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Signal Transient and Crosstalk Model of Capacitively

and Inductively Coupled VLSI Interconnect Lines

Taehoon Kim, Dongchul Kim, and Yungseon Eo

Abstract—Analytical compact form models for the
signal transients and crosstalk noise of inductive-
effect-prominent multi-coupled RLC lines are developed.
Capacitive and inductive coupling effects are investigated
and formulated in terms of the equivalent transmission
line model and transmission line parameters for
fundamental modes. The signal transients and crosstalk
noise expressions of two coupled lines are derived by
using a waveform approximation technique. It is
shown that the models have excellent agreement with
SPICE simulation.

Index Terms—Crosstalk, inductance effect, interconnect
lines, signal transient, transmission lines.

1. INTRODUCTION

As the clock frequency of VLSI circuits dramatically
increases over several GHz, interconnect lines play a
pivotal role in the determination of circuit performance
[1, 2]. In the strongly-coupled global interconnect lines,
the inductances of the lines have significant effects on
the circuits’ transient characteristics and coupling noises
[3]. In such high-speed integrated circuits, since the
signal integrity concerned with interconnect lines cannot
be guaranteed without taking inductance-prominent
transmission line effects into account, the RLC (resistive,
inductive, and capacitive) transmission line model for
the accurate signal integrity verification of the circuits
becomes essential.
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Since the electromagnetic coupling effects crucially
limit integrated circuit performance, they have to be
considered in the early phase of circuit design. Up to
now, numerous crosstalk models have been developed
[4-8]. Traditionally, most of the crosstalk models for the
on-chip interconnect lines are based on capacitive coupling
effect [4, 5]. It is simply because the RC seems to be
more prominent than the “L/R.” However, as the circuit
switching speed increases, the inductive coupling effect
plays an important role. Lorival [9] reported that not
only capacitive coupling but also inductive coupling of
two coupled lines are very significant by separating the
capacitive coupling and inductive coupling. As shown in
Fig. 1, the crosstalk voltage can be represented by decoupling
the capacitive and inductive coupling voltages

I/crosstalk( RLC) ~ I/crossralk(C ) + I/crosstalk(L) . ( 1 )

Note, only the capacitive crosstalk noise is not accurate
enough to verify the signal coupling noise between lines.
Thus, the signal transient of the coupling-aware switching
lines and the crosstalk noise of a quiet line cannot be
accurately determined without considering the inductive
coupling effect.

Recently, there has been a lot of research concerned
with coupled RLC line analysis and modeling [6-8].
However, unlike the capacitance-effect-prominent lines
(i.e., RC lines), a compact form of model concerned with
the signal transients of inductive-effect-prominent coupled
lines may not be readily determined since the signal
transients of inductance-effect-prominent lines result in
complicatedly oscillating non-monotonic wave-shapes.

In this work, at first, assuming (1) linear driver model
(i.e., voltage source and source resistance), (2) identical
RLC coupled lines, and (3) step input signals, compact
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Fig. 1. Inductive and capacitive crosstalk of two coupled lines [9].

closed-form models for signal transients and crosstalk
noise of coupled RLC lines are developed and verified.
The paper is organized as follows. First, the fundamental
modes of the coupled lines and the equivalent transmission
line parameters corresponding to the fundamental modes
are determined. Next, the analytical models of signal
transient and crosstalk noise are developed by using a
waveform approximation technique [10]. Finally, it is
shown that the developed models have excellent agreement
with SPICE simulation.

II. FUNDAMENTAL MODES OF COUPLED
INTERCONNECT LINES

In the frequency domain, the n-coupled transmission
line equations are given by [11],

L)), @

L=, ®
where

[Z]=[7)+ jol1]. @

[¥]-[6)+ olc] = jo[c]. ©)

[R], [L], [C], and [G] are PUL (per unit length)-
transmission line parameter matrices and are » x n square

matrices. Thus, the system has n eigen modes.

The representative switching patterns of two coupled
lines are 07T (O»L ,70), 1, and TN, where each
switching

Two coupled Lines

S

L
i
-

Vin-1

|
.

Rs ™ : S ‘
w@F e

Fig. 2. Two coupled transmission line circuit model.
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characteristic is symbolized and defined by the three
switching symbols as T (switching from logic 0 to logic
1), { (switching from logic 1 to logic 0), and O (the
quiet state). However, these switching patterns can be
represented by two fundamental switching modes (i.e.,
even and odd mode). Physically, the even mode is a
switching mode in which both lines switch in the same
direction (i.e., T1) and the odd mode means a switching
mode in which lines switch in opposite directions (i.e.,
T ) [6]. Then the differential equation can be converted
to an equivalent single line as shown in Fig. 2 and 3.
That is, as an example, the odd mode equation becomes

2

dav .
dzgdd = JoRC )V, u—@ ZLodd Coi e - (6)

Thus, once the equivalent transmission line parameters
are determined for each fundamental mode, the signal
transients and crosstalk can be readily determined.

The per unit length (PUL) transmission line parameters
for the identical two coupled lines are defined as

[R]PUL - |:1; Z:\ ’ (7)

[L]PUL - {2; ili:' > (8)

_ (C11 + C1z) -,
[C]PUL _{ -C, (CIZ + Cll):l . (9)
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The equivalent transmission line parameters for both
the even mode and the odd mode are

L.=L,+L,,C

‘even even

=C,, (10)

Lw=L,~L,, C

0

a =Cu+2C, . (11)

Thus, the characteristic impedances and propagation
constants of the even and odd mode can be determined

as [9]
V JjoC,,
R+ja)(L11 _le)
Zow= /‘ , 13
o Jo(C, +2C,) 1

Y even :\/(R+ja)(Lll+LIZ))ij11 s (14)

Vodd = \/(R +JjolL, - L,)) jo(C, +2C,) . (15)

Note, any signal traveling in the coupled transmission
line system can be expressed as the linear combination
of these eigen modes. For example, if the first line is
switching from logic 0 to logic 1 and the second line is
in a quiet state, the signals on the respective lines due to
switching (i.e., 7 0 ) can be readily determined by using a
symbolic operation

(T 0) =(0):M=%((even)+(odd)) (16)

lne-1 2

= The switching signal transient of two coupled lines

(T O)h.ne,z E(T @):wzé((even)—(odd)) a7

= The crosstalk noise of two coupled lines

Note that the line of interest for the switching mode is
marked with a square box.

III. SIGNAL TRANSIENT AND CROSSTALK
MODELS

In order to develop compact analytical models of the
coupled interconnect lines, the line driver is modeled
with the unit step signal and source resistance while the
load is modeled as a capacitance. Then, signal transient

and crosstalk noise can be mathematically formulated by
using the 3-pole approximation and the modified traveling-
wave-based waveform approximation technique (TWA)-
based signal transient expressions.

3.1 3-pole Approximation

In the frequency domain, the frequency domain, the
transfer function H(s) of the interconnect structure shown

in Fig. 4 is given by [10],

Fig. 4. A simplified circuit model for the interconnect structure.

H(s)= 1 : (18)
(1+Zs/Z,)cosh(y€) +(Zs/ Z,+ Z,/ Z, )sinh(y )

where

() =(R+sL)sC 5 Zy(s)=~(R+sL)/sC . (19)

Assuming CMOS digital circuits, the large-signal source
impedance can be modeled as a resistive impedance, (i.e.,
Zs=Rs ) and the large-signal load impedance is best

modeled as a capacitive impedance (i.e., z, =1/sC, ). The

time-domain step response back into the time domain as
V,(0)=3"{H(sW(s)} (20)

where V,(s) is an input step function. Note that a capacitively
dominated RLC lines has an RC-like response and can
be readily approximated by using three dominant poles
[10,13].

3.2 Traveling-wave-based Waveform Approximation
Technique (TWA)

The physical description of the transient signal of a
transmission line can be efficiently characterized by using a
traveling-wave-based waveform approximation technique
which combines a frequency-domain-based approximation
for low-frequency characteristics with a time-domain-
based approximation for high-frequency characteristics
of the system response [10]. In the TWA-technique, assuming
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a step input, the low-frequency transient signal is represented
with only three-dominant poles. The three-pole-based
frequency-domain response function can be transformed
back in the time-domain without any numerical integration.
Then the high-frequency characteristics of the transient
signal are incorporated into an approximation function
by exploiting the traveling wave characteristics and a
modified-RC-response approximation in the time domain.
When the load is open circuit, the resultant wave shape
becomes at double the incident wave. However, a pulsed
signal includes many frequency components from dc to
very high frequency. Further, since the capacitive reactance
of the load is frequency-dependent. That is, with the
capacitive load, the refection coefficient is in the range
of 1 (for dc) to -1 (for very high-frequency components).
This can be represented by combining a linear ramp
shape (lower part) with a RC-response-like wave-shape
(upper part) since the sharp edge part (i.e., the part that is
concerned with the high-frequency components) of the
time domain voltage response which is the summation of
the incident and reflected waves is blunt a bit. Consequently,
the upper part of the resultant response wave-shape is
similar to the RC-response-like one, while the lower part
of the resultant response wave-shape is similar to a ramp
function. In order to separately model the linear ramp
shape and RC-response-like shape of the resultant response
signal, the boundary point has to be introduced. In
practice, the exact boundary point between the linear part
and the blunted part may not be accurately determined.
Nonetheless, since the blunt amount of the wave-shape is
similar to a ramp function. In order to separately model
the linear ramp shape and RC-response-like shape of the
resultant response signal, the boundary point has to be
introduced. In practice, the exact boundary point
between the linear part and the blunted part may not be
accurately determined. Nonetheless, since the blunt
amount of the wave-shape is strongly correlated with the
magnitude of the load capacitance, the effect is modeled
in terms of the load capacitance. That is, the smaller the
load capacitance, the smaller the load capacitance effect.

Thus, the capacitive loading effect is modeled as follows.

The first incident wave arrives at the load with the time
of the flight of a wave that is given by s ~//LC .

Including the load capacitance C, , and effective time of

flight (¢,,) is approximately ¢ ~/,/L(C+C,) . Defining

the quantity which denotes & the time difference
between the flight time of the pure (unloaded) line and
that of the line including loading effects as

s=1JL(C+C)-INLC 21)

the instant right before an incident wave is reflected can
be represented by 7, =¢,, -5 . Note that§ is considered to

be an effective response time delay of the incident wave
due to the capacitive load. Since the blunt effect of the
pulsed signal happens at the upper part of the pulse, it
may be assumed that the blunt effect approximately

occurs after 7, + 75 , where 7 is a constant factor which

has approximately the value of one. In fact, since the
RC-like response is approximately linear function until
the 63% of the final value, 7 is not a critical factor to
determine the wave-shape. Thus, in this work, it is

conveniently selected as 7 ~1.

Thus, in the time interval between (2n-1y,, -5
and 2n-1t,,+5 , where n=1,23.. (note, n is the

reflection count), the waveform can be approximated
with a linear function. In contrast, in the time interval

between (2n—1),,+6 and (2n+1)t,,—6 , the waveform

can be modeled with an RC-response-like function. The
time constant for this “fictitious™ charging or discharging
can be estimated by using an effective RC time constant

(including C, ) of the system. The fictitious charging or
discharging time constant t can be reasonably modeled
ast=(-R)I-C+C,).

TWA-based resultant waveform is given by [10]. For
(@n—W)t, 5 <t<(2n—1y,,+5 , the response can be modeled

as linear ramp shape, as

Ve | (2 =Dt} =V, | A1)t +6
{ (@) o201, ><f-<zn~1>%)}

| 21—z

Lu(e-200-0t0 +8))-u(t=20-1t,, - 5) | (22)

while, for 2n—1)t,, +8 <t<(2n+1)t,, -3, the response

can be modeled as RC-response-like shape
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W, (21 =)ty ) =V, e (214 Dt 1y — 6)

V,,(t)zZ { [ —(t/0+5)]}
ni| +o, 1 -exp| —————
T
Tult-200= 1)t = &) ~uft =201+ 1)1, +6)] (23)
where

Vel 2015+ 1) =20, (20D, )+

o, =
1- exp{ (f)}

In the expressions, 75, is the three-pole-based time-

Viie(@n+ 1)t +17)

2t;
1- exp{—k’}
T

24

domain response function and » indicates » th reflection.
Thereby, an accurate time domain response signal can be
calculated. Note, the magnitude of the overshoot/ undershoot
can be readily determined by using (23) since the overshoot
/undershoot alternately occur in the time interval of
Q=D +5<t<2n+1),, -

3.3 Compact Analytical Models

For on-chip interconnects, in the odd mode, the relation
R>>wl,,is generally verified [9]. Thus, for simplicity,

the odd mode waveform (7, ) can be approximately

determined only with 3-poles.

Vid(0< £ S o0) = V2 (£) (25)

The subscript “3pole” indicates the three-pole-based
time-domain response.

Unlike the odd mode signals, the even mode signals
have significant inductance effects. So, in this case, the
modified TWA technique is employed. The time of
flight ( ¢%" ) and a time difference with the wave

reflection (&8, ) for the even mode are defined as

even

test =1L, (1-C

even

+C,), (26)

5even = \/l Leven (l Ceven + C ) - l\/ even evcn * (27)

Thus, for the even mode, the waveform can be determined
as

O<r<@-58,,0=0, (28)

even even

V(05 =8, ) SUS (T +

even

)
Veven even
ks )<r—teve">+ni§z<rM), 9
even

even((teven +5

even

) < t S (3twen - 56\1871 ))

_ (teven seven)}:l , (30)

even

= ZVf}fj?e (te”e") +a, [l - exp{

where
even (l R)(l Ceven +C ) (31)
o e Bl = ) = 2V (57 32)
{ 205 - 5%)} '
1-exp D et
Teven
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Fig. 5. Signal transient comparison of analytical models and

SPICE simulations for the fundamental modes of 2-coupled lines.
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Since the far end reflection wave after three time of
flight may be not significant, the even mode can be
approximated as

Vot 2157 =6, ) = Vi (123157 = 3,,,)) . (33)

Fig. 5 shows comparisions of compact analytical models
and SPICE simulations for even and odd mode.

1V. VERIFICATION OF THE MODELS

In order to verify the accuracy of the proposed model,
transmission line parameters are determined for test
structures (see Fig. 6) by using a commercial field solver.
Test structures are based on a DSM (deep submicron)
technology [1], [12]. The transmission line parameters
for two coupled lines are

Effective £,=2.8, W1=W2=540nm, S=540nm
20m W1 S W2 2um

GND
Effective g, |

* 975nm|  GND
4 500nm; ]
4Bpm " . 'GND

Fig. 6. Test circuit structure.
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Fig. 7. Signal transient comparison of analytical models and
SPICE simulations for the various lengths.
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As shown in Fig. 7, signal transients and crosstalk
noise using the proposed compact models are compared
with the SPICE simulation. The proposed models have
excellent agreement with SPICE simulation.

V. CONCLUSIONS

In this work, compact analytical models for the signal
transients and crosstalk noises of coupled RLC transmission
lines are developed. The coupled lines are decoupled
with fundamental modes and then their signal transients
and crosstalk noise are determined by using “traveling-
wave-based waveform approximation” which is a kind
of closed-form model. Since a switching pattern for the
coupled lines can be readily decomposed with the
fundamental modes, the signal transients and crosstalk
can be very efficiently determined. It was shown that the
developed compact models have excellent agreement
with SPICE simulation.
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