e-15 1.06e-14 1.27e-14

these cases, the average error was 0.80% w ith  respect to  SPICE sim ulations, w ith  the 

maximum error o f 3.18%.

3.2.4 Switching victim net

Crosstalk has significant effect on the energy consumed by a sw itching v ic tim  net. 

Switching o f aggressors in  the same direction makes the  transition  o f the  victim * net 

slower and the v ic tim  receiver spends more tim e in  the- short-c ircu it mode, thereby 

increasing the overall energy consumption. Conversely, when the aggressors sw itch 

in  the opposite d irection, the period for which the v ic tim  receiver is short circu ited 

is reduced. For crosstalk analysis, the aggressors are considered to sw itch at tim e 

instants th a t give rise to  the worst case delay change. In  th is section, firs t the addi

tiona l energy consumed due to  crosstalk is quantified when the v ic tim  net switches. 

Then we show th a t the aggressor alignm ent for the worst case increm ental delay may 

not dissipate the maximum add itional energy and propose a heuristic for com puting 

the maximum additional energy consumption.

We sim ulated the c ircu it shown in  Figure 3.1 for quantify ing the additional energy
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consumption due to  aggressor sw itching. For the worst case delay varia tion, the re

sults are summarized in  Table 3.2. Since energy is dissipated from  the power sources of 

both the v ic tim  driver and v ic tim  receiver, the ir contributions are separately reported 

in  the table. I t  can be noticed th a t when the v ic tim  and aggressor nets sw itch in  the 

opposite directions, the power drained by the v ic tim  driver is negligible as compared 

to  the energy drained by the v ic tim  receiver. Because.of the increased short c ircu it 

energy dissipated by the v ic tim  receiver, the overall energy consumption increases by 

60%. However, in  case o f sw itching in  the same d irection, the energy consumed by 

the v ic tim  driver increases due to  an effective “bootstrap noise” on the v ic tim  net 

whereas the short c ircu it energy consumed by the v ic tim  receiver is reduced. Because 

o f the two opposite trends, the overall energy consumption does not d iffe r much from  

the nom inal case where only the v ic tim  net switches. Therefore, in  th is  work, we 

consider only the case of nets sw itching in  opposite directions.

For the case o f v ic tim  and aggressor nets sw itching in  the reverse directions, 

we now show th a t the aggressor alignm ent for the worst case delay may not yie ld 

the worst case power. Figure 3.8 explains the concept o f aggressor alignm ent offset 

and shows th a t the increm ental delay due to  crosstalk is maxim ized for a particu la r 

value of the offset, after which the increm ental delay generally reduces fast. For 

the example c ircu it o f Figure 3.1, the cases fo r maximum delay and energy were 

sim ulated in  SPICE by m aking a sweep of the aggressor offset. The results are 

shown in  Figure 3.9 where the offset producing the maximum delay is-ehffereirt from-
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Figure 3.8: Concept of aggressor alignment for maximum incremental delay.

Table 3.3: Computation of additional energy due to crosstalk effect on a switching victim 
net

Case A  P

(ps)
T f i

(ps)
T h
(ps)

W orst case energy E rror

H euristic (J) S P IC E  (J)

1 46 68 147 1.45e-14 1.44e-14 0.69

2 37 59 121 1.15e-M .. I.&7e^l4. . 7.48 .

3 56 78 170 1.71e-14 1.64e-14 4.27

4 13 36 46 2.45e-15. . 2.48e-15 . 1.21 .

the offset required fo r the maximum add itional energy. The differences between the 

energy consumed at the maximum delay po in t and the maximum energy depends on 

the c ircu it under consideration, as can be noticed from  Figure 3.9. For the purpose 

o f being conservative, the maximum add itional energy needs to  be determ ined, and 

we deal w ith  the maximum energy in  th is  work:
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F igu re  3.9: The aggressor alignment producing the maximum incremental delay may not 
produce the maximum additional energy.

Accurate estim ation of the add itiona l power consumption dtte to  simultaneous- 

sw itching o f the v ic tim  and aggressor nets, w ithou t perform ing,,circuit sim ulations, 

is a com plicated problem because o f the probable non-m onotonicity o f the voltage 

waveform at the v ic tim  net. We propose a heuristic for the estim ation o f the maximum 

additional energy u tiliz in g  the results from  tim ing  and crosstalk analysis and the cell 

pre-characterization described in  section 3.2.3. For a fa lling  v ic tim  net transition , the 

heuristic is described below which can be easily extended for a rising v ic tim  net-

a) From the tim ing  and crosstalk analysis, the increm ental propagation delay 

A P, the nom inal fa ll tim e T f i  and the “ effective fa ll tim e” T / 2 for the crosstalk 

affected voltage waveform are obtained. Figure 3.10 depicts the piecewise linear
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F igu re  3.10: Computation of effective triangular noise pulse that produces additional 
short circuit power during victim  net transition w ith  coupling. The noise affected voltage 
waveform is approximated by a piecewise linear (PW L) waveform. The effective slew is also 
shown in the figure.

(PW L) approxim ations o f the orig ina l and crosstalk affected voltage waveforms.

b) To a linear approxim ation, the add itiona l short c ircu it energy is consumed 

by the difference o f the orig ina l and crosstalk affected waveforms . The difference 

waveform, as shown in  Figure 3.10, w ill be a triangu la r wave. The peak voltage, Vp 

can be approxim ated by equation (3.1). I t  is to  be noted tha t if  the peak is around 

or below the threshold voltage o f the transistor it  appears at, the additional energy 

w ill not be significant.

=  (3-4
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c) The worst case delay noise appears when the aggressors sta rt sw itching ju s t 

before the v ic tim  net voltage approaches VDD/2. However, the fina l fa ll transition  

o f the noise affected v ic tim  net occurs w ith  a slope almost equal to  the slope o f the 

orig inal voltage waveform. Therefore, the w id th  o f the triangu la r waveform, Tw, can 

be approxim ated as the sum o f the increm ental propagation delay and ha lf the fa ll 

tim e of the orig ina l waveform as Tw — A P  +  T /v /2 .

d) The add itiona l energy is computed from  the pre-characterized cell data using 

the technique described in  section 3.2.3.

To ve rify  the accuracy o f the proposed heuristic, we estimated the add itional 

energy for a simple design w ith  d ifferent slew rates, coupling capacitance and ground 

capacitances. SPICE sim ulations were performed to  compare the computed energy 

w ith  the actual energy dissipation. Table 3.3 shows results for four a rb itra ry  cases 

for a slew rate o f 40ps. The percentage errors for these cases are 0.69%, 7.48%, 

4.27%, and 1.21% respectively. We sim ulated many additional testcases w ith  various 

com bination o f the slew and capacitances. The average error was found to be 3.49%. 

Therefore, our method produces very accurate estim ation of the increm ental energy 

due to  crosstalk.
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C hapter 4

C onclusions and Future W ork

4.1 Conclusions

In  th is  thesis, we concentrated on the accurate estim ation o f two im portant design 

metrics, namely the delay and power, for deep submicron designs. In  particu la r, we 

proposed models and methods for accurate estim ation o f RLC delay and crosstalk 

induced dynam ic power dissipation.

We illus tra ted  th a t using a frequency invariant model of inductance could produce 

as high as 49% pessim istic tim in g  values leading to  degraded system performance. To 

overcome th is  problem, we presented accurate ana lytica l models for the DC" and fre

quency dependent inductance th a t can be applied to  generic layout structures. Results 

from  show th a t our model can greatly reduce the pessimism in  R LC  propagation delay 

and other im portant design metrics such as rise tim e, se ttling  tim e and percentage 

voltage overshoot, thereby leading to  more aggressive system design. Because of its  

speed and accuracy, th is model can be effectively used for d ifferent applications such 

as inductance aware physical synthesis, inductance screening, interconnect synthesis 

and optim ization.
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We also presented a design methodology for analyzing the im pact o f crosstalk on 

dynamic power dissipation. I t  was shown th a t the effect of crosstalk on power w ill 

be increasingly prom inent w ith  technology scaling and needs to  be factored in  for 

present and future  integrated circu its. A  new flow  for com puting increm ental energy 

due to  crosstalk effects was described for a cell based d ig ita l design environment. 

Techniques fo r com puting add itional energy for both  static and sw itching v ic tim  

nets were developed. A  new cell pre-characterization technique for fa c ilita tin g  the 

short c ircu it power estim ation was described. Using our flow, an integrated tim ing- 

crosstalk-power signoff can be achieved.

4.2 Future Work

Deep submicron effects present a wide variety of-research problems. The work 

presented in  th is  thesis tries to  address some of them and can be extended in  many d i

rection in  the future. We mentioned b rie fly  tha t inductance also affects the crosstalk 

noise in  the upper m etal layers. However, to  analyze the effect o f inductance on 

crosstalk noise, models o f m utual loop inductance are required. S im ilar to  loop self 

inductance, loop m utual inductance is a function o f frequency. Thus, analytica l mod

els sim ilar to  the one presented in  th is  work can be developed fo r m utual inductance 

fo r evaluating crosstalk noise due to  inductive coupling. For the crosstalk induced 

power estim ation problem, we ignored the im pact o f overshoot and undershoot noise, 

which w ill be an interesting problem to  look at in  the future.

59

Reproduced with permission ofthe copyright owner. Further reproduction prohibited without permission.



However, more recently, process varia tion  in  DSM circu its has gained much more 

atten tion  than anything else since it  affects every m etric of a design. Therefore, 

investigating and modeling the effects of process varia tion  on tim in g , noise and power 

offers a broad range of research problems some o f which we would like to  work on in 

the near fu ture . A dd itiona lly, the increased rate of defects in  DSM circu its is leading 

to  a paradigm  sh ift in  high performance design,where ‘liv in g  w ith  the defects’ is the 

main philosophy, as realized in  networks on chip (NoC) designs. Since these designs 

employ a huge number o f busses, effects o f interconnects in  NoCs could be another 

future research direction.
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