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Abstract— In this paper, we propose a metric for effective in-

ductive coupling: the matrix (R+ jωL)�1, whereR and L are the

resistance and inductance matrices. We use this metric to analyze

the effectiveness of shields on reducing inductive coupling. Our

analysis shows how the resistances of shields affect the effective

inductive coupling between signal nets. SPICE simulations are

carried out to validate the proposed metric.

I. I NTRODUCTION

Continued scaling of semiconductor technology has brought

the issues of signal integrity to the forefront. Most existing

studies focused on crosstalk due to capacitive coupling. At

multi-gigahertz frequency range, the inductive effect cannot be

ignored. This paper concentrates on the inductive coupling of

on-chip interconnects.

It is known that the capacitive coupling is short-range.

Within one layer, only the capacitive coupling from the nearest

neighbors has to be considered. On the other hand, inductive

coupling has a longer range effect. It is not enough to con-

sider only the nearest neighbors for inductive coupling. For

this reason, it is harder to analyze the inductive coupling for

interconnect design. Moreover, controlling the inductive cou-

pling is more difficult than controlling the capacitive coupling.

Quiet signals, especially the dedicated shields can reduce

the effective inductive coupling to some extent. In high perfor-

mance microprocessors, a great number of shields are inserted

to control the coupled noises [4, 6]. In [7], 2� mutual induc-

tance screening rules are proposed. The potential victims of an

inductive aggressor are those nearest neighboring wires whose

total width is equal to or less than twice the width of the ag-

gressor.

Many of the existing studies that dealt with on-chip induc-

tive effects focused on the modeling and extraction of on-chip
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interconnect inductance. In [9], loop inductance was calcu-

lated in terms of partial inductances defined for wire segments.

The Partial Element Equivalent Circuit (PEEC) model was

widely used to analyze on-chip inductance [8, 3]. Unlike the

capacitance matrix, the inductance matrix is dense. Analyzing

inductive coupling with the inductance matrix directly is not

practical. In [2], the locality property ofL�1, whereL is the

inductance matrix, is demonstrated and is used for inductance

simulation. L�1 has properties similar to those of the capac-

itance matrix, and it facilitates the analysis of the inductance

effects. However, the locality property ofL�1 does not ade-

quately explain the long range effect of inductive coupling.

In this paper, we show that the resistances of the intercon-

nects also play an important role in determining the long range

effective inductive coupling. We propose a new metric for ef-

fective inductive coupling: the matrix(R+ jωL)�1, whereR

andL are the resistance and inductance matrices. Our analysis

of this metric on shield structure shows how the resistances of

shields play a crucial role in shielding the inductive coupling

between signal nets.

II. A M ETRIC FOREFFECTIVE INDUCTIVE COUPLING

Consider two signalsi and j in a bus. To quantify the in-

ductive noise induced on signali because of the switching in

signal j, it is not enough to consider onlyLi j
dIj
dt , because the

switching in aggressorj also induces currents in the remaining

nets (including the victimi). Those induced currents will also

contribute to the noise in the victimi. For example, the induced

currents in the shields (if present) may greatly cancel the noise

in the victim. This is captured by the following equation:

Vi = RiIi +∑
k

Lik
dIk
dt

; (1)

whereRi is the resistance of signali, Lik is the partial mutual

inductance between neti andk andIk is the current in netk.



To obtain the inductive noiseVi, we have to know all the in-

duced currents. This is captured by the following linear matrix

equation:

V = RI+L
dI
dt

; (2)

whereV, I are the voltage and current vectors, respectively;

R andL are the resistance and (partial) inductance matrices,

respectively. Rewriting Eqn.( 2) in the frequency domain,

V = (R+ jωL)I : (3)

For the analysis of how the resistances of wires affect effec-

tive inductive coupling, we rewrite Eqn. (3) as

I = (R+ jωL)�1V; (4)

and define

Y = G+ jK = (R+ jωL)�1: (5)

We shall analyze matrixY, or equivalently, matricesG andK

for inductive coupling. The physical meaning ofYi j is the im-

pact of the switching of the aggressorj on the current in the

victim i; the larger the magnitude, the stronger the inductive

coupling.

To write G andK in terms ofR andL, we define

Ł = ωL: (6)

From Eqn. (5), we have

(G+ jK)(R+ jŁ) = I : (7)

Solving the preceding equation gives

K = � (RŁ�1R+Ł)�1 (8)

and

G = �KRŁ�1: (9)

Note that matrixK defined in this paper is different from the

“K” matrix in [2, 1], where “K” is defined asL�1. Here, both

G andK are some combinations ofR andL. [2] demonstrates

the locality ofL�1 and usesL�1 in the simulation. By itself,

however,L�1 is not a good metric for effective inductive cou-

pling, because it does not consider the effect of resistances. In

this study, we combineL�1 and resistanceR, and propose a

new metric for effective inductive coupling:(R+ jωL)�1.

In the following section, we shall use this metric to study the

effectiveness of the shields on reducing the effective inductive

coupling.

III. A NALYSIS EXAMPLES

It is known that low resistance shields is preferred to re-

duce effective inductive coupling. The smaller the shield re-

sistances, the better the shielding effect. In this section we

use the proposed(R+ jωL)�1 to explain why low resistance

shields work better in bus structures. The locality ofL�1 [2] is

utilized in this analysis.

A. Theoretical Analysis

We begin with a simple structure with only two signals sep-

arated by one shield. For clarity of presentation, we ignore the

skin effect and proximity effect. The impedance matrix of the

structure is

Z =

2
64

Rs+ jωLs jωMsg jωMss

jωMsg Rg+ jωLg jωMsg

jωMss jωMsg Rs+ jωLs

3
75 ;

whereRs and Ls are respectively the resistance and (partial)

self inductance of the signal wires;Rg andLg are respectively

the resistance and (partial) self inductance of the shield;Msg

and Mss are respectively the (partial) mutual inductance be-

tween a signal wire and the shield, and that between the two

signals. We have,

Y13=Y31= (ω2(LgMss�M2
sg)� jωMssRg) = jZj; (10)

and

L13= L31= (M2
sg�LgMss) = jLj: (11)

If L�1 is tridiagonal, we haveL13= L31= 0. Thus,

LgMss�M2
sg= 0: (12)

If we have a perfect shield, i.e.,Rg=0, then

Y13=Y31= 0: (13)

Therefore, there will be no coupling between the two signals.

However, if we have perfect signal wires, i.e.,Rs=0, but a re-

sistive shield, i.e.,Rg 6=0, the two signals will be coupled.

Now, we shall extend our analysis to consider a general

shielded structure.

Observation 1 if L�1 is tridiagonal, and two signals are sep-

arated by one perfect shield, there will be no effective inductive

coupling between these two signals.

First, we consider the fully shielded structures, in which a

P/G shield is inserted between every pair of neighboring sig-

nals as shown in Figure 1. This is also known as the dense
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Fig. 1. A fully shielded structure with seven wires: three signal nets and four
shields (P/G).

wiring fabric proposed in [5]. We assume that the even wires

are shields and the odd wires are signal nets. We define:

ζ = Ł�1 (14)

SinceL�1 (and hence, Ł�1) has locality, for simplicity, we as-

sume thatζ is a tridiagonal matrix.

We can rewrite Eqn. (8) as:

K = �(RζR+ζ�1)�1

= �ζ(RζRζ+ I)�1: (15)

Suppose the shields are perfect, i.e., they have no resis-

tances, thenR is diagonal and the even entries in the diagonal

are zeros:

R=

2
6666666664

R1

0

R3

0
...

Rn

3
7777777775

:

As ζ is tridiagonal,Rζ is tridiagonal with zero even rows.

Hence,RζRζ = (Rζ)2 has the same format:

RζRζ =

2
6666666664

? ?

0 0 0

? ? ?

0 0 0
...

? ?

3
7777777775

;

where each? denotes a non-zero entry. Hence,

RζRζ+ I =

2
6666666664

? ?

1

? ? ?

1
...

? ?

3
7777777775

:

It is straightforward to prove that(RζRζ+ I)�1 has the same

format asRζRζ+ I :

(RζRζ+ I)�1 =

2
6666666664

? ?

1

? ? ?

1
...

? ?

3
7777777775

:

Now, from Eqn 15,

K =

2
6666666664

? ?

? ? ?

? ? ?

? ? ?
. . .

? ?

3
7777777775

2
6666666664

? ?

1

? ? ?

1
...

? ?

3
7777777775

:

It is trivial to verify that for oddi, j andi 6= j:

Ki j = 0; Gi j = 0:

Thus, there is no effective inductive coupling between any pair

of signals. (Similar conclusion can be reached if the odd wires

are shields.) However, the remaining entries ofK andG may

be quite significant. That implies that the coupling between a

signal net and a shield (even if they are not adjacent) or the

coupling between two shields can be quite strong. However,

that should not be of concern as the voltage of shield is al-

most fixed all the time. It also implies that if the perfect wires

are signal nets instead of shields, the signal nets would still be

strongly coupled. It is also important to note that we cannot

achieve effective inductive shielding by increasing the separa-

tions between wires alone, as that does not affect theRmatrix.

For a more general structure that has several signals between

two shields (as illustrated in Figure 2), we can also prove, using

similar steps, thatGi j andKi j are both zero if two signalsi and

j are separated by at least one shield.

In general, if theL�1 is not tridiagonal but has a bandwidth



P/G sig sig P/G sigsig sig sig P/G

Fig. 2. A shielded structure with nine wires: three shields (P/G) nets and six
signals.

of 2b+1, we have the following observation:

Observation 2 if the bandwidth of the L�1 is 2b+1, and two

signals are separated by b perfect shields, there will be no ef-

fective inductive coupling between these two signals.

B. Numerical Analysis

The conclusion that we can drawn from the preceding anal-

ysis is that perfect shields can provide very good inductive

shielding. For the current technology, however, perfect shields

do not exist. Thus, a common approach is to use wide shields

to reduce the shield resistance. Although the shields are not

perfect andL�1 is not strictly banded, we can still perform a

similar analysis, albeit a more elaborate one, to show that ef-

fective inductive coupling can still be significantly reduced by

using wider shields. We skip the details of the more general

analysis in this paper, and instead present some numerical re-

sults to justify the claim. Skin effects and proximity effects are

considered in these numerical analysis.

Consider a fully shielded bus structure with seven parallel

uniform wires (Figure 1). The cross section and length of each

wire are 0:5µm�1µm and 100µm, respectively. The separa-

tion between adjacent wires is 0:5µm. The cross sections of

the wires are meshed in order to capture the skin effect and

proximity effect. At a frequency of 1GHz,

G = 2:7e�01�2
66666664

1:00 �0:08 �0:07 �0:07 �0:07 �0:06 �0:06
�0:08 0:99 �0:08 �0:08 �0:07 �0:07 �0:06
�0:07 �0:08 0:99 �0:08 �0:08 �0:07 �0:07
�0:07 �0:08 �0:08 0:99 �0:08 �0:08 �0:07
�0:07 �0:07 �0:08 �0:08 0:99 �0:08 �0:07
�0:06 �0:07 �0:07 �0:08 �0:08 0:99 �0:08
�0:06 �0:06 �0:07 �0:07 �0:07 �0:08 1:00

3
77777775

;

K = �4:0e�02�2
66666664

1:00 0:67 0:49 0:38 0:32 0:28 0:27
0:67 0:94 0:62 0:45 0:36 0:31 0:28
0:49 0:62 0:91 0:60 0:44 0:36 0:32
0:38 0:45 0:60 0:89 0:60 0:45 0:38
0:32 0:36 0:44 0:60 0:91 0:62 0:49
0:28 0:31 0:36 0:45 0:62 0:94 0:67
0:27 0:28 0:32 0:38 0:49 0:67 1:00

3
77777775

:

In the above two matrices, the odd columns and rows are re-

lated to shields. The remaining entries, which are in boldface,

capture the coupling among signals. We can see that the cou-

pling between the signals is significant. Now, we increase the

the widths of those shields to 1:5µm. We have

G = 7:01e�01�2
66666664

1:00 �0:07 �0:20 �0:06 �0:16 �0:05 �0:13
�0:07 0:39 �0:07 �0:02 �0:06 �0:02 �0:05
�0:20 �0:07 1:00 �0:07 �0:20 �0:06 �0:16
�0:06 �0:02 �0:07 0:39 �0:07 �0:02 �0:06
�0:16 �0:06 �0:20 �0:07 1:00 �0:07 �0:20
�0:05 �0:02 �0:06 �0:02 �0:07 0:39 �0:07
�0:13 �0:05 �0:16 �0:06 �0:20 �0:07 1:00

3
77777775

;

K = �2:29e�01�2
66666664

1:00 0:19 0:26 0:04 0:04 0:01 0:01
0:19 0:12 0:16 0:02 0:03 0:00 0:01
0:26 0:16 0:82 0:15 0:18 0:03 0:04
0:04 0:02 0:15 0:12 0:15 0:02 0:04
0:04 0:03 0:18 0:15 0:82 0:16 0:26
0:01 0:00 0:03 0:02 0:16 0:12 0:19
0:01 0:01 0:04 0:04 0:26 0:19 1:00

3
77777775

:

It is clear that the coupling between the signals is very weak.

In other words, widening the shields can achieve effective in-

ductive shielding. It is also evident that the coupling between

signals and shields and between shields is still very strong.

Next, we consider a more general structure with three sig-

nals between two shields, as illustrated in Figure 2. We want

to show that if the shields are properly sized, there will be min-

imal effective inductive coupling between signals separated

by one or more shields. For shield width, signal width, wire

separation, wire thickness, and wire length of 0:5µm, 0:5µm,

0:5µm, 1:0µm, and 100µm, respectively, theG andK matrices

at 1GHz are

G = 2:71e�01�2
666666666664

1:00 �0:07 �0:07 �0:07 �0:06 �0:06 �0:06 �0:05 �0:05
�0:07 0:99 �0:08 �0:07 �0:07 �0:06 �0:06 �0:06 �0:05
�0:07 �0:08 0:99 �0:08 �0:07 �0:07 �0:07 �0:06 �0:06
�0:07 �0:07 �0:08 0:99 �0:08 �0:07 �0:07 �0:06 �0:06
�0:06 �0:07 �0:07 �0:08 0:99 �0:08 �0:07 �0:07 �0:06
�0:06 �0:06 �0:07 �0:07 �0:08 0:99 �0:08 �0:07 �0:07
�0:06 �0:06 �0:07 �0:07 �0:07 �0:08 0:99 �0:08 �0:07
�0:05 �0:06 �0:06 �0:06 �0:07 �0:07 �0:08 0:99 �0:07
�0:05 �0:05 �0:06 �0:06 �0:06 �0:07 �0:07 �0:07 1:00

3
777777777775

;

K = �3:83e�02�2
666666666664

1:00 0:65 0:46 0:35 0:27 0:22 0:19 0:17 0:17
0:65 0:93 0:60 0:41 0:31 0:24 0:20 0:18 0:17
0:46 0:60 0:89 0:56 0:39 0:29 0:23 0:20 0:19
0:35 0:41 0:56 0:87 0:55 0:38 0:29 0:24 0:22
0:27 0:31 0:39 0:55 0:86 0:55 0:39 0:31 0:27
0:22 0:24 0:29 0:38 0:55 0:87 0:56 0:41 0:35
0:19 0:20 0:23 0:29 0:39 0:56 0:89 0:60 0:46
0:17 0:18 0:20 0:24 0:31 0:41 0:60 0:93 0:65
0:17 0:17 0:19 0:22 0:27 0:35 0:46 0:65 1:00

3
777777777775

:

It is evident that the coupling between the two group of sig-

nals separated by the central shield, which are shown in bold-



face, is quite significant. If the shield width is increased to

1:5µm, the matrices become

G = 6:98e�01�2
666666666664

1:00 �0:08 �0:07 �0:06 �0:17 �0:05 �0:05 �0:05 �0:13
�0:08 0:39 �0:03 �0:02 �0:06 �0:02 �0:02 �0:02 �0:05
�0:07 �0:03 0:39 �0:03 �0:07 �0:02 �0:02 �0:02 �0:05
�0:06 �0:02 �0:03 0:39 �0:07 �0:02 �0:02 �0:02 �0:05
�0:17 �0:06 �0:07 �0:07 1:00 �0:07 �0:07 �0:06 �0:17
�0:05 �0:02 �0:02 �0:02 �0:07 0:39 �0:03 �0:02 �0:06
�0:05 �0:02 �0:02 �0:02 �0:07 �0:03 0:39 �0:03 �0:07
�0:05 �0:02 �0:02 �0:02 �0:06 �0:02 �0:03 0:39 �0:08
�0:13 �0:05 �0:05 �0:05 �0:17 �0:06 �0:07 �0:08 1:00

3
777777777775

;

K = �2:34e�01�2
666666666664

1:00 0:19 0:12 0:08 0:10 0:02 0:01 0:00 0:00
0:19 0:13 0:07 0:04 0:06 0:01 0:01 0:00 0:00
0:12 0:07 0:12 0:07 0:09 0:02 0:01 0:01 0:01
0:08 0:04 0:07 0:12 0:15 0:02 0:02 0:01 0:02
0:10 0:06 0:09 0:15 0:81 0:15 0:09 0:06 0:10
0:02 0:01 0:02 0:02 0:15 0:12 0:07 0:04 0:08
0:01 0:01 0:01 0:02 0:09 0:07 0:12 0:07 0:12
0:00 0:00 0:01 0:01 0:06 0:04 0:07 0:13 0:19
0:00 0:00 0:01 0:02 0:10 0:08 0:12 0:19 1:00

3
777777777775

:

Now, the coupling between the two groups becomes much

weaker, although the coupling within one group of signals is

still quite significant.

Usually long signal busses should be divided into many seg-

ments in order to capture the distributive nature of intercon-

nects. In the above example, we consider only one group of

aligned segments in a bus structure for clarity of presentation.

If all the segments are considered together, we can still obtain

similar results and draw the same conclusion.

IV. VALIDATION

In this section, SPICE simulations are carried out to vali-

date the matrix(R+ jωL)�1 as a metric for effective inductive

coupling. We consider a fully shielded structure with 15 sig-

nals and 16 shields. In this structure, odd wires are shields and

even wires are signals. We consider two cases: First, we con-

sider the case where the shields are perfect (zero resistance)

andL�1 is tridiagonal. We refer to it as the ideal case. Second,

we consider the case where RLC parasitics are extracted from

real circuits and refer to it as the realistic case.

In the bus structure, all the signal wires are 2mm long and

1µm thick, representing typical top level interconnects. To cap-

ture the distributive nature of interconnects, we divide each

wire into many segments along the length. PEEC model is

used in the simulations. All the drivers are 160� of the min-

imum inverter in a representative 0:18µm CMOS technology

with 1:5V Vdd, and the receivers are 40� of the minimum in-

verter. The input signal frequency is 2GHz. The ramp is 1=10

of the signal period.

The central signal (the 8th signal) is set to be the victim net

as it is most strongly coupled to all other signal nets. To ob-

tain the maximum noise, we keep the victim signal quiet and

switch all other signals in the same direction. As the signal nets

are not capacitively coupled to each other in a fully shielded

structure, it is the inductive coupling between signals that con-

tributes to the noise in the victim net.

A. The Ideal Case

In the preceding section, we show that when shield resis-

tances are zero andL�1 is tridiagonal, the effective inductive

coupling between signals is zero. It means that the signals in

such an ideal fully shielded structure will not affect each other

and there is no inductive noise at all.

We set up such an ideal circuit from a real circuit: The orig-

inal L�1 matrix is truncated to make it tridiagonal, and then

inverted back to get a newL matrix. The newL matrix is used

in the HSPICE simulation.

The simulation results show that coupling noise is 1:2�

10�6V, which are purely due to numerical errors.

Although this is not a practical example, it is very interest-

ing: there are mutual inductances between all the signals, but

there is no effective inductive coupling! One might be tempted

to conclude that the zero effective inductive coupling is al-

ready suggested by the tridiagonal property ofL�1. However,

in this example, if we use realistic resistances for shields in-

stead, SPICE shows a noise of 0:11V. In other words, theL�1

matrix does not reflect the effective inductive coupling but the

(R+ jωL)�1 matrix does.

B. The Realistic Case

In this case, we extract the RLC parasitics from realis-

tic circuits. We study the effects of shield width on signal

noise by varying the shield widths while keeping the spac-

ing and signal width fixed at 0:5µm. Four shield widths

are considered: 0:5µm, 1:0µm, 1:5µm, and 2:0µm. We de-

fine the pitch of the fully shielded structure as the center-to-

center distance of two neighboring signals. That is,Pitch=

Widthsignal+Widthshield+ 2�Separation. The curve labeled

``Wide Shield'' in Figure 3 corresponds to the maximum

noise levels that the victim signal experiences at different

shield widths. In that figure, the maximum noise levels are

plotted at different pitches. As expected, the maximum noise

level decreases from 0:28V to 0:06V as the shield width in-

creases.

Next, we consider the effect of separation on effective induc-

tive coupling. Metric(R+ jωL)�1 shows that the separation
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has little effect. To validate that, we consider a bus structure

that is similar to the previous one but with fixed shield width

(0:5µm). The signal width is also fixed at 0:5µm. Here, we

use four separations between wires such that the pitches match

those of the previous bus structure. The curves labeled``Wide

Spacing'' in Figure 3 shows the maximum noise levels of the

victim signal at different wire separations. We can observe that

the maximum noise level reduces little as separation increases.

In the preceding section, theG andK matrices show that if

the signal resistance is relatively lower than that of the shields,

the effective inductive coupling between the signals will be

strong. Another set of SPICE simulations is carried out to

verify that. The shield width and wire separation are fixed

at 0:5µm, while three signal widths are considered: 0:5µm,

1:0µm, and 1:5µm. In other words, the signal pitches used

in this experiment match those in the earlier two experiments.

The results are shown in the curves labeled``Wide Signal''

in Figure 3. As expected, the noise increases as the signal

width increases.

These SPICE simulations validate that(R+ jωL)�1 is a use-

ful metric for effective inductive coupling.

V. CONCLUSION

In this paper, we study the effective inductive coupling prob-

lem. We propose to use matrix(R+ jωL)�1 as a metric for

effective inductive coupling. We use this metric to analyze

the effective inductive coupling of shielded structure and show

how the resistances of the shields plays a role in the effective-

ness of the shields. HSPICE simulations validate these analy-

sis.
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