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Abstract: Based on the 65nm CMOS process,a novel parallel RLC coupling interconnect analytical model is presented syn-

thetically considering parasitical capacitive and parasitical inductive effects. Applying function approximation and model

order-reduction to the model,we derive a closed-form and time-domain waveform for the far-end crosstalk of a victim line

under ramp input transition. For various interconnect coupling sizes, the proposed RLC coupling analytical model enables

the estimation of the crosstalk voltage within 2. 50% error compared with Hspice simulation in a 65nm CMOS process.

This model can be used in computer-aided-design of nanometer SOCs.
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1 Introduction

Rapid advancement in VLSI technology has ena-
bled the CMOS integrated circuit to enter the nanom-
eter process. The feature size on a chip is decreasing
and the operating frequency is increasing. In conjunc-
tion with ASIC development of SOC and NOC, the
crosstalk noise between the adjacent interconnect
lines has become a critical factor for circuit perform-

U~131 " Furthermore, with

ance and signal integrity
present VLSI technology, on chip interconnects are
best modeled as a network of coupling lines. Hence, it
is important to establish a simple and efficient model
to accurately evaluate the crosstalk voltage,which not
only provides a reference for IC designers in high
speed CMOS design to avoid logic error or time func-
tional failure,but also offers excellent advantages for
the exploitation of EDA software.

Prior to the present nanometer CMOS process,
many analysis techniques and tools had been devel-

oped for crosstalk noise estimation. Sakurai-”

pro-
posed a partial differential equation metric to solve
the expression of peak noise between interconnect
lines coupled with capacitance. Pillage™ introduced
asymptotic waveform evaluation (AWE) for RC net-
works. His technique was based on explicitly matching
the first > 2q-1’ moments of the transfer function
using pade’s approximation. In the circuit structure,
References [4~6] extended a = crosstalk analyzable
model to a 4x model to accurately calculate noise.
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which include the aggressor distributed line character-
istics. Based on the KCL law,Devgan™ modeled each
aggressor and victim net by a distributed RC model
and obtained the maximum noise value under ramp
signal. Later, extensions to his model were made by
Martin to consider arbitrary input signals, while as-
suming the effect of parasitical coupled inductance.
However,under the previous CMOS process. the cou-
pled inductance was so negligible for noise that can be
ignored. Thus, all above models were obtained based
on RC circuits.

With the feature size of CMOS device shrinking
to 90nm, parasitical inductance plays a significant role
in determining the crosstalk noise and an RLC inter-
connect crosstalk model has become necessary. There-
fore,References [ 10~13] introduced inductance into
the 0. 18m CMOS process,and then References [ 10,
14 ] researched interconnect line optimization and
gate delay in the 90nm CMOS process. However, for
the mass produced 65nm CMOS process, we are still
lacking a related study.

The paper presents a novel parallel RLC coupling
interconnect analytical model based on the 65nm
CMOS process, synthetically considering parasitical
capacitive coupling and parasitical inductive cou-

pling.
2 RLC parameter extraction

A coplanar interconnect section with a homologi-
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w s Table 1  Typical interconnect dimensions and parasitical pa-
T _ rameters in 65nm CMOS process
a G \Y% t Dimension/pm RLC
M X w=0.10 s = 0.10 ¢ = | R=33Q, L=34pH
G, CL, h Local 0. 20 M =32.4pH, C,=1.195(F
. L=30h=0.20 k=2.2 C. = 3. 68fF
Fig.1 Coplanar interconnect section w=0.14 s =0.14 ¢+ = |R=224.5Q. L =0.81nH

cal dimension is depicted in Fig.1. w, t,[ correspond
to the width, thickness, and length of interconnect
line, s is the space between adjacent lines,and £ is the
distance between wire and ground. In the 65nm
CMOS process, traditional aluminum is replaced by a
copper interconnect line with low k. Ignoring the skin
effect,the interconnect resistance can be expressed as:

R, =R, =M 1

wt
where p is the resistivity. For Cu, resistivity = 2. 2p,.Q
« cm;For Al,resistivity = 3. 3uQ) « cm.

Parasitical inductance is one of basic parasitical
parameters in the 65nm CMOS process and plays a
critical role in the transmission of high speed signals.
Especially when the operating frequency increases
and higher conductance materials are used, parasitical
inductance has become the dominant factor in clock
net resistance. Considering this,the parasitical induct-
ance model needs to be modified according to ad-
vanced technology. The self and mutual inductances
are respectively expressed as™ ;

_ ul 21 1 022w+ 1)
LS_E[an+I+2+7I ] 2)
M:uil[lnzilfl_pi] (3)
27 s [

where . is the vacuum magnetic permeability and p =
4 X 107" H/m.

Referring to the extraction metrics of the 65nm
CMOS parasitical capacitance in the Berkeley predic-
tive technology model, the self and mutual capaci-
tances in the 65nm CMOS interconnect are expressed

respectively as™® ;

- W s 3.19
Co = e[~ 2 22( 55 70n)

0.76 t

s+1s.51h> <l+4.53h)0412]

1. 17( 1)

BTk

Intermediate

0.35
L=500 h=0.20 k=2.2

M=0.79nH, C,=27.6fF
C.=70. 56fF

w=0.45 s = 0.45 t =

R=61.1Q, L =2.4nH

L Zc

Global 1. 20

L=1500 h=0.20 k=2.2

M =2.34nH, C, = 218. 1fF
C.=194. T1{F

0.09

Co = {1‘ 14(%)(;; +£l.06s> N

1.14

0- 74,51 505

1L16( ?875‘)0% = 5 98s>1 18}

where ¢ is the dielectric constant of SiO,.
Based on the above RLC extraction methods,the

(5

typical interconnect dimensions and RLC parameters
are presented in Table 1.

3 Distributed RLC crosstalk model

The distributed-coupled RLC interconnects with
a coupled capacitance C. per unit length, mutual in-
ductance [, ., resistance r, self-inductance [, and
ground capacitance C,, respectively, are shown in
Fig. 2. For noise coupling,the aggressor net is the net
that switches state, whereas the victim net is quiet or
maintains its present state. Through the Thevennin

model**!

,the aggressor driver can be modeled as a
voltage source series with a resistance Ry . and the
victim driver is a pure resistance R,.The receivers of
interconnect lines are modeled as capacitance loads
Ci(a) and C;(v).In order to make the RLC model
close to the transmission characteristic,the number of
unit RLC segments N is determined by the signal edge

fastest rate change. Generally, the shortest delay (T,
=+ LC) of unit RLC segments less than one in ten of
rise (fall) time can satisfy the need. N can be ob-
tained by

v, 1, 2Tc L
CC

2n L'ln

Fig.2 RLC coupling interconnect model
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where x and v correspond to the length and speed of
the interconnect,and T, is the rise (fall) time of the
input.

Applying KCL and KVL law to analyze a unit
length RLC segment, then extending to the case with
N aggressor and victim segments, we obtain the fol-
lowing matrix equation:

v,
dt
C, -C. 0 07 |dv,
-C. C, 0 of|dr|_
0 0 L, M||di |
0 0 M L,J|dt
di,
Ldt
a 0 0 07Fi 0
0 a0 0 |ir| |O| V.
-R, 0 B 0|y b
0 —-R, 0 Blly, 0

where C;, = C, + C.; C, = C, + C.; R,/R, : diagonal
matrix (N X N) of aggressor/victim resistance. L,/
L, :diagonal matrix (N X N) of aggressor/victim in-
ductance. C,/C,:diagonal matrix (N X N) of aggres-
sor/victim capacitance. C./ L, :diagonal matrix (N X
N) of mutual capacitance/mutual inductance between
aggressor and victim line. v,/i,: vector of node volt-
age/node current in the aggressor line. v,/i,:vector
of node voltage/node current in the victim line. Vi, :
input to aggressor line. a,f and b: constant matrix
(N X N) ,described as follows respectively.

I =1 0 0 = 0
0 1 -1 0 =+ 0
a= 10 0 I =1 = 0/,

o o0 0 0 0 1
-1 0 0 0 1
0 1 -1 0 == 0 0
g=10 o 1 -1 0 |,b=]:
0
o o o o0 1 -1 0

By substituting the constant matrix into the a-
bove matrix equation,vector i is removed,and we can
obtain a voltage differential equation. Assuming all
initial conditions are zero, invert the equation into a
Laplace domain and change them,then v; and v, are
expressed respectively as:

(s*Ay + sBy — P v (s) +

(s*A, + sBi)v,(s) = by, (s) 0
(s*As + sByy) v, (s) +
(SZAQZ + SBZZ _ﬁ)VZ(S) =0 (8)

Where A]] = L;,ail C] - Maﬂ CC’A12 = - L;,a/71 Cc +

- R.,a 'C..B,, = is inverse ma-

trix of matrix o).

R,a ' C, (matrix o'

We assume the input to the aggressor is a saturat-
ed ramp signal of rise time T, as given below, V;, =
Vdd
T,
sents the step function.

LtUC) = (t—=THUCt— T, ], where U(t) repre-

For a ramp input,we may expand v, (s) using the
series:
vi(s) = vis! !

(9
Similarly, the voltage v,(s) can be represented as:

+ v Vs ovpstes + ovst

T vous”
o
These specific forms for the series have been

Vo(8) = Vg + Vo8 + Vo 87 + Vyy8deee

chosen to be consistent with the final value theorem.
When a ramp input with amplitude V4 is applied to
the aggressor, the response V,; (t) on the aggressor
will converge toward Vg4 as t— + o . Similarly, the
response V,(t) will approach to zero as its finial val-
ue is t—> + o« .

By substituting Eqs. (9),(10) into Eqgs. (7),(8),
and using the coefficients of all S* on the left hand
side that are the same as those on the right hand side,
we obtain vy, :

Vio = Bilbvdd Vi = ,871311 Vio
Vig = ﬁil[All Vie + Buvy + By, Vzo]
Vii = ,871[1411 Vici-n TBuvig-ntAR Va5 By V2<i—2>]
Similarly,the value of v,; can be solved:
Veo:ﬁ71321V1o Vzlzﬁil[Alelo + Bavin + By Vzo]

Voz = ,871[1421 vii T By vie + A vy + By V2]]

Vai :ﬁil[Am Vi T Ba vy + Apviyio + B Vz<i—1>:|

In order to obtain a closed form for crosstalk
V,(t),consider its response to a ramp input. For —
0,V,(t) is zero and for t—+ <, V,(¢) is zero. Using
the initial and final value theorems, the following
voltage function is appropriate.

Ay + a; s+ a, ,s"?
1+ bys=+ b, s" '+ b,s"
Focusing on system stability and computational

V,(s) = (1D

efficiency, we choose a second-order crosstalk model
of the following form:

ag

Vz(S) = m (12)
Ay = Vaoj (13)
R I g
b, Vaij  Vaoj = Vi
(j represents the j th on the line) (14)
which has the inverse Laplace transform:
vo(t) = ¢ Xxe "M+ ¢, Xxe ke (15)

where 1/k, and 1/k, are the poles of the crosstalk
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voltage function. Using MATLAB for V,(t),we ob-
tain the time-domain waveform of crosstalk noise,and
the noise peak voltage and peak time are acquired as
follows.

c; X e w4+ ¢y X g /R (16)

VZmax =
4 Model verification and discussion

The proposed RLC model has been tested by
comparing its result with those obtained from Hspice.
The source resistance and load capacitance are 1000
and 50fF. The crosstalk noise based on the RLC mod-
el in the 65nm CMOS process is computed using a
ramp input rise of 100ps and an amplitude of 0. 75V
(which is a typical voltage). According to the typical
interconnect line dimension and parasitical parame-
ters listed in Table 1, Table 2 shows the verification
results of SPICE simulations and the data obtained
from our RLC analyzable model. The relative error
compared to SPICE is also presented for the 65nm
CMOS process. Not only for local interconnect be-
tween logical gates, but also for global interconnect
on-chips,the proposed model has good accuracy com-
pared to Hspice. The average error magnitude is less
than 2. 5% ,significantly more accurate than the mod-
el proposed in Ref.[13],for which the corresponding
error is 10% .

Table 2 Comparison of noise as computed by circuit stimula-
tion and the proposed model

RLC Via/mV | Hspice V pax/mV Error/ %

Local 3.299 3.3065 -2.30
Intermediate 101. 3 103.085 -1.73
Global 127.6 130.664 —-2.34

5 Conclusion

In this paper, we present an efficient intercon-
nect crosstalk RLC analyzable model for the capaci-
tive and inductive crosstalk computation in the 65nm
CMOS process. Based on function approximation and
model order reduction, we derive a closed-form ex-
pression and the time-domain waveform of crosstalk
noise. For various interconnect coupling sizes, the pro-

posed RLC coupling interconnect analytical model en-
ables the estimation of the crosstalk voltage with less
than 2. 50% error compared with Hspice simulation in
a 65nm CMOS process. It can be used as an algorithm
for the computer-aided-design (CAD) of nanometer
SOCs.
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