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Crosstalk Modeling for Coupled RLC Interconnects
With Application to Shield Insertion

Junmou Zhang and Eby G. Friedman

Abstract—On-chip interconnect delay and crosstalk noise have become
significant bottlenecks in the performance and signal integrity of deep sub-
micrometer VLSI circuits. A crosstalk noise model for both identical and
nonidentical coupled resistance–inductance–capacitance (RLC) intercon-
nects is developed based on a decoupling technique exhibiting an average
error of 6.8% as compared to SPICE. The crosstalk noise model, together
with a proposed concept of effective mutual inductance, is applied to eval-
uate the effectiveness of the shielding technique.

Index Terms—Capacitive coupling, crosstalk analysis, decoupling tech-
nique, inductive coupling, resistance–inductance–capacitance (RLC) inter-
connect, shield insertion.

I. INTRODUCTION

It is well accepted that on-chip interconnect plays an important role
in the performance and signal integrity of deep submicrometer VLSI
circuits. With faster rise times and lower resistance, long wide wires in
the upper metal layers exhibit significant inductive effects. An efficient
resistance–inductance–capacitance (RLC) model of the on-chip inter-
connect is therefore critical in high-level design, logic synthesis, and
physical design.

A closed-form expression for the crosstalk noise between two iden-
tical RLC lines is developed in [1], assuming that the two interconnects
are loosely coupled ((Lm=L)(Cc=C) < 0:1). In [2], a time domain
expression for the output of two coupled RLC interconnects is devel-
oped without explicitly requiring the Laplace transform of the transfer
function. Delay and crosstalk noise expressions, however, ignore the
effect of the capacitive load at the receiver end, and the peak crosstalk
noise is assumed to occur at the time of flight tf . In [3], the crosstalk
noise model includes the effect of orthogonal lines above and below
the interconnects. In [4], a technique to decouple coupled RLC inter-
connects into independent interconnects is developed based on a modal
analysis. This decoupling method, however, assumes a TEM mode ap-
proximation (LC = (1=��)), which is only valid in a two-dimensional
(2-D) structure with a perfect current return path in the ground plane
directly beneath the conductors [5]. (Although a modal decomposition
which is not based on a TEM approximation is possible for two cou-
pled interconnects.)

An estimate of crosstalk noise among multiple RLC interconnects
is required to efficiently implement shielding techniques. Shield inser-
tion is an effective method to reduce crosstalk noise and signal delay
uncertainty, and has become common practice when routing critical
signal and power lines [6]. Inserting shield lines can greatly reduce
both capacitive coupling [7] and mutual inductive coupling by pro-
viding a closer current return path for both the aggressor and victim
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Fig. 1. Infinitesimally small segment of two coupled RLC interconnects.

lines. Far reaching inductive coupling, however, cannot be completely
eliminated, and can produce substantial crosstalk noise on a quiescent
victim line. An efficient estimate of the crosstalk noise between cou-
pled interconnects including the effects of shield insertion is therefore
critical during the routing and verification phase to guarantee signal
integrity. Guidelines are therefore required to determine when a shield
line should be inserted and whether a one-sided shield or two-sided
shield is appropriate.

An ABCD matrix is often used to characterize a single transmission
line since segments can be conveniently cascaded [8]. The convenience
of the ABCD matrix remains for two or more coupled interconnects.
Compared with the modal analysis described in [4], the ABCD matrix
does not require a TEM approximation. Based on the ABCD parameter
matrix, a decoupling technique for both identical and nonidentical cou-
pled RLC interconnects is developed in Section II. With this decoupling
technique, an accurate crosstalk noise model for two coupled intercon-
nects is developed in Section III. In Section IV, the crosstalk noise
model, together with a proposed effective mutual inductance model,
is used to evaluate the effectiveness of the shield insertion process on
reducing crosstalk noise in the presence of capacitive and inductive
coupling. Some conclusions are offered in Section V.

II. DECOUPLING TECHNIQUE

Two-coupled RLC interconnects with a coupled capacitance per unit
length cc, mutual inductance lm, resistance r(1+�r) and r(1��r),
self-inductance l(1 + �l) and l(1 � �l), and ground capacitances
cg(1 + �c) and cg(1 � �c), respectively, are shown in Fig. 1. The
ABCD matrixE, for an infinitesimally small segment of these two cou-
pled interconnects, can be obtained, as shown in (1) at the bottom of
the page. Furthermore, the matrix E can be diagonalized as

E =W�W�1 (2)
where

� =

(1� �1dx) 0 0 0

0 (1 + �1dx) 0 0

0 0 (1� �2dx) 0

0 0 0 (1 + �2dx)

(3)

W =
1

2

�Zo1 Zo1 Zo2 �Zo2

�Zo1 Zo1 �Zo2 Zo2

1 1 �1 �1

1 1 1 1

: (4)

In general, �1 and �2 are functions of the interconnect impedance
parameters (resistances, capacitance, and inductances) and are difficult
to solve analytically. If nonidentical coupled interconnects are part of
a bus structure with the same width, height, and length, the resistance
of the two nonidentical interconnects are equal, i.e., �r = 0. Under
the condition of �r = 0, and a moment matching approximation �1,
�2, Zo1, and Zo2 can be approximated as

�1 = sC0

g(r + s(l0 + l0m)) (5)

�2 = s(C 0

g + 2C 0

c)(r + s(l0 � l0m)) (6)

Zo1 =
(r + s(l0 + l0m))

sC 0

g

(7)

Zo2 =
(r + s(l0 � l0m))

s(C 0

g + 2C 0

c)
(8)

where c0g , c0c, l0, and l0m are

c
0

g = cg 1 +
cc

cg
�

c2c

c2g
+�c2 (9)

c
0

c = cc 1 +
c2g

c2c
�c2 (10)

l
0 = l (11)

l
0

m = lm
cc

c2c + c2g�c2
� l

cg�c�l

c2c + c2g�c2
: (12)

The physical meaning of �1 (Zo1) is the propagation constant (char-
acteristic impedance) of coupled interconnects when both inputs switch
in the same direction. The physical meaning of �2 (Zo2) is the prop-
agation constant (characteristic impedance) of coupled interconnects
when both inputs switch in opposite directions. These two decoupled
interconnects can therefore be used to determine the output waveforms
of two coupled interconnects.

III. CROSSTALK NOISE MODEL OF TWO-COUPLED INTERCONNECTS

Based on the decoupling technique, the crosstalk noise model is first
developed for two identical coupled RLC interconnects. The crosstalk
noise model is then applied to nonidentical coupled RLC interconnects
and compared with SPICE, exhibiting an average error of 6.8%.

A. Crosstalk Noise Model of Two Identical Coupled Interconnects

For the coupled interconnects shown in Fig. 1 with�r = 0,�c = 0,
and �l = 0, the transient response at the two outputs can be expressed
using the normalized variables listed in Table I. Furthermore, in order to
characterize the effect of inductance on the crosstalk noise, a parameter
� , described in [9], is used, where � is defined as

� =
RT +RTCT +RRCT + 0:5RR

2 (1 + CT )
: (13)

E =

1 0 [r(1��r) + sl(1��l)]dx slmdx

0 1 slmdx [r(1 + �r) + sl(1 + �l)]dx

s[cg(1��c) + cc]dx �sccdx 1 0

�sccdx s[cg(1 + �c) + cc]dx 0 1

: (1)
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TABLE I
NORMALIZED VARIABLES FOR TWO COUPLED INTERCONNECTS

Fig. 2. Output waveform of decoupled interconnects and waveform of coupled
noise between two coupled interconnects when t > t (K = 0:769 and
K = 0:217). The input of the victim line remains at ground while the input
of the aggressor line is a step input.

The crosstalk noise can therefore be expressed using only five vari-
ables, � , CT , RT , KC , and KL.

The decoupled interconnects can be used to determine the peak
crosstalk noise. For two strongly inductively coupled interconnects
(KL � KC such that tf1 > tf2), the waveform of the coupling
noise and the output waveforms, V o1(t) and V o2(t), of the decoupled
interconnects are shown in Fig. 2, where tf1 and tf2 are

tf1 =h (l+ lm)cg (14)

tf2 =h (l� lm)(cg + 2cc): (15)

tf1 and tf2 are the times of flight of two decoupled interconnects, re-
spectively.

Based on the traveling-wave model of a transmission line, the trav-
eling wave is reflected at the load, returns to the source, and then returns
to the load, causing the output to overshoot and undershoot at the times
of tf and 3tf , respectively. During the interval between tf and 3tf , the
output of a lossy transmission line with a capacitive load behaves as an
RC line, and the output increases due to RC charging [10].

The waveform of the coupling noise can be determined by sub-
tracting the decoupled voltage V o2(t) from V o1(t). The negative peak
of the coupling noise occurs at time tf1, as shown in Fig. 2, and is

Vnoise(tf1) = �
1

2
V o2(tf1): (16)

Fig. 3. Comparison of crosstalk model to SPICE, Davis [2], and distributed RC
model for different values of � (K = 0:217,K = 0:769,C = 0:05, and
R = 0:25).

At the time of 3tf1, the decoupled voltage V o1(t) is maximum. The
positive peak of the coupling noise is

Vnoise(3tf1) =
1

2
(V o1(3tf1)� V o2(3tf1)): (17)

Combining (16) and (17), the peak crosstalk noise of two strongly in-
ductively coupled interconnects is

Vpeak = maxfVnoise(tf1); Vnoise(3tf1)g: (18)

An analysis of the crosstalk noise when tf1 < tf2 is similar to an
analysis of the crosstalk noise with the positive and negative peak noise
occurring at tf2 and 3tf2, respectively. The peak crosstalk noise be-
tween two coupled interconnects (either tf1 > tf2 or tf1 < tf2) can
be unified and is

tf max = maxftf1; tf2)g (19)

Vpeak = maxfVnoise(tf max); Vnoise(3tfmax)g: (20)

The peak noise in (20) is determined from the transient response of
the two decoupled interconnects. In order to determine the precise value
of the decoupled voltages V o1(t) and V o2(t) at tf max and 3tf max, a
traveling wave-based approximation technique (TWA), as described in
[10], is used to construct the transient output response of the two de-
coupled interconnects. Through the TWA technique, the peak crosstalk
noise is compared to SPICE for various values of the five variables � ,
CT , RT , KC , and KL, as shown in Figs. 3 and 4. These cases consider
most practical on-chip interconnect scenarios, ranging from those cases
where the inductance effect can be ignored to highly inductive cases.
The line dimensions of the coupled interconnects vary for each case.
The dimensions of the example line for the coupled interconnects are
a length of 5000 �m, a width of 2 �m, and a height of 2 �m. The
crosstalk noise model developed by Davis [2] is also shown in Fig. 3
for comparison. In [2], the crosstalk is assumed to occur at the time of
flight tf , and is valid only when the two propagation modes have the
same time of flight.

The interconnect is divided into segments with a length of 10 �m,
where each segment is modeled by a � circuit with resistance, ground
capacitance, coupling capacitance, partial self-inductance, and partial
mutual inductance. The coupled interconnects are simulated using
SPICE. The peak crosstalk noise of two coupled RLC interconnects
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Fig. 4. Comparison of crosstalk model to SPICE for different values of K
(K = 0:769, � = 1, C = 0:05, and R = 0:25).

decreases when the inductance effect characterization parameter �
increases (producing a smaller inductance effect), as shown in Fig. 3.
As expected, the distributed RC interconnect model can be used to de-
termine the peak crosstalk noise when � is sufficient large (� > 1:5).
The peak noise is almost constant for the normalized load capacitance
CT varying over the practical range of 0 < CT � 0:1, and decreases
with larger normalized driver resistance RT . The peak crosstalk noise
does not increase monotonically with an increase in the normalized
inductive coupling factor KL or capacitive coupling factor KC (as
shown in Fig. 4).

B. Noise Model of Two Nonidentical Coupled Interconnects

Since two nonidentical coupled RLC interconnects can be ap-
proximately decoupled into two independent RLC interconnects, the
crosstalk noise can be estimated similarly to the case of two identical
coupled RLC interconnects. As listed in Table II, the crosstalk noise
between two nonidentical coupled interconnects is determined from
the decoupling technique represented by (5)–(8) and compared with
SPICE for different R, C1=C2, and L1=L2, where R, C1 (L1), and
C2 (L2) are the resistance and ground capacitances (self inductances),
respectively, of the two nonidentical interconnects. For a bus structure,
the range of variation of C1=C2 and L1=L2 in most cases is between
0.8 and 1.2. The physical parameters of two nonidentical interconnects
are the driver resistance Rs = 11 
, load capacitance Cl = 0:05 pF,
ground capacitance C2 = 1 pF, self-inductance L2 = 2 nH, coupling
capacitance Cc = 0:22 pF, and mutual inductance Lm = 1:2 nH.
The average error of the crosstalk noise model for two nonidentical
coupled interconnects is 3.1% as compared to SPICE.

For multiple parallel signal lines, the crosstalk analysis can be de-
composed into pairs of victim signal lines and every other signal line.
The amplitude and time of the coupling noise waveform between each
pair of two coupled interconnects can be determined. The crosstalk
noise of multiple signal lines can therefore be analyzed through su-
perposition.

IV. APPLICATION TO SHIELD INSERTION

In Section III, a crosstalk noise model for two coupled RLC inter-
connects is developed, as shown in (20). The crosstalk noise model
can be used to evaluate the effectiveness of the shield insertion process
in reducing coupling noise among coupled RLC interconnects. In this
section, the concept of an effective mutual inductance is presented, fol-
lowed by an estimate of crosstalk noise for coupled RLC interconnects
with shield lines, and a discussion of the effect of shield insertion on
reducing crosstalk noise.

Current is distributed among multiple return paths so as to minimize
the total impendence Z(!) = R + j!L. At high frequencies, where
the inductance dominates (R � j!L), the return current seeks the

TABLE II
COMPARISON OF CROSSTALK NOISE BETWEEN TWO NONIDENTICAL COUPLED

INTERCONNECTS WITH VARIATIONS OF R, C =C , AND L =L

Fig. 5. Simplification of multiple interconnects into two coupled signal lines
with effective self inductances, effective mutual inductance, and effective re-
sistances based on the equivalence of the magnetic energy stored in these two
systems.

paths of least inductance. The distribution of the current return paths for
both the aggressor and victim lines can be determined [11]. The current
distribution, rather than techniques to determine the current distribution
[11], is the input to the effective mutual inductance model discussed in
this section.

With knowledge of the current return paths, the coupled RLC signal
lines with the surrounding ground lines can be converted into two cou-
pled RLC lines using the law of energy equivalence. As illustrated in
Fig. 5, inductive interactions between two signal lines and the sur-
rounding ground lines can be incorporated into two coupled signal lines
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TABLE III
EFFECT OF SHIELD INSERTION ON EFFECTIVE MUTUAL INDUCTANCE AND CROSSTALK NOISE

Fig. 6. Different structures for inserting shield lines to reduce crosstalk noise.

with effective self inductances and an effective mutual inductance, per-
mitting an estimate of the crosstalk noise between two lines. Assuming
the current flowing through the aggressor line is I1 with a ground re-
turn current distribution���, and the current through the victim line is I2
with a ground return current distribution ���, the magnetic field energy
stored in the original system is

Wm =
1

2
I
T
b LIb

=
1

2
(���I1 + ���I2)

T
L(���I1 + ���I2)

=
1

2
���
T
L���I

2
1 +

1

2
���
T
L���I

2
2 +

1

2
(���TL��� + ���

T
L���)I1I2:

(21)

The magnetic field energy stored in the equivalent system is

W
0

m =
1

2
[ I1 I2 ]

Lagg e� Me�

Me� Lvic e�

I1

I2

=
1

2
Lagg e�I

2
1 +

1

2
Lvic e� I

2
2 +Me� I1I2: (22)

By using the equivalence of magnetic energy stored in these two sys-
tems Wm = W 0

m, the effective self-inductance and the effective mu-
tual inductance are

Lagg e� =���
T
L��� (23)

Lvic e� =���
T
L��� (24)

Me� =���
T
L���: (25)

Similarly, the effective resistance can be determined from the equiv-
alence of the power consumed in these two systems, where

Ragg e� =���
T
R���; (26)

Rvic e� =���
T
R���; (27)

Rm e� =���
T
R���: (28)

Based on the decoupling technique described in Section II, two cou-
pled RLC interconnects with resistive coupling (rm) can be decou-
pled into two isolated RLC interconnects with physical parameters of
(cg; r+ rm; l+ lm) and (cg +2cc; r� rm; l� lm), respectively. The
crosstalk noise model discussed in Section III can therefore be applied
to analytically estimate the crosstalk noise among coupled RLC inter-
connects using the effective inductance and resistance.

Three cases of shield insertion (and one unshielded case) for coupled
RLC interconnects are shown in Fig. 6. Coupled interconnects with a
length of 5000 �m are shielded using one, two, and three ground lines,
respectively. The effectiveness of these shielding lines in reducing
crosstalk noise are investigated based on the proposed crosstalk noise
models.

With the effective inductance and capacitance, an estimate of the
crosstalk noise voltage can be analytically obtained from the crosstalk
model described in Section III. Applying (20) to the effective induc-
tance matrix and effective capacitance matrix for the four structures
illustrated in Fig. 6, with a driver resistance of 25 
 and a load capac-
itance of 50 fF, the crosstalk noise is compared in Table III.

As listed in Table III, inserting a shield line in the vicinity of a signal
line can greatly reduce the effective mutual inductance, significantly
reducing the coupling noise. A shield inserted between the aggressor
line and the victim line, as shown in Fig. 6(b), has a greater effect on re-
ducing the effective mutual inductance than inserting shield lines along
the other side of the signal lines, as shown in Fig. 6(c). The two-shield
scenario also does not eliminate capacitive coupling, which contributes
to a higher crosstalk noise than the one-shield scenario. The three shield
interconnect structure shown in Fig. 6(d) exhibits the lowest crosstalk
noise. This structure, however, requires the greatest silicon area. The
two-shield structure shown in Fig. 6(c) reduces the crosstalk noise to
a level comparable with the three-shield structure, suggesting that a
pattern of a shield line for every two global signal lines is a desirable
structure to control crosstalk noise. Another interesting phenomenon is
that the effective self-inductance drops with each inserted shield line,
reducing the inductance of the signal lines.

V. CONCLUSIONS

A decoupling technique for both identical and nonidentical coupled
RLC interconnects is developed based on the ABCD matrix of intercon-
nects. Based on the decoupling technique, an analytic crosstalk noise
model is presented, with the peak noise occurring at the time of flight
tf or 3tf . The model exhibits an average error of 6.8% as compared
to SPICE. The crosstalk noise model is used to evaluate the effective-
ness of shield insertion on reducing crosstalk noise by applying the
proposed effective mutual inductance model. Guidelines are provided
for inserting shields among coupled RLC interconnects in the presence
of both capacitive and inductive coupling. It is shown that a shield line
in the vicinity of the signal lines can greatly reduce inductive coupling.
A pattern of a shield line for every two global signal lines in the upper
metal layers is shown to be desirable for controlling crosstalk noise.
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A Process Variation Compensating Technique
With an On-Die Leakage Current Sensor for

Nanometer Scale Dynamic Circuits

Chris H. Kim, Kaushik Roy, Steven Hsu, Ram Krishnamurthy, and
Shekhar Borkar

Abstract—This paper describes a process compensating dynamic (PCD)
circuit technique for maintaining the performance benefit of dynamic
circuits and reducing the variation in delay and robustness. A variable
strength keeper that is optimally programmed based on the die leakage,
enables 10% faster performance, 35% reduction in delay variation, and
5 reduction in the number of robustness failing dies, compared to con-
ventional designs. A new leakage current sensor design is also presented
that can detect leakage variation and generate the keeper control signals
for the PCD technique. Results based on measured leakage data show
1.9–10.2 higher signal-to-noise ratio (SNR) and reduced sensitivity to
supply and p-n skew variations compared to prior leakage sensor designs.

Index Terms—CMOS digital integrated circuits, leakage currents, micro-
processors, VLSI.

I. INTRODUCTION

Increasing Io� with process scaling, has forced designers to up-
size the keeper in dynamic circuits to obtain an acceptable robustness
for the worst case leakage corner. However, 20X + Io� variation in
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Fig. 1. Impact of keeper ratio on dynamic circuit delay and robustness for slow-
and fast-corner processes.

nanoscale CMOS technologies indicates that: 1) a large number of low
leakage dies suffer from the unnecessarily strong keeper and 2) the ex-
cess leakage dies still cannot meet the robustness requirements even
with a keeper which is (typically) designed for the fast corner.

To overcome the suboptimality in current dynamic circuit designs,
we propose a process compensating dynamic (PCD) circuit technique
[1] that restores the robustness of worst case leakage dies and simul-
taneously improves performance in low-leakage dies. Unlike prior
fixed-strength keeper techniques [2], our proposed PCD technique
optimally adjusts the keeper strength based on the die leakage. The
keeper strength is tuned using a digitally programmable 3-bit keeper
which offers just the right keeper strength to meet a given target
noise robustness under large die-to-die (D2D) leakage variations.
Optimal keeper width is one-time programmed via fuses during the
wafer level test. The PCD technique can also compensate within-die
(WID) variation by locally generating the keeper control bits using a
self-contained on-die leakage current sensor distributed across a die.

For the PCD technique to become viable, a circuit that can accurately
measure the process variation based on nMOS pull-down leakage and
generate the 3-bit keeper control signals is essential. There have been
several previous approaches on measuring process variation for post
silicon-tuning techniques. However, these techniques are not suitable
for the proposed PCD technique due to limited resolution, suscepti-
bility to process and voltage (PV) fluctuations, and high testing cost. In
this paper, we present a new leakage current sensing technique for ac-
curately measuring D2D and WID process variations [3]. Results based
on measured leakage data show: 1) 1.9–10.2� higher SNR and 2) re-
duced sensitivity to supply and p-n skew variations compared to prior
designs, while the proposed sensor only requires a single-bias gener-
ator even for multibit resolution sensing.

II. LEAKAGE VARIATION AND KEEPER SIZING

Fig. 1 shows the impact of keeper sizing on the delay and dc robust-
ness of a conventional 8-way dynamic bitline at worst case slow and fast
process corners in a 1.2 V, 90-nm CMOS technology [4]. The dc robust-
ness of a domino gate, corresponds to the unity gain noise (UGN) which
is defined as the dc input noise voltage generating the equal level of
noise in the final output of the domino gate. The keeper ratio is defined
as the pMOS keeper width normalized to the entire pull-down nMOS
width. A discrepancy in delay and robustness is observed across the
slow-to-fast corner dies for a conventional static keeper. For example,
a keeper ratio of 8% is required for the fast corner dies to meet the target
noise floor. However, the 8% keeper sized for the fast corner leakage,
leads to unnecessarily high robustness and large delay penalty in the
slow-corner die. Instead of using the strong keeper, a downsized keeper
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