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Abstract

With the rapid evolution of VLSI technology, minimum
feature size and the distance between interconnections con-
tinue to decrease. Thus transmission line effect such as
crosstalk plays an important role in determining system per-
formance.

A transient analysis of CMOS logic gates driving coupled
RLC transmission lines is presented in this paper for both 90
and 65 nanometer technologies. A linear resistor model is
used to approximate the CMOS driver stage and the CMOS
receiver is modeled as a parallel RC loads. The lossy trans-
mission line is analyzed in the time domain using Finite-
Difference Time-Domain (FDTD) method. Some results are
discussed to give insight into the crosstalk and propagations
delay problems in VLSI circuits. The FDTD algorithm dis-
cussed in this study is implemented using the MATLAB
programming language. To validate the FDTD computed
results, PSPICE simulations are run and results are com-
pared.

Keywords : FDTD, CMOS submicron interconnects, Cross-
talk noise, Propagation delay, PSPICE, Matlab.

Introduction

Modeling and simulation of multi-conductor interconnect
is of great importance in the design of high-speed integrated
circuits. Recent advances in VVLSI technology have brought
with their requirements for high performance and high den-
sity circuits boards [1][2]. With the rapid evolution of VLSI
technology, minimum feature size and the distance between
interconnections continue to decrease. Thus transmission
line effect such as crosstalk plays an important role in de-
termining system performance [3]. A lossless model is not
appropriate for interconnect in VVLSI circuits since the para-
sitic interconnect resistance cannot be neglected. Also,
crosstalk effects in voltage response are due to mutual ca-
pacitance and inductance between adjacent lines. Inductance
effects in on-chip interconnect structure have become in-
creasingly significant due to longer metal interconnects, re-
duction in wire resistance and higher clock frequencies [4].
In this paper, an efficient numerical method for transient
analysis of lossy uniform transmission lines is presented.
The lossy transmission line is analyzed in the time domain
using Finite-Difference Time-Domain (FDTD) method. The
FDTD technique is used because this method discretizes the

telegrapher’s equations both in time and space and the re-
sulting difference equations are solved using the leap-frog
scheme. The objective is to evaluate the peak value of the
noise injected on signal when its neighboring signals make
their transitions. The case of three RLC lines with inverters
as drivers and loads is addressed. The change in crosstalk
when the input rise time varies from 40 ps to 120 ps is pre-
sented. Some results are presented to give insight into the
crosstalk problems in fast digitals circuits. Various geomet-
rical structures can be simulated by using the per-unit-length
parameter matrices R, C, L and G as primary parameters.
The FDTD results were compared to the results from
PSPICE simulations and good agreement has been achieved.

The FDTD
multiconductor
(MTL) equations

the
lines

solution of
transmission

The FDTD technique is one of the best methods which can
be used to find the solution of the MTL equations [5]. This
method gives accurate results and carries time domain anal-
ysis of coupled lines [6]. Consider N-coupled transmission
lines represented by the telegrapher equations as :

5 8
32168 + GEIV( D) + C) - V(x 1) =0 (1)

a d
g{v[;.c,tj + R(x)I(x,t) + L[x]al(xrt] =0 (2)

Where :
106,0)=[11(%,0), a(x,b),...... Ins1 (6 8)]7

V(x,0)=[V1(x,0), Va(x,b),...... V(01"

Here :

V(x,t) and I(x,t) are the space and time-dependent voltage
and current, respectively. R(x), L(x), C(x), and G(x) are per-
unit-length parasitic matrices of the coupled transmission
lines.

To apply the FDTD method, each transmission line under
consideration is discretized into N segments each of Ax,
called a spacial cell [7]. Similarly the total solution time is
discretized into M sections each of duration At, called a
temporal cell [7]. In order to provide the accuracy of the
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discretization the N+1voltage points (V1, Va,..., Vns1) are
interlaced one half cell apart with N current points (I, I,,...,
In), both in space and time.

Approximating the derivatives of equations (1) and (2) us-
ing the central method, the recursive equations of voltage
and current are obtained as:

T ! i
I:‘+'§ - I:‘—'; G n+‘ + V
Ax -2
ntg n—g
v, -v.

C =0

At

(3)

3 nts
V. -V
i+l e i + R = _|_
nt+l -

Iz+— o

I.:
-=0 (4)

At
The recursive equations (3) and (4) can be written as:

mty _ a1 n—z n
V., *=A] [AZ‘VE. +1_:—

L

1;1._] (5)
n+l — n nt

I:++§ =A7? [A4I:+§ TV, Vi ] (6)
With:

A, =76+7C ; A, =TC-F6

Ax Ax Ax Ax
A;=TR+7L ; A,=TL-TR

Boundary conditions

Assuming that the CMOS driver is replaced by a linear
resistor model to drive each interconnect line in coupled
structure and let source voltage Vs be a Nx1 source matrix.
In this case the circuit model is given in figure 1.

HAXL AXR

lo V1 1

- - -
Figure 1: The circuit model at the first node

Where Rs represent the internal source voltage resistor.

By applying the boundary conditions at the source, the re-
cursive equation of V1 can be written as:

V" =B'B,V] * +

B VIR 4+ v T —R, (7 + 177)]
Where :
B —U—I-&xR C—I-&KRG
1 At 5 2 5

Ax Ax
B, =—R.C—U-——R.G
At 2

U is the identity matrix.

Now consider that each interconnect line is terminated by a
parallel R C_ load eventually with source voltage V. Ap-
plying the boundary condition at the load point, the load
model at the last node is presented in figure 2.

Figure 2 : The load model at the last node

The recursive equation of load voltage is obtained as :

I'\-Il-l

v, =—E:__71]34V ‘ (8)
Byt [V + v+ R, (17 + 1378)]
With :

B —U—I-MRG-I-ERL(C +ﬁxc)

3 2 L at V02

B —U—I-MRG zRL(c +ﬁxc)
4 2 L At \ b

Coupling noise estimation of deep
submicron coupled interconnects
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Crosstalk occurs mainly due to the capacitance and induc-
tive coupling between adjacent nets [8]. Let us consider the
general configuration of three RLC coupled interconnect
lines controlled and loaded by inverters as illustrated in fig-
ure 3. The objective of this study is to evaluate the peak val-
ue of the noise at the far end of the victim line (node A in
figure 3) for both 90 and 65 nanometer technologies.

invA

invB

Victim
linel

_ine2

Aggressor

Victim
line3

Figure 3 : Circuit schematic of three CMOS submicron
interconnects.

The FDTD algorithm is implemented using the MATLAB
programming language. The voltage and current are solved
using Equations (5) and (6). For analysis, 20 spatial
discretizations are taken for the length under consideration.
The time step (At) is obtained as 0.0645 ps with the line ve-
locity of 3 x 108 m/s. The FDTD results were compared to
the results from PSPICE simulations. All interconnect pa-
rameters are included in table 1.

The peak value of crosstalk noise is a function of the cou-
pled line length. A ramp signal with amplitude of Vdd and
rise time of 50ps is applied to the active line. A linear resis-
tor model is used to approximate the CMOS driver stage
and the CMOS receiver is modeled as a parallel RC loads.

Table 1. Interconnect parameters per unit length for
90nm and 65nm submicron technologies [9].

Pararameters tech tech
65nm 90 nm
R (K€2/m) 449 244
C,=C; (pF/m) 84.45 79.2
C; (pF/m) 142 132.8
C.(pF/m) 57.65 53.62
Liy=lsz (uH/m) 1.6 1.56
Lzz (uH/m) 1.6 1.56
Liz=Lsz (uH/m)  1.43 1.38
Lys (uH/m} 1.3 1.22

Figure 4 shows the wave form of the crosstalk at the far end
of the victim linel (using the FDTD technique and PSPICE
simulation). The case of 65nm technology is presented and
the coupled length line is Imm.
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Figure 4 : Crosstalk noise wave forms at the far end of

the victim linel.
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The simulation results as a function of wire length for
both 90nm and 65nm technology generations are plotted in
figure 5.

30 —+— 65 nmtech FDTD
—8— 65 nmtech PSpice
25 A 90 nmtech FDTD
5 ====90nmtech PSpice
=20 -
=
=
=
T
g 15
‘©
=
10 -
(=W
5 -
0.10.2030405060.70809 1 1.215
Line length {mm)

Figure 5 : Maximum crosstalk peak noise evaluation as a
function of wire length.

Examining those plots, one can note that the crosstalk
between parallel RLC interconnect lines increases as the
interconnect length increases and as the CMOS technology
scaled down into submicron region.
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Delay time estimation as a function of
wire length

The chosen structure is the same as that presented in fig-
ure 3. In this simulation we evaluate the impact of the cou-
pling noise on the propagation delay Td of a CMQOS invert-
ers.

60
=—$—G65nmtech FDTD
50 - == 65nm tech PSpice
90nmtech FDTD
=—==90 nm tech PSpice
40
k3
<30
'_
20 -
10
0 - —
0.10.20.30.40.50.60.70.809 1 1.21.5
Line length {(mm)

Figure 6 : Delay time estimation as a function of wire
length.

The propagation delay is defined here as the time from 50%
Vdd of the input to 50% Vdd of the output [10]. It is as-
sumed that the inverter input transition is from low to high
with rise/fall time of 50ps. The FDTD and PSPICE simula-
tions results as a function of wire length for various technol-
ogy generations are plotted in figure 6. Td is the propagation
delay time observed at the far end of the active line (node
B).

Impact of rise time on peak crosstalk
noise and the propagation delay

The lines configuration is the same as that shown in figure
3. Each interconnect line is 1Imm long and terminated by
parallel RC loads of 50kQ and 30fF respectively. The input
aggressor rise time varies from 40ps to 120ps and all geo-
metrical parameters are fixed.

A. Impact of rise time on peak crosstalk
noise

The noise susceptibility of logic gates depends not only on
the peak amplitude of the crosstalk noise, but also on its du-
ration [11]. Figure 7 shows the change in the peak crosstalk

noise at the far-end of the victim linel. The percentage error
for FDTD computed peak crosstalk noise with respect to
PSPICE noise is listed in Table 2 and Table 3.

Table 2 : Comparison of the crosstalk noise computed by
PSPICE and our FDTD model (65 hm technology)

Rise 65nm tech 65nm tech

Time WVnoise/Vdd(%) Vnoise/dd(%)

(Ps)

FDTD PSPICE SError

40 23,3 247 6
50 21 22,1 5,23
60 18,81 20,1 6,85
70 17,2 18,2 5,81
80 15,51 16,7 7.67
50 14,72 15,14 2,85
100 13,08 14,23 4,02
110 12,67 12,1 -4.5
120 11,8 12,2 3,38
% Average error 4.14

Table 3 : Comparison of the crosstalk noise computed by
PSPICE and our FDTD model (90nm technology)

Rise 90nm tech 90nm tech
Time WVnoise/Vdd(%) Vnoise/Vdd(%)
(Ps)
FDTD PSPICE YError
40 19,41 20,16 3.86
50 15,85 17,08 7.76
60 13,58 14,5 6.77
70 12,2 12,7 4.1
80 10,4 11,16 7.30
30 9,3 10,4 11,82
100 8,75 9,33 6.62
110 8,18 8,75 6.96
120 7.56 g 5,82
% Average error 6,77

Note that from Table 2 and Table 3, the FDTD method re-
sults in an average error of 4.14% and 6.77% as compared to
PSPICE for 65 and 90 nanometer technologies generations
respectively. It is to be noted that the peak crosstalk noise
increases with the decreasing rise time of the input. In fact
with decreasing rise time value of the input, the inductive
effect becomes strong, so, the voltage peak increases.
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decreases because the active transistor is not turned all the
30 —e—65nmtech FDTD way on at once.
—— 65 nmtech PSpice
25 A 90nmtech FDTD .
— 90nmtech  PSpice Conclusion
x
20 -
Bz Understanding and predicting interconnect behavior is
“‘59: 15 - vital for designing high-performance integrated circuits. In
S this paper, we have presented an accurate closer form ex-
~ pression for the crosstalk amplitude between RLC coupled
§ 10 ~ interconnects using FDTD method. It has summarized the
coupling noise and line delay estimation for interconnects
5 which have been useful to guide performance optimization
in VLSI layout under the deep submicron technology. By
comparing our FDTD results and PSPICE simulations, we
0 T have demonstrated the good accuracy of the proposed mod-
40 50 60 /0 80 30 100110120 el. This work is integrated in problems aiming at bringing to
Rise Time (ps) designers fast and reliable solutions guaranteeing the signal

Figure 7 : Impact of rise time on peak crosstalk noise.

B. Impact of rise time on the propagation
delay

To analyze the effects using the proposed algorithm
FDTD computations and PSPICE simulations are carried out
to determine propagation delay as a function of rise time.
The FDTD computed and PSPICE simulation results are
presented in figure 8.

70 =—4=—65nmtech FDTD
60 - == 65nmtech PSpice

90nmtech FDTD
50 === 90 nm tech

10

40 50 60 70 &80 S0 100 110 120
Rise Time (ps)

Figure 8 : Propagation delay as a function of rise time

The average error of the propagation delay as compared
with PSPICE is 3.82% and 5.13% for 90nm and 65nm deep
submicron technologies generations respectively. Notice
that as the rise time of the input decreases the delay also

integrity in the integrated systems.
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