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Crosstalk noise in on-chip interconnect plays a major role in the performance of modern integrated

circuits. Multi-aggressor capacitive and inductive coupling complicates both the modeling and

mitigation of the noise. A novel method to model and analyze noise in RLC multi-line structures is

proposed in this paper, exhibiting an error of up to 9% as compared to SPICE. This method is physically

intuitive since it decomposes the noise produced by each of the aggressors into individual capacitive

and inductive noise sources. The proposed model and related layout noise mitigation guidelines are

applied to crosstalk noise reduction in multi-line structures.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Global and semi-global interconnect do not scale with feature
size due to increased design complexity, demand for greater
integration, and technology constraints. As technology progresses,
the effect of the interconnect on the performance of high speed
and high density integrated circuits has greatly increased. With
shorter transition times and the inability to scale the global wires,
inductive effects exhibited in the upper metal layers cannot be
neglected. Consequently, long range inductive coupling should be
included with the already significant capacitive coupling in global
interconnect lines since noise analysis and mitigation is not
limited to only the nearest neighbors. Simultaneous capacitive
and inductive coupling together with multiple aggressors are
significant risks to the signal integrity of the global interconnects.

The primary interconnect structures in the upper metal layers
are the clock and power/ground (P/G) distribution networks and
wide data busses. The global clock network is usually highly
shielded and affected by the self-inductance rather than mutual
inductive effects, which greatly simplifies the analysis and opti-
mization process. In P/G networks, the noise is caused by both the
self-inductance and mutual inductance. These networks however
ll rights reserved.

ishnyakov).
generally exhibit uniform structures. Random data signals,
unshielded clock signals, and wide data busses, as illustrated in
Fig. 1, suffer from both self-inductance and mutual inductive
coupling and can be affected by numerous aggressors due to the
long range nature of inductive coupling. Simultaneous capacitive
and inductive coupling and different switching patterns further
complicate the modeling and analysis process.

Several authors have addressed modeling and behavioral
analysis of noise in multi-line structures in the presence of
inductance. In [1], a two line decoupling technique is extended
by applying superposition of the fundamental modes to three
lines and proposes this technique for N coupled lines. The model
is rather general (no limitations on the line parameters) but is
complex and requires adjustment for different bus sizes. The use
of modal analysis to decouple multiple transmission line (TL)
systems is described in [2,3]. These models are valid for identical
lines with an identical driver and loads assuming ideal transmis-
sion lines and are computationally complex. A TL based model is
used in [4], but assumes no capacitive coupling and low loss,
which is also assumed in [5]. The TWA method [6] is extended to
multi-coupled transmission lines in [7]. The concept of an
effective switching factor for multi-line systems is presented in
[8] and the differences between multi-line worst case noise
patterns for RC and RLC lines are discussed in [9].

These models do not describe the individual noise components—

the noise caused by each aggressor and the noise due to both
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capacitive and inductive coupling. Since methods to mitigate each
noise source (inductive, capacitive, different aggressors) can be
different and sometimes contradictory, identification of the most
critical noise sources and the preferable mitigation method for a
specific physical layout and switching pattern are necessary. The
conditions and methods to model noise as a combination of the
noise caused by each aggressor and noise source (capacitive and
inductive), as illustrated in Fig. 2, are described in this paper based
on the additivity properties of capacitive and inductive coupling as
well as multi-line system behavior in the presence of multiple noise
sources.

The paper is organized as follows. In Section 2, the additivity
properties of inductive and capacitive noise for a two line coupled
system with simultaneous inductive and capacitive coupling are
examined. Conditions under which the additivity of the two
coupling noise sources can be applied are formulated. The
behavior of multi-line systems is examined in the presence of
capacitive coupling, inductive coupling, and simultaneous capa-
citive and inductive coupling in Section 3. The conditions which
represent the sum of the noise caused by each aggressor are also
described. In Section 4, noise models of multi-line systems are
described. In Section 5, layout-based noise mitigation guidelines
Fig. 1. Typical upper metal routing structure.

Fig. 2. Types of noise sour

Fig. 3. Decoupling capacitive and in
are presented and together with the proposed models can be used
to reduce noise in multi-line systems. The results are summarized
in Section 6.
2. Additivity of capacitive and inductive coupling noise

Simultaneous capacitive and inductive coupling can occur
between adjacent RLC lines. According to [10], capacitive and
inductive coupling noise is additive under the low loss approx-
imation, RlinebðLself�MÞo, where Rline and Lself are, respectively,
the self-resistance and inductance of a line, M is the mutual
inductance between the lines, and o is the switching frequency,
o¼2/tr, where tr is the signal transition time. Note however that
the low loss approximation cannot always be assumed in modern
integrated circuits. Therefore, additivity of the two noise sources
cannot be assumed in modern integrated circuits. By performing
an analysis similar to [10], those regimes where additivity of
capacitive and inductive coupling can be assumed, as illustrated
in Fig. 3 for a two coupled line system, are established. The
additivity property permits the noise components to be broken
into noise sources. As a result, the dominant noise source can be
identified and a suitable noise mitigation technique can be
chosen. This distinction is important since noise reduction tech-
niques for inductive and capacitive coupling are not only differ-
ent, but often in conflict.

According to transmission line theory [18], coupled lines
exhibit two modes of propagation with two different propagation
constants and two different line impedances. The even mode
represents the case of same direction switching and the odd mode
represents opposite direction switching. Any signal in the system
can be expressed as the sum of these modes. The characteristic
impedance of the even and odd modes for two identical lines is
presented in Eqs. (2.1) and (2.2) where R11, C11, and L11 are,
ces and mechanisms.

ductive noise using additivity.
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respectively, the resistance, capacitance, and inductance of the
line, and C12 and L12 are, respectively, the mutual capacitance and
inductance. o is the switching frequency, defined by o�2/tr,
where tr is the signal transition time.

ZRLCðevenÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R11þ jðL11þL12Þo

jC11o

s
ð2:1Þ

ZRLCðoddÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R11þ jðL11�L12Þo

jðC11þ2C12Þo

s
ð2:2Þ

Note that the characteristic impedance of the even mode is not
dependent on the capacitive coupling between the lines (C12), and
is the same as the characteristic impedance of a system without
capacitive coupling

ZRLCðeven,C12a0Þ ¼ ZRLCðeven,C12 ¼ 0Þ ð2:3Þ

Thus, when the lines switch in the same direction, capacitive
coupling between the lines does not affect the signal propagation
characteristics. The odd mode characteristic impedance, however, is
the same as that of a system with no inductive coupling only if the
dependence of the impedance on inductive effects can be neglected

R11bðL11�L12Þo ð2:4Þ

In this case

ZRLCðodd,L12a0Þ ¼ ZRC ðoddÞ ð2:5Þ

where ZRC(odd) is the impedance of two coupled lines with
L11¼L12¼0. When both Eqs. (2.3) and (2.5) are assumed, the
total noise can be expressed as the sum of the noise caused by
inductive coupling and the noise caused by capacitive coupling, as
shown in (2.6)

VnoiseðTotalÞ ¼ Vnoiseðeven,C12 ¼ 0ÞþVnoiseðodd,L11 ¼ L12 ¼ 0Þ

ð2:6Þ

When inductive coupling is strong (L11EL12), Eq. (2.4) is
satisfied. Another case where Eq. (2.4) is satisfied is the low loss
approximation [4,10]. This approximation, however, is not always
appropriate in modern semiconductor processes. Another condi-
tion that supports approximating the noise as the sum of the
inductive and capacitive coupling is weak capacitive coupling, i.e.,
C125C11, or same direction switching. In this case, most of the
Fig. 4. N coupled lines: (a) capacitive coupling only, (b) inductiv
noise is due to inductive coupling, and Vnoise(odd) is small or
non-existent and can be neglected. To summarize, there are three
conditions in which additivity of inductive and capacitive cou-
pling can be assumed
1.
e c
R11b(L11�L12)o—low loss approximation,

2.
 L11EL12—strong inductive coupling case,

3.
 C125C11—weak capacitive coupling or same direction switching.

3. Coupling noise in multi-line structures

Capacitive coupling, inductive coupling, and simultaneous
inductive and capacitive coupling exhibit different behavior in
multi-line structures (see Fig. 4). While capacitive coupling
primarily exists between nearest neighbors, inductive coupling
is a long range phenomenon and can affect distant wires as well.
Furthermore, it is shown in this section that while both capacitive
and inductive coupling noise can be expressed as the sum of the
noise caused by each aggressor, for simultaneous capacitive and
inductive coupling, this is not the case. The ability to separate the
noise caused by each aggressor is however important for noise
analysis and mitigation. Therefore, in this section, those condi-
tions that express the total noise as the sum of the noise caused
by each aggressor are described.

3.1. Inductive coupling in multi-line structures

Capacitive coupling noise (see Fig. 4a) is caused primarily by
nearby neighbors and can be expressed as the sum of the noise
caused by each of the adjacent aggressors. Inductive coupling,
however, is a long range effect, thus non-adjacent neighbors can
also couple noise and cannot be neglected. In multi-line structures,
inductive coupling among all of the lines may occur (see Fig. 4b).

To analyze inductive coupling noise in multi-line systems, the
lines are represented as a lumped RLC model, as described in
Eq. (3.1.1), where Vin,i, Ri, Ci, and Li are, respectively, the input
waveform, resistance, self-capacitance, and self-inductance of
each line and Mij is the mutual inductance between lines i and j.

V 0in,i ¼ RinI0iþLinI00i þ
X
ia j

MijnI00j þ
1

Ci
nIi ð3:1:1Þ
oupling only, and (c) capacitive and inductive coupling.
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The matrix representation of Eq. (3.1.1) is

V 0in,1

^

V 0in,i

^

V 0in,N

2
6666664

3
7777775
¼

1
C1
þR1n

d
dt þL1n

d2

dt2 � � � M1,jn
d2

dt2 � � � M1,Nn
d2

dt2

^ ^ ^ ^ ^

Mi,1n
d2

dt2 � � � 1
Ci
þRin

d
dt þLin

d2

dt2 � � � Mi,Nn
d2

dt2

^ ^ ^ ^ ^

MN,1n
d2

dt2 � � � MN,jn
d2

dt2 � � � 1
CN
þRNn

d
dt þLNn

d2

dt2

2
666666664

3
777777775

n

I1

^

Ii

^

IN

2
6666664

3
7777775
¼ Vin01XN ¼ ANXNnIin1XN ð3:1:2Þ

The current per line can be expressed as a function of the input
switching pattern by inverting ANXN, as shown in Eq. (3.1.3)

I1XN ¼ ½ANXN�
�1

nVin01XN ð3:1:3Þ

By extending Eq. (3.1.3) and assuming Vin,i0 ¼0 for the non-
switching neighbors, it can be observed that the solution for
multiple switching aggressors is the sum of the individual solu-
tions with each aggressor switching, as described by Eq. (3.1.4).

I1

^

Ii

^

IN

2
6666664

3
7777775
¼ A�1
h i

n

V 0in,1

^

V 0in,i

^

V 0in,N

2
6666664

3
7777775
¼ A�1
h i

n

V 0in,1

^

0

^

0

2
6666664

3
7777775
þ � � � þ A�1

h i
n

0

^

V 0in,i

^

0

2
6666664

3
7777775

þ � � � þ A�1
h i

n

0

^

0

^

V 0in,N

2
6666664

3
7777775

ð3:1:4Þ

The current per line can be determined by solving Eq. (3.1.2),
which can be rewritten in the following form:

L1 � � � M1,j � � � M1,N

^ ^ ^ ^ ^

Mi,1 � � � Li � � � Mi,N

^ ^ ^ ^ ^

MN,1 � � � MN,j � � � LN

2
6666664

3
7777775
n

I001
^

I00i
^

I00N

2
6666664

3
7777775
þ

R1 � � � 0 � � � 0

^ ^ ^ ^ ^

0 � � � Ri � � � 0

^ ^ ^ ^ ^

0 � � � 0 � � � RN

2
6666664

3
7777775

n

I01
^

I0i
^

I0N

2
6666664

3
7777775
þ

1
C1
� � � 0 � � � 0

^ ^ ^ ^ ^

0 � � � 1
Ci
� � � 0

^ ^ ^ ^ ^

0 � � � 0 � � � 1
CN

2
66666664

3
77777775
n

I1

^

Ii

^

IN

2
6666664

3
7777775
¼

V 0in,1

^

V 0in,i

^

V 0in,N

2
6666664

3
7777775

¼ LnI
00

þRnI
0

þC�1
nI¼ V ð3:1:5Þ

where L, R, and C are, respectively, N�N matrices of the
inductance, resistance, and capacitance, V is an N�1 vector of
the derivative of the input voltages V 0in,i, and I is the N�1 vector
of the currents. Expression (3.1.5) is a second order differential
Fig. 5. Three coupled line configuration: (a) capacitive coupling only, (b) in
equation with a well known solution, as presented in Eq. (3.1.6),
where y0 and y1 are determined by the boundary conditions and
a, o0, and od are described, respectively, in Eqs. (3.1.7)–(3.1.9).

IðtÞ ¼
VnCn 1�e�at a

ad
nsinhðadtÞþcoshðadtÞ

� �h i
toTr

e�at

ad
y1þy0a
� �

nsinhðadtÞþy0adcoshðadtÞ
� �

t4Tr

8<
:

9=
; ð3:1:6Þ

a¼ 0:5nRnL�1
ij ð3:1:7Þ

o0
2 ¼ L�1

ij C�1
ð3:1:8Þ

ad ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�o0

2
p

ð3:1:9Þ

From the form of the solution of Eq. (3.1.6), the noise on each
line is the sum of the noise caused by each aggressor, since, for
non-switching aggressors, V(i)¼V0in,i¼0.

3.2. Simultaneous capacitive and inductive coupling

When only one coupling effect exists (inductive or capacitive),
the total noise for any switching pattern is the sum of the noise
caused by each aggressor, as described in Section 3.1. In a multi-
line structure, capacitive noise will couple to the nearest neigh-
bors and inductive noise may couple among all of the lines
(Fig. 4c). Therefore, for a given victim, interactions with the
nearest aggressors will be both capacitive and inductive, and,
with the more distant lines, inductive noise will be the primary
source of coupling. However, the farther lines which are induc-
tively coupled to the victim are capacitively coupled to the
nearest neighbors. Coupling noise on these farther lines are
coupled to the far victim by the long range inductive effect. As a
result, the overall noise on the victim is also affected by the
capacitive coupling noise experienced by the far aggressor and
not just inductive coupling. Therefore, simultaneous capacitive
and inductive coupling in a multi-line system is not the sum of
the noise caused by each aggressor, which significantly increases
the complexity of the noise analysis and mitigation process in
these structures. To demonstrate the problem, an example three
line system is described in Section 3.2.1 and extended to a general
N coupled line case in Section 3.2.2. The conditions that allow the
noise sources to be summed despite the aforementioned phe-
nomenon are presented in Section 3.2.2.

3.2.1. Example—three coupled lines

To demonstrate this phenomenon, the behavior of three
different configurations, as illustrated in Fig. 5, is compared:
Three lines with capacitive coupling only, inductive coupling
only, and both capacitive and inductive coupling.

Line 1 is the victim and lines 2 and 3 are the aggressors.
For simplicity, identical lines with identical coupling are assumed,
i.e., R1¼R2¼R3, C1¼C2¼C3, L1¼L2¼L3, Xcap1¼Xcap2 and
M12¼M23¼M13. The coupling capacitance and mutual inductance
are chosen to maintain the additivity approximation, as described
ductive coupling only, and (c) both capacitive and inductive coupling.



V. Vishnyakov et al. / Microelectronics Journal 43 (2012) 235–243 239
in Section 2. Consider the noise on the victim (line 1) for three
different switching patterns, as listed in Table 1. In pattern ] 1,
only the nearest neighbor is switching and in patterns ] 2 and
] 3, both the nearest and the distant neighbors are switching. In
pattern ] 2, the lines switch in the same direction and in pattern
] 3, the lines switch in opposite directions. For the configuration
shown in Fig. 5a, the noise on the victim is approximately the
same for all three switching patterns since the effect of the distant
neighbor is negligible in the case of only capacitive coupling. For
the configurations shown in Fig. 5b, according to Section 3.1, the
total noise is the sum of the noise caused by each aggressor. Thus,
the noise on the victim in pattern ] 2 is twice the noise on the
victim in pattern ] 1. The noise on the victim of pattern ] 3 is zero
since aggressors ] 2 and ] 3 cancel.

For the configurations shown in Fig. 5c, based on the additivity
properties, the noise on the victim line is equal to the sum of the
noise caused by only capacitive coupling, as in the configuration
shown in Fig. 5a, and only inductive coupling, as in the config-
uration shown in Fig. 5b. However, as illustrated in Fig. 6, it is not
always the case due to capacitive coupling between distant lines.
For pattern ] 2 (Fig. 6a), the actual noise, as simulated in SPICE,
matches the noise calculated using the additivity properties. For
pattern ] 3 (Fig. 6b), the noise calculated using the additivity
properties is smaller than the actual noise as simulated in SPICE.
The reason for the different behavior is that for pattern ] 3 there is
capacitive coupling between lines 2 and 3, which does not exist in
pattern ] 2 due to same direction switching. The capacitive
coupling noise between lines 2 and 3 is coupled to the victim
line through the inductive effect and is added to the total noise.

Several conclusions can be derived from this example that are
generalized in the following section. In the case where both
capacitive and inductive coupling exists, the total noise cannot
always be expressed as the sum of the noise from each aggressor.
However, there are cases where this summation is possible; for
example, when the capacitive coupling is sufficiently small to be
neglected or the lines switch in the same direction.
3.2.2. General case—N coupled lines

Similar to the analysis described in Section 3.1, a lumped RLC
model represents a multi-line system in the case of simultaneous
Fig. 6. SPICE vs. additive noise waveform for the configuratio

Table 1
Switching patterns definition for three coupled lines.

Pattern ]1 Pattern ]2 Pattern ]3

Vin1 ‘0’ ‘0’ ‘0’

Vin2 ‘m’ ‘m’ ‘m’

Vin3 ‘0’ ‘m’ ‘k’
capacitive and inductive coupling, as shown in Eq. (3.2.1), where
Vin,i, Ri, Ci, Li, and Mij are defined in Section 3.1.

V 0in,i ¼ RinI0iþLinI00i þ
X
ia j

MijnIj
00
þ

1

Ci
nðIiþ Ii�1,i�Ii,iþ1Þ ð3:2:1Þ

The matrix representation of Eq. (3.2.1) is

Vin01XN ¼ ANXNnIin1XNþBðN�1ÞXNnIij1XðN�1Þ ð3:2:2Þ

where ANXN and B(N�1)XN are described by Eqs. (3.2.3) and (3.2.4)

ANXN ¼

1
C1
þR1n

d
dt þL1n

d2

dt2 � � � M1,jn
d2

dt2 � � � M1,Nn
d2

dt2

^ ^ ^ ^ ^

Mi,1n
d2

dt2 � � � 1
Ci
þRin

d
dt þLin

d2

dt2 � � � Mi,Nn
d2

dt2

^ ^ ^ ^ ^

MN,1n
d2

dt2 � � � MN,jn
d2

dt2 � � � 1
CN
þRNn

d
dt þLNn

d2

dt2

2
666666664

3
777777775
ð3:2:3Þ

BðN�1ÞXN ¼

1
C1
� � � 0 � � � 0

^ ^ ^ ^ ^

0 � � � 1
Ci
� 1

Ci
� � � 0

^ ^ ^ ^ ^

0 � � � 0 � � � 1
CN

2
66666664

3
77777775

ð3:2:4Þ

The current per line can be expressed as a function of the input
voltages (i.e., switching pattern) by inversing ANXN, as shown in
Eq. (3.2.5)

I1XN ¼ ANXN½ �
�1

nðVin01XNþBðN�1ÞXNnIij1XNÞ ð3:2:5Þ

From Eq. (3.2.5), observe that the solution for multiple switch-
ing aggressors is not the sum of the solution of each aggressor
switching by itself since the current of each line is dependent not
only on the input voltage, but also on the currents from the
coupling capacitors, as explained in Section 3.2.1. However, by
examining Eq. (3.2.5), note that there are cases where the total
noise can be expressed as the sum of the noise caused by each
aggressor, when B(N�1)XN approaches zero or 9A9b9B9. These
conditions translate to either weak capacitive coupling, same
direction switching, or strong inductive coupling, according to
Eqs. (3.2.3) and (3.2.4). These conditions correspond to the
conditions on the additivity of capacitive and inductive coupling,
as presented in Section 2
1.
n sh
LiEMij—strong inductive coupling case,

2.
 Cij5Ci—weak capacitive coupling,

3.
 same direction switching.
To determine the current within the lines, the same method as
described in Section 3.1 is applied. First, Eq. (3.2.2) is rewritten in
own in Fig. 5c for (a) pattern ] 2 and (b) pattern ] 3.
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the following form:

LijnI00 þRnI0 þC�1
nI¼ V ð3:2:6Þ

where Lij, R, C, and V are described, respectively, by Eqs. (3.2.7)–
(3.2.10)
Lij ¼

M1,1ð1þ
C12
C1
Þ�M2,1

C12
C1

� � � M1,jð1þ
C12
C1
Þ�M2,j

C12
C1

� � � M1,Nð1þ
C12
C1
Þ�M2,N

C12
C1

^ ^ ^ ^ ^

Mi,1ð1þ
Ci�1,iþCi,iþ 1

Ci
Þ�Mi�1,1

Ci�1,i

Ci
�Miþ1,1

Ciþ 1,i

Ci
� � � Mi,jð1þ

Ci�1,iþCi,iþ 1

Ci
Þ�Mi�1,j

Ci�1,i

Ci
�Miþ1,j

Ciþ 1,i

Ci
� � � Mi,Nð1þ

Ci�1,i þCi,iþ 1

Ci
Þ�Mi�1,N

Ci�1,i

Ci
�Miþ1,N

Ciþ 1,i

Ci

^ ^ ^ ^ ^

MN,1ð1þ
CN�1,N

CN
Þ�MN�1,1

CN�1,N

CN
� � � MN,jð1þ

CN�1,N

CN
Þ�MN�1,j

CN�1,N

CN
� � � MN,Nð1þ

CN�1,N

CN
Þ�MN�1,N

CN�1,N

CN

2
66666664

3
77777775

ð3:2:7Þ
R1ð1þ
C12
C1
Þ �R2

C12
C1

� � � � � � 0
2 3
R¼

^ ^ ^ ^ ^

0 �Ri�1
Ci�1,i

Ci
Rið1þ

Ci�1,iþCi,iþ 1

Ci
Þ �Riþ1

Ci,iþ 1

Ci
0

^ ^ ^ ^ ^

0 � � � 0 �RN�1
CN�1,N

CN
RNð1þ

CN�1,N

CN
Þ

66666664

77777775
ð3:2:8Þ

C ¼

1
C1
� � � 0 � � � 0

^ ^ ^ ^ ^

0 � � � 1
Ci
� � � 0

^ ^ ^ ^ ^

0 � � � 0 � � � 1
CN

2
66666664

3
77777775

ð3:2:9Þ

V ¼

V 0in,1ð1þ
C12
C1
Þ�V 0in,2

C12
C1

^

V 0in,ið1þ
Ci�1,iþCi,iþ 1

Ci
Þ�V 0in,i�1

Ci�1,i

Ci
�V 0in,iþ1

Ci,iþ 1

Ci

^

V 0in,Nð1þ
CN�1,N

CN
Þ�V 0in,N�1

CN�1,N

CN

2
66666664

3
77777775

ð3:2:10Þ

Expression (3.2.6) is a second order differential equation, where
the solution is presented in Eq. (3.2.11), y0 and y1 are determined
by the boundary conditions, and a, o0, and od are matrices
described, respectively, by Eqs. (3.2.12), (3.2.13), and (3.2.14).

IðtÞ ¼
VnCn 1�e�at a

ad
nsinhðadtÞþcoshðadtÞ

� �h i
toTr

e�at

ad
y1þy0a
� �

nsinhðadtÞþy0adcoshðadtÞ
� �

t4Tr

8<
:

9=
; ð3:2:11Þ

a¼ 0:5nRnL�1
ij ð3:2:12Þ

o0
2 ¼ L�1

ij C�1
ð3:2:13Þ

ad ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�o0

2
p

ð3:2:14Þ

From the form of Eq. (3.2.9) and vector V (see Eq. 3.2.10), note that
the noise on each line cannot be expressed as the sum of the noise
caused by each aggressor as in the purely inductive case.

Note that matrix ad can be either real, equal to zero, or
complex depending upon the line parameters. When ad is real,
Eq. (3.2.11) maintains the original form and this regime is
referred to as overdamped, where the transient response is a
decayed current without oscillation, similar to the waveform of
pattern ] 3 shown in Fig. 6b. The critically damped response
(ad¼0) represents the circuit response that decays in the fastest
possible time without oscillating. For complex values of ad, or the
underdamped regime, Eq. (3.2.11) includes sinusoidal functions
rather than hyperbolic functions and the waveform is in the form
of decaying oscillations, similar to the waveform of pattern
] 2 shown in Fig. 6a.
4. Modeling multi-aggressor noise

In Section 3, closed-form expressions, (3.2.11)–(3.2.14), for
modeling noise in capacitively and inductively coupled multi-line
structures are presented. These expressions, however, do not
provide physical intuition describing the noise sources (capacitive
or inductive, different aggressors). In this section, an alternative
model that enables decomposing the noise sources is presented,
permitting the noise in coupled multi-line systems to be estimated.

In previous sections, the conditions that express the total noise
as a sum of the noise caused by each aggressor and each coupling
effect (capacitive and inductive) are presented. In the case of
strong inductive coupling (LiEMij), weak capacitive coupling
(Cij5Ci), or same direction switching, it is possible to express
the noise of a victim as a sum of the noise caused by each
aggressor. The regime that satisfies these conditions is referred to
here as the ‘‘Linear Regime’’. If none of these conditions is
satisfied, the regime is referred to here as the ‘‘Non-Linear
Regime’’, and the additivity approximation cannot be made. In
the multi-line scenario, where the primary concern is the long
range inductive coupling effect, the linear regime is also the worst
case noise scenario.

Vnoise is the peak total noise of the victim and Vnoise(aggressori)
is the peak noise of the victim caused by aggressor i. In the linear
regime, the total noise is

Vnoise ¼
XN

i ¼ 1

VnoiseðaggressoriÞ ð4:1Þ

For adjacent aggressors, the noise is caused by both capacitive
coupling (Vnoise,xcap) and inductive coupling (Vnoise,M). For distant
aggressors, the noise is caused primarily by inductive coupling.
The noise caused by capacitive coupling from non-adjacent
aggressors is small and is assumed to be negligible to maintain
the simplicity of the model and analysis process. Thus, Eq. (4.1)
can be rewritten as

Vnoise ¼
XN�1

i ¼ 1

Vnoise,MðaggressoriÞþ
X2

j ¼ 1

Vnoise,xcapðaggressorjÞ ð4:2Þ

To validate this model, the noise, as calculated from Eq. (4.2)
using additivity, is compared to the noise as simulated by SPICE
for a variety of switching patterns and circuit parameters within
an eight line structure. As listed in Table 2, the noise exhibits a
maximum error of 9% as compared to SPICE.

By analyzing the range of error of the different experiments
listed in Table 2, it can be seen that for stronger inductive
coupling as compared to capacitive coupling, the smaller is the
error. For any switching pattern and linearity condition, the
error decreases with increasing inductive coupling coefficient
K (experiments 1 vs. 2 and 4 vs. 5 in Table 2). A decrease in the
ratio of coupling capacitance vs. self-capacitance (Xcap/Cline)
lowers the error (experiments 5 vs. 6, 12 vs. 13, and 25 vs. 26
in Table 2). The resistance satisfies the first linearity condition
(low loss approximation)—the larger the resistance, the smaller
the error due to suppression of ringing (experiment 14 vs. 15 in



Fig. 7. Line parameters as a function of line width and spacing: (a) resistance as a function of line width and spacing, (b) self-capacitance and cross-capacitance as a

function of line width and spacing, and (c) self-inductance and mutual inductance as a function of line width and spacing.

Table 2
Model verification for the linear regime.

Linearity condition Circuit parameters Noise peak for line ] 1

Exp.] Switching pattern Rline [O] Cline [pF] Xcap [pF] K Exact (Spice) [V] Using additivity [V] Error [%]

Strong inductive coupling 1 00R0R0RR 60 0.1 0.15 0.9 0.324 0.325 �0.04

2 00R0R0RR 60 0.1 0.15 0.5 0.277 0.282 1.70

3 00R0R0RR 120 0.2 0.15 0.5 0.120 0.121 �1.25

4 100FRF0R 60 0.1 0.15 0.5 1.019 1.002 1.74

5 100FRF0R 60 0.1 0.15 0.9 1.007 1.001 0.61

6 100FRF0R 60 0.2 0.15 0.9 1.003 1.000 0.31

7 110FR000 60 0.1 0.15 0.5 1.017 1.006 1.10

8 110FR000 120 0.2 0.15 0.5 1.004 1.003 0.01

9 RRFFR000 60 0.1 0.15 0.9 1.106 1.109 �0.20

10 RRFFR000 60 0.1 0.15 0.5 1.154 1.177 �1.92

Weak capacitive coupling 11 00R0R0RR 60 0.1 0 0.3 0.281 0.281 0.05

12 00R0R0RR 60 0.1 0.15 0.3 0.225 0.236 �4.72

13 00R0R0RR 60 0.2 0.15 0.3 0.196 0.197 �0.56

14 100FRF0R 60 0.2 0.05 0.3 1.002 1.000 0.22

15 100FRF0R 120 0.2 0.05 0.3 1.001 1.001 0.01

16 110FR000 60 0.1 0 0.5 1.000 1.000 0.00

17 110FR000 60 0.2 0.05 0.3 1.002 1.000 0.21

18 RRFFR000 60 0.1 0 0.3 1.155 1.155 �0.02

19 RRFFR000 120 0.2 0.05 0.3 1.026 1.050 �2.41

Same direction switching 20 RRRRRRRR 60 0.1 0.15 0.9 1.668 1.673 �0.26

21 RRRRRRRR 60 0.1 0.15 0.5 1.586 1.657 �4.44

22 RRRRRRRR 120 0.2 0.15 0.5 1.243 1.292 �3.96

23 FFFFFFFF 60 0.1 0.15 0.9 �0.668 �0.673 �0.65

24 FFFFFFFF 60 0.2 0.15 0.9 �0.591 �0.594 �0.37

25 RRRRRRRR 60 0.1 0.15 0.3 1.511 1.636 �8.26

26 RRRRRRRR 60 0.2 0.15 0.3 1.431 1.502 �5.01

Pattern: R—switching ‘0’-‘1’; F—switching‘1’-‘0’; 0/1—constant ‘0’ or ‘1’.

Rline, Cline, Xcap—Line resistance, line capacitance, and coupling capacitance.

K—Inductive coupling coefficient Li/Lij.
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Table 2). These observations are in agreement with the definition
of the linearity conditions.
5. Application to noise mitigation through layout
optimization

The model presented in Section 4 can be used to evaluate the
criticality of each noise source (capacitive vs. inductive, noise
caused by different aggressors), permitting the most effective
noise mitigation method to be applied. In this section, analysis of
the dependence of the noise on the physical layout parameters is
presented, followed by a formulation of layout based mitigation
guidelines. The noise mitigation guidelines are demonstrated on a
case study using the model described in Section 4.
5.1. Dependence of coupling noise on layout parameters

The topology of global and semi-global interconnects is gen-
erally determined by floorplan constraints. Consequently, the
primary noise mitigation techniques, in addition to shield lines,
modify layout properties such as the line width and spacing
between adjacent lines. Capacitive and inductive coupling noise
typically exhibits different and sometimes contradictory layout
dependencies [13,14], which directly affect the noise mitigation
techniques for capacitive coupling, inductive coupling, and simul-
taneous capacitive and inductive coupling. To better understand
the dependence of each coupling effect on the layout parameters,
the line parameters as a function of line width and spacing are
examined, as illustrated in Fig. 7, based on closed-form expres-
sions for the line resistance, capacitance, and inductance [11,12].



Table 3
Noise breakdown for a typical 8 bit bus.

Aggressor Noise

2 0.092 V

4 0.098 V

6 0.104 V

8 0.104 V

All (using additivity) 0.398 V

All (exact-SPICE) 0.372 V

Switching pattern: 0R0R0R0R, R—switching ‘0’-‘1’; 0—constant ‘0’.

Line parameters: length¼1000 mm, width¼0.79 mm, space¼0.394 mm.

Extracted circuit parameters: resistance 57.26 O, line capacitance 76.2 fF,

coupling capacitance 55.6 fF, and inductive coupling coefficient K between

0.6 and 0.85.
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The criticality of the capacitive coupling is determined by the
ratio of the coupling and self-capacitance, where an increase in
the ratio results in increased capacitive coupling noise [15]. The
maximum ratio occurs for narrow and close lines (see Fig. 7b). For
inductive coupling, the noise peak is determined by the ratio of
the mutual and self-inductance. Since the sensitivity of the
mutual inductance to the line width and spacing is low, this ratio
remains approximately constant over a wide range of layout
configurations (see Fig. 7c). However, the line resistance, which
exhibits high sensitivity to the line width (see Fig. 7a), has a
substantial effect on the noise caused by coupling effects, where
an increase in the resistance results in a lower peak noise.

To analyze the dependence of the coupling noise on layout
parameters, the analytic solution (without the additivity approx-
imation), as described in Eq. (3.2.11), is combined with the
closed-form expressions of the line resistance, capacitance, and
inductance [12] for a two line coupled system. Inductive and
capacitive coupling noise as a function of line width and spacing
is illustrated in Fig. 8. Note that the capacitive coupling noise is
affected by both the line width and spacing due to the effect of
the line width on the self-capacitance, while inductive coupling
noise is primarily dependent on the line width due to the strong
dependence on the line resistance.

To reduce capacitive coupling noise, increasing either or both
the space or the line width is effective [16,17]. Spacing the lines
results in lower coupling capacitance and widening the lines
increases the self-capacitance which decreases the noise. Both
techniques are similarly effective, as shown in Fig. 8a, however
note that both spacing and widening are effective only over a
limited range. For lines wider than twice the minimum width and
farther than twice the minimum space, neither technique reduces
the noise. To mitigate inductive coupling, narrow lines are more
effective. This result is expected since increasing the space
between the lines decreases the coupling capacitance and has
little effect on the mutual inductance; thus, this method is only
effective for mitigating capacitive coupling noise. Widening the
lines, however, reduces the line resistance, increases the self-
capacitance of the line, and has a small effect on the inductance.
As a result, there is a contradictory effect on the capacitive and
inductive coupling noise. Inductive coupling noise will increase
due to a decrease in the line resistance, while capacitive coupling
noise will decrease due to an increase in the line self-capacitance.
The implication is that in the presence of simultaneous inductive
and capacitive coupling, the appropriate noise mitigation method
should be chosen based on the criticality of the coupling effect as
well as timing and power constraints. If capacitive coupling is
more critical, increasing the space between the lines should be
considered. Widening the lines should be considered only if the
inductive coupling is negligible, since while the capacitive cou-
pling noise will decrease, the inductive coupling noise will
increase. However, if inductive coupling is dominant, increasing
Fig. 8. Coupling noise as a function of line width and spacing: (a) peak noise
the space between the lines will have a negligible effect on the
noise and the lines should be made more narrow [14]. Dominant
capacitive coupling is expected between narrow and close lines
since the small distance between the lines increases the coupling
capacitance, and a narrow width results in high resistivity which
decreases the inductive effects. Due to the strong dependence of
the line resistance and inductive effects on the width, for wide,
low resistance lines, inductive coupling is expected to dominate.
5.2. Case study

To demonstrate the model described in Section 4 for noise
analysis and mitigation, a bus composed of eight parallel lines in a
32 nm CMOS process [11] is examined. The layout parameters are
chosen to coincide with the linear regime, thus the model
proposed in the previous section can be applied. The noise on
line 3 of an eight bit wide bus caused by each aggressor as well as
the interconnect impedances are listed in Table 3, where line 3 is
a quiet victim and four different switching neighbors (lines 2, 4, 6,
and 8) are aggressors. Based on Eq. (4.2), the peak noise of the
victim line is

Vnoiseðline#3Þ ¼
X

i ¼ 2,4,6,8

Vnoise,MðaggressoriÞþ
X

j ¼ 2,4

Vnoise,xcapðaggressorjÞ

ð5:1Þ

Note the contribution of each aggressor to the total noise is
almost identical. Inductive effects are therefore more dominant
than capacitive coupling and nearest neighbors are not more
dangerous than a distant aggressor. In addition, long range
inductive coupling cannot be neglected for any bit within a bus.
The most effective noise mitigation technique is to not increase
the space between the lines, but rather the lines should be made
more narrow to increase the line resistance and, as a result,
decrease the peak noise.
due to capacitive coupling, and (b) peak noise due to inductive coupling.



V. Vishnyakov et al. / Microelectronics Journal 43 (2012) 235–243 243
6. Conclusions

A method based on modeling the additive properties of
capacitive and inductive coupling noise is proposed for analyzing
multiple lines systems in the presence of simultaneous inductive
and capacitive coupling. The method can be used to estimate the
criticality of each noise source. It is shown that capacitive and
inductive coupling noise is not always additive and that although
each of the coupling effects can be modeled as the sum of the
noise caused by each aggressor, when both effects exist this
approach is not always accurate. The conditions that allow
expressing the total noise as the sum of the noise caused by each
aggressor and noise source are based on an analysis of a multiple
line system. These conditions coincide with the critical noise
scenarios of a multi-line structure in the presence of simulta-
neous inductive and capacitive coupling. The analytic method is
compared to SPICE and a maximum error of 9% is demonstrated
for a variety of switching patterns and circuit parameters. Layout
guidelines are provided for reducing noise in coupled RLC inter-
connects and, together with the proposed models, noise reduction
in multi-line structures is demonstrated.
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