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Abstract— Interconnect between a CMOS driver and re-
ceiver can be modeled as a lossy transmission line in high
speed CMOS VLSI circuits as transition times become
comparable to or less than the time of flight delay of the
signal through the low resistivity interconnect. In this
paper, closed form expressions for the coupling noise be-
tween adjacent interconnect are presented to estimate the
coupling noise voltage on a quiet line. These expressions
are based on an assumption that the interconnections are
loosely coupled, where the effect of the coupling noise on
the waveform of the active line is small and can be ne-
glected. It is demonstrated that the output impedance of
the CMOS driver should preferably be comparable to the
interconnect impedance in order to reduce the propagation
delay of the CMOS driver stage.

1. INTRODUCTION

A trend in modern high speed, high density CMOS
VLSI circuits is decreasing feature sizes as well as increas-
ing chip dimensions. The delay of these highly scaled cir-
cuits is now dominated by the interconnect {1]. Further-
more, up to 30% of the dynamic power is consumed by
the interconnect {2]. In addition to the interconnect de-
lay and power consumption, coupling noise (or crosstalk)
between adjacent interconnect lines is also a primary con-
cern for present and future generations of CMOS VLSI
circuits [3], {4}, [5)- '

Coupling noise between adjacent interconnect can
cause disastrous effects on the logical functionality and
long-term reliability of a VLSI circuit [6]. Coupling ef-
fects have become more significant as the feature size
is decreased to deep submicrometer dimensions because
the spacing between conductor lines is decreased and the
thickness of the high level conductor lines is increased in
order to reduce the parasitic resistance of the conductors.

If the peak noise voltage at the receiver is greater than
the threshold voltage, it may cause a circuit to malfunc-
tion. Furthermore, the induced noise voltage may cause
extra power to be dissipated on the quiet line due to mo-
mentary glitches within the logic gates. Carrier injection
or collection into the substrate may occur as the coupling
noise voltage rises above the power supply voltage Vyq or
falls below ground [7]. These deleterious effects caused
by the coupling noise voltage become aggravated as the
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relaxation time, the time for the coupling noise to reach a
steady state voltage, increases. The effect of the coupling
noise is also important in dynamic CMOS circuits, which
are more sensitive to noise than static CMOS circuits.

In the design of high speed VLSI circuits, it is there-
fore important to be able to predict coupling noise at the
system (or chip) level {8]. This information permits cir-
cuit malfunctions or extra power consumption caused by
the coupling noise to be avoided [9). The design cycle
and cost can therefore be reduced as well as the circuit
reliability improved.

An analysis of coupling noise can be performed in both
the frequency domain and the time domain, but most of
these analyses result in numerical solutions [10}, [11] or an
equivalent circuit simulation [12]. A numerical solution
is not convenient at the system (or chip) level to predict
noise effects since it requires excessive simulation time
and computer memory. The analytical analysis of coupled
lossless transmission lines in the time domain has been
addressed in [13]. A lossless model is not appropriate for
interconnect in CMOS VLSI circuits since the parasitic
interconnect resistance cannot be neglected.

An analysis of coupled interconnect in CMOS VLSI
circuits is presented in this paper. For simplicity, the in-
terconnect is modeled as a uniform transmission line [14]
and the coupled interconnect lines are assumed to be in
parallel. Although with interspersed contacts the inter-
connect lines are not uniform and coupled interconnect
lines are not often parallel over long distances in prac-
tical VLSI layouts, a uniform transmission line is used

- to model the distributed interconnect impedance. Also,

coupling effects are typically more pronounced in parallel
structures than in crossover structures [15].

Analytical equations are derived from time domain dif-
ferential equations using Laplace transforms and the as-
sumption of a loosely coupled condition, in which the cou-
pling capacitance and the mutual inductance are assumed
to be less than 30% of the self-capacitance and the self-
inductance, respectively. The accuracy of the predicted
peak noise voltage based on these closed form expres-
sions is within 20% for the driver end coupling noise volt-
age and 15% for the receiver end coupling noise voltage.
The dependency of the propagation delay of the CMOS
driver stage on the driver impedance and the relation-
ship between the relaxation time of the coupling noise
voltage and the driver impedance are also investigated.
Note that the shortest propagation delay and relaxation
time occur when the driver output impedance matches
the interconnect impedance. .

An analytical model of a CMOS driver and receiver
structure, as well as closed form expressions of the cou-
pling noise voltage at both ends of the quiet interconnect
line are addressed in Section II. The predicted peak cou-
pling noise voltage based on the analytical equations is
compared with simulation in Section III. A discussion of



the coupling noise voltage of lossy interconnect and the
effect of the coupling noise on CMOS VLSI circuits, the
driver output impedance, and the relaxation time of the
coupling noise voltage are discussed in Section IV followed
by some concluding remarks in Section V.

II. NoisE CoUPLING EQUATIONS

Consider a typical CMOS driver and receiver struc-
ture in a high speed VLSI circuit, an example of which is
schematically shown in Fig. 1a. Invl is the active driver
and Inv3 is the quiet driver, and Inv2 and Inv4 are the
The interconnect between the CMOQOS driver
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and receiver is modeled as a lossy transmission line. In
order to analyze the coupling noise, the CMOS drivers
are modeled as a linear resistor (R; and R») and the re-
ceivers are modeled as a capacitive load (Cu and sz)
.|.ue interconnect uer’eeu the active uﬁver 111-01 and Bne
receiver Inv; is the active line, and the interconnect be-
tween the quiet driver Invs and the receiver Invy is the

quiet line.
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An example of a CMOS driver and receiver structure. a)
b) A simplified

Fig. 1.
Two adjacent CMOS drivers and receivers.
circuit model of the structure.

The equivalent circuit model is shown in Fig. 1b,
where two coupled lossy transmission lines have similar
impedance characteristics, i.e., R, L, and C are the same
for each line. Line 1 is the active {(or aggressor) line and
line 2 is the quiet (or victim) line.

Laplace transforms are used to solve the time domain
differential equations characterizing this structure. The

F-N

resulting formulation is

% 2V1(:c s) = AtVi(z, 5) + B, Va(z, s), (1)
n2
357 2(@:9) = A2Vi(2,9) + BaVa(z,8),  (2)
where
Ay = By = sRC + s°LC — $* Ly Cr, (3)
By = A2 = 8*LnC — 8°LCm — SRCr. @)

R, L, and C are the line resistance, inductance, and ca-
pacitance per unit length, respectuely L. and Cp, are
the coupling inductance and capacitance per unit length
between line 1 and line 2. The minus sign in (3) and (4)
occurs since Cr, is a positive value [11], [16]. Vi(z,s) and
Vz(z, 5) are the Laplace transform of the voltages between
line 1 and line 2, respectively, and ground.

In order to simplify this analysis, a condition that the
interconnect lines are loosely coupled is assumed, imply-
ing that L, and C,, are small as compared to L and
C such that the third term in (3) can be neglected. To
quantify this assumption,

Lm Crm
I C &)
The error of neglecting the last term in (3) is less than
5% with this assumption. Only first order effects are
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on line 2 and Va(z, 3) is too small to have an effect on
line 1. This situation occurs because the voltage on line 2
is coupled from the voltage on line 1. This assumption
requires that those terms in (4) containing L, and Cp, are
smaii, i.e., both Ly /L and Cp, /C are small. Combining
with (3), the loosely coupled condition can be restated as

Ln/L <033 and Cn/C <0.33. (6)

Based on this loosely coupled assumption, (1) and (2) are
simplified to

<0.1.

o 20, -
92 73V (z S) 7-V‘l.($) 3)1 (7)
2
9z2 Vz(z S) 72"/}(3’ 8) + a-V.l(x, 3)’ (8)
where
= VSRC + s*LC, (9)
& =8*LnC — 3RCm — s LCm. (10)
The solution of (7) is
Vi(z,8) = Vae 7® + Voet2, (11)

V4 and V_ can be solved based on the terminal condition
of line 1. The general solution of (8) is

Va(z, s) (12)

ay and a2 are determined by solving the non-
homogeneous differential equation, (8).

= (a1z + c1)e”" + (@22 + c2)e™”.

| (13)

a = — & S m V+~,
2y
32LmC - 3Rom - 32Lvm
az = V- (14)
2y
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c; and cp are calculated by using the boundary condi-
tions of line 2. Therefore, all of these coefficients are de-
termined based on boundary conditions, permitting the
general closed form solutions of Vi(z,s) and Vi(z,s) to
be determined.

The time domain solutions of V) (z, s) and Va(z, s) can
be obtained by using an inverse Laplace transform. How-
ever, in many of these cases, a numerical sohmon results
because the inverse Laplace transform of 2w cannot
be derived explicitly. In order to determine a closed form
analytical expression for use in chip level noise analysis,
some approximating assumptions are necessary.

The propagation factor -, defined in (9), is

sRC + s2LC = sVLC(1 + %)i

(15)
R

~8VLC(1+m sL > R.

The assumption of sL 3> R is equivalent to wL > R in
the frequency domain, i.e., the losses are small but not
necessary negligible. If the driver output impedances of
line 1 and line 2 match the line impedance, no reflections
will occur at each of the driver ends. V; and V_ can be
determined as

Vi = Via(8)/2, (16)
Vo = e "Vin(s)/2, a7
where { is the length of the transmission line. ¢; and ¢

can be calculated based on Vi and V_ as well as a; and
az,

Z(a1 +az)+3Lm(V+ V. )
2(R + sL) !
—asl + e, (19)

(18)

¢z = ayle” "

By inserting (13), (14), (18), and (19) into (12), the
coupling noise voltage on the quiet line for the matched
driver condition is determined.

A. Coupling noise voltage at the driver end
For the near end coupling noise voltage Vng on the
quiet line, t.e., z = 0 in (12),

Vwne(s) _ 1 e 8*LnC ~ 8*°LCr, — sRCrm

Vin(s) ~ 2 ¥
1 e
+ 5(1 ly 2

Cm 20)

R+sL C)'

Assuming the input is a fast ramp signal,
Vi
Vin(t) = —Zltu(t) - (¢ - mlult ~ )}, (21)
T

where 77 is the rise time of the input signal. The first con-
straint for 7, is 7+ < 70, where 7y is the time of flight dela

of the signal through the transmission line, 7o = IVLC.
This constraint requires that the interconnect inductance
not be neglected [17], [18]. The second constraint is from
the assumption of wL > R. The frequency correspond-
ing to this rise time is w = 2w % 0.33/7, = 2.0/7. [19].
This requirement becomes 271 /7 3> 1, where 1 = L/R.
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e 2 x g~ 2emol-RlZo yhere Z; is /L/C - the charac-
teristic impedance of a lossless transmission line. Using
the approximation of v in (15) and an inverse Laplace
transform, the driver end coupling noise voltage Vng(t)
in the time domain is

e EVay oy 0]

27,
Lm Cm CmR
an(t) = _"' ﬂ3(t) - 2CL

=2y

Vas(t) =e L’z—lnu(t ~ 27’0) —e M u(t - 270 —~ 71,
Vaa(t) = u(t — 270) — u(t — 270 — 7+),
Vas(t) = Vas(t — 270),

Vaalt) = Vas(#) = ¢ B Vao(t - 4m),
Vas(t) = 22 (Vaa®) = Varte = 7)) + 2 Vi),

Vne(t) =

< Vna(t) - a7 Vas(t),

Var(t) = (1 — e~ T )u(d),
Vas(t) = tu(t) — (& — e )u(t ~ 7). (22)

Each term in V,1(¢) is due to the first reflection at the re-
ceiver end, where the reflection coefficient is one. V;1(t) is
the difference between the inductive coupling noise volt-
age and the capacitive coupling noise voltage. There are
two terms in Vi,2(t), one term occurs at the same time as
when the active driver begins to transition and the other

term lags by 470 and is attenuated by % , which is due
to the second reflection at the receiver end. Vye(t) is the
summation of the inductive coupling noise voltage and
the capacitive coupling noise voltage. The steady state
voltage of the driver end coupling noise signal is zero. The
time for the driver end coupling noise voltage to reach a
steady state voltage is approximately 41p + 7+.

B. Coupling noise voltage at the receiver end

For the far end noise voltage Vrg on the quiet line,
where z =1 in (12),

VrEe(s) | _18’LinC ~ sRCp — s*’LCm
=— e
Vin(s) 2 ’7 (23)
l -yl _ -371 Cm
+3le Sy + TR

For a fast ramp input signal, the approximation of ¥
in (15) and Via(s) are inserted into (23), permitting an
inverse Laplace transform to be used to determine the
receiver end coupling noise voltage Vrr(t) in the time

" domain.
-1y, v,
VeE(t) = —%”—ﬂvnm + -ﬁvnm,
Vn(t) = ——Vfa(t) - Vf4(t) 20 T st(t),

Vis(t) = e %f_lnu(t - ro) - e_‘:_;n’!__,u(t - 70 — Tr),
Via(t) = u(t — 70) — u(t ~ 10 — 1),

Vis(t) = (¢ ~ 10)u(t — 70) — (t — 11 — T0)ult — 70 — 71),
Via(t) = e 6 Vyo(t — mo) — e~ o Vo (t - 370),

Vie(®) = L2 V50 - vinte ) + S2viste), (29)



a.nd ‘/f7(t) = Vn7(t).

V51(t) represents the difference between the inductive
coupling noise voltage and the capacitive coupling noise
voltage. The summation of the inductive coupling noise
voltage and the capacitive coupling noise voltage is de-
scribed by Vys(t). The second term in Vyo(t) lags the
first term by 27p and is also attenuated by e" /%0, The
steady state voltage of the receiver end coupling noise
voltage is also zero. The time for the receiver end cou-
pling noise voltage to reach a steady state voltage is ap-
proximately 379 + 7.

I1I. COMPARISON WITH SIMULATION

To wverify the accuracy of the analytical expres-
sions, (22) and (24), that describe the coupling noise volt-
age at both ends of a quiet line, a criterion is defined to
measure the error of these closed form approximations.
This criterion quantifies the error between the predicted
peak noise voltage and the simulated peak noise voltage,
permitting the accuracy of these analytical equations to
be determined. The criterion is defined as

€peak = |Vp — Vil /|Vsl, (25)

where V}, is the value of the peak noise voltage predicted
by the analytical expressions, and V, is the peak noise
voltage obtained by a circuit simulator (SPICE).

Fig. 2. The SPICE equivalent circuit of a coupled interconnect

The equivalent circuit used in the SPICE simulation
analysis is shown in Fig. 2, where N sections of cou-
pled RLC subcircuits are used to approximate two cou-
pled lossy transmission lines. A mutual inductor is used
to approximate the coupling inductance. A 7 model is
used to model the coupling capacitance. The parameters
used in the SPICE simulation are R = 3 Q/em, C =
1pFfem, L=2nH[cm, Ln/L =02, Cn/C =01, 1=
2cem, Vygg =50V, 7 =120 ps, and N = 20. The value
of two linear resistors, which are used to approximate
the driver output impedance, is Ry = Ry = /L/C =
44.72 Q. Both the analytical and simulation results are
depicted in Figs. 3 and 4 for the driver end and the re-
ceiver end coupling noise voltage, respectively. The error
of the peak noise voltage is within 6.0% at the driver end
and less than 1.0% at the receiver end. The initial condi-
tion of the quiet line is assumed to be 0 volts, therefore
the NMOS transistor is on and the quiet line is connected
to ground. The coupling noise voltage at the driver end
is momentarily below ground. If the initial condition of
the quiet line is V44 (the PMOS transistor is on and the
interconnect is connected through the transistor to the
power supply), the coupling noise voltage at the driver
end may rise above the power supply voltage V4.
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Fig. 4. Coupling noise voltage at the receiver end

The analytically derived noise waveform deviates from
the simulated waveform at both ends since the phase dif-
ference is neglected, but the predicted waveform follows
the shape of the simulated coupling noise voltage. The
phase difference due to the signal traveling along the in-
terconnect line can be described in the frequency domain.
In the time domain, only the numerical solution can pre-
dict the effect of the phase difference. This approach,
however, requires significant computation time and com-
puter memory. It is typically prohibitive at the system
(or chip) level to predict the effects of the phase difference
on the coupling noise.

IV. DiscussioN

The loosely coupled assumption permits ignoring the
effect of the quiet line voltage on the signal waveform on
the active line. Both of the capacitive and inductive cou-
pling factors, i.e., Crr /C and L, /L, are calculated based
on different geometric parameters [20]. These results are
shown in Fig. 5. The horizontal axis represents the ra-
tio of the spacing between two interconnect lines over the
line width. The coupling factors of a non-overlapping
line structure are shown in the first two groups. The
third group represents the capacitive coupling factor be-
tween two coplanar lines. Each group is composed of
three different aspect ratios of the interconnect thickness-
to-width, i.e., 0.5 (lower line), 1.0 (middle line), and 1.5
(upper line). The line width of the interconnect is 1.6 um.
The loosely coupled assumption is satisfied for most con-
ditions except for a coplanar line structure with a narrow
space and high thickness-to-width ratio. However, the
distance between the high aspect ratio lines are typically
greater than the line width in most practical VLSI cir-
cuits.

The validity of these analytical expressions are investi-
gated in this section based on certain assumptions. The
fast ramp input constraint, i.e., the high frequency as-
sumption, permits the interconnect to be modeled as a
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low loss transmission line, and the matched load condition
at the driver end permits the use of an inverse Laplace
transform to obtain explicit solutions in the time domain.

A. Low loss or high frequency assumpiion

The rise time constraint, i.e., 7+ < 79, is the condi-
tion that the interconnect inductance must be included
in the interconnect model If 2n /> 1,ie,wL>R-
the assumption made in (15), the interconnect should be
modeled as a low loss transmission line under the high
frequency condition. Two different regions of operation
are defined for medium and high frequencies: condition
1 - medium frequency: 71 /7> > 2, and condition 2 - high
frequency: T1/7» > 4. The total line resistance (RI) is
varied from 0 to 1.0Z, to test for the low and high loss

The error of the peak noise voltage calcula-
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tion as compared to SPICE is shown in Figs. 6 and 7 at
the driver end and the receiver end, respectively. The
horizontal axis is the ratio of Rl/Z,. The error is within
20% at the driver end and 15% at the receiver end for the
worst case, i.e., Ri/Zy = 1.0. If the interconnect is mod-
¢eled as a high loss transmission line (R! < 1.0Z), these
analvhr'al equations can accurately predict the peak noise
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interconnect lines at the driver end. The solid line (Cond 1)
is the condition 71 /7,.=2, and the dashed line (Cond 2) is the
condition 71 /T.=4.

B. Output impedance of ¢ CMOS driver stage

A second assumption is that the driver impedance
matches the line impedance. The following analysis in-
vestigates the coupling noise voltage under the condition
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B.1 Propagation delay versus driver impedance

Befare dl_c.cn,ssmp' the relationship between the driver
impedance and the coupling noise voltage, the propaga-
tion delay of the driver stage is investigated with respect
to the active driver impedance. The driver impedance in
terms of the propagation delay is shown in Fig. 8. Note
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propagation delay. However, if the driver impedance is
less than the interconnect impedance, a negative reflec-
tion occurs at the active driver end, and overshoots (the
signal rises above the power supply voltage Vy4) or under-
shoots (the signal falls below ground) occur. The over-
shoot (undershoot) may cause the PN junction of the
(‘rn-n nf fhn PMOS (NMOS) transistar to he forward hi-
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ased, collecting (injecting) electrons into the substrate,
dissipating extra power {7], and delaying the time re-
sponse. The output voltage of the active driver stage
oscillates due to reflections at both ends of the active line
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B.2 Relaxation time versus driver impedance

Another effect of low driver impedance is that the re-
laxation time, the time required for a signal to reach the
steady state voltage of the coupling noise voltage on the
quiet line, increases. The relationship between the relax-
ation time of the coupling noise voltage and the active
driver impedance is shown in Fig. 9. The waveform of
the coupling noise voltage on the quiet line is strongly de-

pendent on the signal transition occurring on the active
line. The shortest relaxation time occurs when the active
driver impedance matches the line impedance, where no
reflections occur at the driver end on the active line. The

ralavation time of the counline naoice valtacs increages
reiaxation time O Lne Coup:lng noise voitage Increases
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as the driver impedance deviates from the matched load
condition.
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Fig. 9. Relaxation time of the coupling noise on the quiet line

versus the driver impedance. Note that when the ratio is equal
to one, the relaxation time is at a minimum.

B.3 Power consumption due to the coupling noise

The coupling noise voltage at the driver end of the
quiet line causes the NMOS or PMOS transistor to be-
gin operating in the linear region. In order to reduce the
propagation delay of the driver stage in high speed CMOS
VLSI circuits and decrease the relaxation time of the cou-
pling noise voltage on the quiet line, the driver impedance
should be similar in magnitude to the line impedance,
permitting the negative reflection at the driver end to be
minimized.

B.4 Non-matching driver impedance

The peak noise voltage for a variety of driver
impedances is shown in Fig. 10. The peak noise volt-
age decreases as the driver impedance increases. The
maximum error of the peak noise voltage as compared
to SPICE simulation is less than 15% at the driver end
and within 20% at the receiver end of the quiet line where
the driver impedance is in the range of 0.8Zp to 2.0Z,.
These analytical equations, (22) and (24), can therefore
be used as a first order approximation to predict the cou-
pling noise voltage in high speed CMOS VLSI circuits.
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Fig. 10. Peak noise voltage versus the driver impedance

V. CONCLUSIONS

Closed from expressions for the peak coupling noise
voltage between two neighboring interconnect lines in
CMOS VLSI circuits have been presented for different
load and waveform conditions. These equations provide
an estimate of the coupling noise voltage with an error
within 20% at both ends of the quiet line.

In the design of high speed CMOS VLSI circuits,
the driver impedance should be comparable to the line
impedance in order to reduce the propagation delay of
the CMOS driver stage, minimize the reflection at the
driver end, and decrease the relaxation time of the cou-
pling noise voltage on the quiet line. The closed form
expressions presented in this paper can be used to esti-
mate the peak value of the coupling noise voltage for lossy

_interconnect in CMOS VLSI circuits.
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