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Abstract— In this paper, we propose a metric for effective in-  interconnect inductance. In [9], loop inductance was calcu-
ductive coupling: the matrix (R+ jwL)™ %, whereRand L are the  lated in terms of partial inductances defined for wire segments.
resistance and inductance matrices. We use this metric to analyze The Partial Element Equivalent Circuit (PEEC) model was
the effectiveness of shields on reducing inductive coupling. Our widely used to analyze on-chip inductance [8, 3]. Unlike the
analysis shows how the resistances of shields affect the effectivecapacitance matrix, the inductance matrix is dense. Analyzing
inductive coupling between signal nets. SPICE simulations are inductive coupling with the inductance matrix directly is not
carried out to validate the proposed metric. practical. In [2], the locality property df ~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
Continued scaling of semiconductor technology has broughects. However, the locality property bf ! does not ade-

the issues of signal integrity to the forefront. Most existingwatmy explain the long range effect of inductive coupling.
studies focused on crosstalk due to capacitive coupling. At |, this paper, we show that the resistances of the intercon-
multi-gigahertz frequency range, the inductive effect cannot Rgscis also play an important role in determining the long range
ignored. This paper concentrates on the inductive coupling gffective inductive coupling. We propose a new metric for ef-
on-chip interconnects. fective inductive coupling: the matrigR+ jwL)~%, whereR

It is known that the capacitive coupling is short-rangeang| are the resistance and inductance matrices. Our analysis
Within one layer, only the capacitive coupling from the nearesj this metric on shield structure shows how the resistances of

neighbors has to be considered. On the other hand, inductiygie|ds play a crucial role in shielding the inductive coupling
coupling has a longer range effect. It is not enough to Cofyatween signal nets.

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. consider two signalsand j in a bus. To quantify the in-

Quiet signals, especially the dedicated shields can reduggctive noise induced on signiabecause of the switching in
the effective inductive coupling to some extent. In high perforsigna . it is not enough to consider only; %_'tj, because the
mance microprocessors, a great number of shields are inser{ggiching in aggressgralso induces currents in the remaining
to control the coupled noises [4, 6]. In [7]x2mutual induc-  pets (including the victini). Those induced currents will also
tance screening rules are proposed. The potential victims of @gntribute to the noise in the victimFor example, the induced
inductive aggressor are those nearest neighboring wires whegfirents in the shields (if present) may greatly cancel the noise
total width is equal to or less than twice the width of the agi, the victim. This is captured by the following equation:
gressor.

Many of the existing studies that dealt with on-chip induc- Vi =Rl + Z Lik%, (1)
tive effects focused on the modeling and extraction of on-chip dt
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To obtain the inductive nois¢, we have to know all the in- I11. A NALYSIS EXAMPLES
duced currents. This is captured by the following linear matrix

i It is known that low resistance shields is preferred to re-
equation:

dl duce effective inductive coupling. The smaller the shield re-
V= RHLa’ (2)  sistances, the better the shielding effect. In this section we
whereV, | are the voltage and current vectors, respectivelySe the proposetR+ jwl)~* to explain why low resistance
R andL are the resistance and (partial) inductance matrice3ields work better in bus structures. The locality of [2] is

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

V =(R+ jwL)l. (3) A. Theoretical Analysis

We begin with a simple structure with only two signals sep-
For the analysis of how the resistances of wires affect effegrated by one shield. For clarity of presentation, we ignore the
tive inductive coupling, we rewrite Eqn. (3) as skin effect and proximity effect. The impedance matrix of the
structure is

| = (R+ jwl) v, (4)
Rs+ jwls JwMsg jwMsg
and define Z= joMsg  Ry+jwlg  joMsg |,
Y=G+jK=(R+jwL) L. (5) jwMss joMsg  Rs+ jwls

We shall analyze matriX, or equivalently, matrice® andK  \hereR; and Ls are respectively the resistance and (partial)
for inductive coupling. The physical meaning¥f is the im-  gef inductance of the signal wireRy andLg are respectively
pact of the switching of the aggresspon the currentin the the resistance and (partial) self inductance of the shidig;
victim i; the larger the magnitude, the stronger the inductivgnq M, are respectively the (partial) mutual inductance be-

coupling. tween a signal wire and the shield, and that between the two
To write G andK in terms ofR andL, we define signals. We have,
b= ol (6) Y13 = Ya1 = (W (LgMss— M%) — joMsdRg) / (2], (10)
From Eqn. (5), we have and
L1z =La1 = (MZ;— LgMss) / [L. (11)
(G+ JK)(R+jL) = I. @)

If L~1 is tridiagonal, we haveis = L3; = 0. Thus,

Solving the preceding equation gives

LgMss— M2, =0. (12)
K= -RIR+t)? 8
( ) ® If we have a perfect shield, i.eR;=0, then
and
G= —KRL ) i3 =Yer =0 (13)

Therefore, there will be no coupling between the two signals.
However, if we have perfect signal wires, i.Bs=0, but a re-
sistive shield, i.e.Ry #0, the two signals will be coupled.

Now, we shall extend our analysis to consider a general
shielded structure.

Note that matriXX defined in this paper is different from the
“K” matrix in [2, 1], where K” is defined ad_~. Here, both
G andK are some combinations &andL. [2] demonstrates
the locality ofL~! and use4. ! in the simulation. By itself,
however L1 is not a good metric for effective inductive cou-
pling, because it does not consider the effect of resistances.@servation 1 if L~ is tridiagonal, and two signals are sep-
this study, we combiné ! and resistanc®, and propose a arated by one perfect shield, there will be no effective inductive
new metric for effective inductive couplingR+ jwL) 1. coupling between these two signals.

In the following section, we shall use this metric to study the First, we consider the fully shielded structures, in which a
effectiveness of the shields on reducing the effective inductii®/G shield is inserted between every pair of neighboring sig-
coupling. nals as shown in Figure 1. This is also known as the dense



Fig. 1. Afully shielded structure with seven wires: three signal nets and four
shields (P/G).

format asR(RC +1:
L -
wiring fabric proposed in [5]. We assume that the even wires 1
are shields and the odd wires are signal nets. We define: * * %
(REIRZ+1) 1= 1
g=t7 (14)
SinceL~! (and hence, £1) has locality, for simplicity, we as- L * ]
sume that is a tridiagonal matrix.
Now, from Eqgn 15,
We can rewrite Eqgn. (8) as: [ 17+ * |
* K 1
K = —(RIR+C1H? * *
= —YRIRZ+1)7L (15) - *x ok Kk 1
* * * *

RIRL +1 =

*

X =t

[

*

where each denotes a non-zero entry. Hence,

*

Itis straightforward to prove thdR{RZ + 1)~ has the same

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

tances, themr is diagonal and the even entries in the diagon;ﬂ

are zeros:

Ry

As ( is tridiagonal,RC is tridiagonal with
Hence RZRZ = (RZ)? has the same format:

*
0

R(RC =

*
0
*

O *x o

o Xt

Zero even rows.

is trivial to verify that for oddi, j andi # j:
Kij =0, Gjj =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 entrieaindG 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 affedRtimatrix.

For a more general structure that has several signals between
two shields (as illustrated in Figure 2), we can also prove, using
similar steps, thaij; andK;; are both zero if two signaisand
j are separated by at least one shield.

In general, if theL~? is not tridiagonal but has a bandwidth



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 to5um. We have
Fig. 2. A shielded structure with nine wires: three shields (P/G) nets and six
signals.

G = 7.0le—-01x

[ 100 -0.07 -020 -0.06 -0.16 -0.05 -0.13
-0.07 039 -0.07 -0.02 -006 -0.02 -0.05
-020 -0.07 100 -007 -020 -0.06 -0.16
-0.06 -0.02 -0.07 039 -007 -0.02 -0.06
-016 -006 -0.20 -0.07 100 -0.07 -0.20
-005 -002 -006 -002 -0.07 039 -0.07

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

Observation 2 if the bandwidth of the t! is 2b+ 1, and two L 013 -005 -016 -006 -020 -007 100
signals are separated by b perfect shields, there will be no ef- K —22%-01x

. . . . . [ 1.00 019 026 004 004 001 o001
fective inductive coupling between these two signals. 019 012 016 002 003 000 001

026 016 082 015 018 003 004
004 002 015 012 015 002 0.04
B. Numetrical Ana[ysis 004 003 018 015 082 016 026

001 000 003 002 016 0.12 0.19
L 0.01 001 004 004 026 019 100

The conclusion that we can drawn from the preceding anal-
ysis is that perfect shields can provide very good inductive Itis clear that the coupling between the signals is very weak.

shielding. For the current technology, however, perfect Shielqﬁ other words, widening the shields can achieve effective in-
do not exist. Thus, a common approach is to use wide Sh""Jl(al?lctive shielding. It is also evident that the coupling between

to reduce thels.h|eld resllstance. Although the §h|elds are rE%jnals and shields and between shields is still very strong.
perfect and.~" is not strictly banded, we can sill perform a Next, we consider a more general structure with three sig-

similar analysis, albeit a more elaborate one, to show that erféls between two shields, as illustrated in Figure 2. We want

fective inductive coupling can still be significantly reduced b¥o show that if the shields are properly sized, there will be min-
using ‘{V"?'ef s.h|elds. we Slf'p the details of the more ge.nerﬁlnal effective inductive coupling between signals separated
analysis in this paper, and instead present some numerical B?/'one or more shields. For shield width, signal width, wire

sults to justify the claim. Skin effects and proximity effects ar%eparation wire thickness, and wire length don, 0.5um

considered in these numerical analysis. 0.5um, 10um, and 10@um, respectively, th& andK matrices
Consider a fully shielded bus structure with seven parallqt 1GHz are

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

wire are 05umx1um and 10Qm, respectively. The separa—G e

. . . . . = . — X

tion between adjacent wires is5pm. The cross sections of - | v 107 _007 -007 -006 -006 -006 —-005 —005 1
the wires are meshed in order to capture the skin effect and-007 099 -008 -007 -007 -006 -006 -006 -005
.. -0.07 -0.08 099 -0.08 -0.07 -0.07 -0.07 -0.06 -0.06
proximity effect. At a frequency of 1GHz, 007 -007 -008 099 008 007 -007 —006 006

-0.06 -0.07 -0.07 -0.08 099 -0.08 -0.07 -0.07 -0.06
-0.06 -006 -0.07 -007 -0.08 099 -0.08 -0.07 -0.07

G = 27e-01x -006 -006 -007 -007 -007 -008 099 -008 -0.07
r 100 -008 -007 -007 -007 -006 -0.06 -005 -006 -006 -006 -007 -007 -008 099 -007
~008 099 -008 -008 -007 -007 -0.06 | -005 -005 -006 -006 -006 -007 -007 -007 100 |
-007 -008 099 -008 -008 -007 -0.07 K = _383%_02%

-0.07 -0.08 -0.08 099 -0.08 -0.08 -0.07 |, " 100 065 046 Q35 027 022 019 Q17 017 1
-0.07 -0.07 -0.08 -0.08 099 -0.08 -0.07

065 093 060 041 031 024 020 018 017
’g'gg ’8‘8; ’g'g; ’8‘83 ’8‘8? g'gg ’%gg 046 060 089 056 039 029 023 020 0.19
- e e e e e 035 041 056 087 055 038 029 024 022

K = —40e-02x 027 031 039 055 086 055 039 031 027
r 100 067 049 038 032 028 027 022 024 029 038 055 087 056 041 035

067 094 062 045 036 031 028 019 020 023 029 039 056 089 060 046

049 062 091 060 044 036 032 017 018 020 024 031 041 060 093 065

038 045 060 089 060 045 038 |. 017 017 019 022 027 035 046 065 100

032 036 044 060 091 062 049

028 031 036 045 062 094 067 . . . .
027 028 Q32 038 Q49 Q67 100 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 The central signal (the 8th signal) is set to be the victim net

1.5um, the matrices become as it is most strongly coupled to all other signal nets. To ob-
tain the maximum noise, we keep the victim signal quiet and
G = 69%—_01x switch all other signals in the same direction. As the signal nets

100 -008 -007 -006 -017 -005 —-005 —-005 -0.13 1 are not capacitively coupled to each other in a fully shielded
008 039 -003 -002 -006 -002 -002 -002 -0.05 o . . : :
007 003 039 003 _007 002 o002 _002 _oos | Structure,itisthe inductive coupling between signals that con-
-006 -002 -003 039 -007 -002 -002 -002 -005 | tributes to the noise in the victim net.
-017 -006 -007 -007 100 -007 -007 -006 -017 |,
—005 -002 -002 -002 -007 039 -003 -002 -0.06
-005 -002 -002 —002 -007 -003 039 -003 -007 | A The |deal Case
—005 -002 -002 -002 -006 -002 -003 039 —0.08 '
| 013 -005 -005 -005 -017 -006 -007 -008 100
K = —234-01x
[ 100 019 012 008 Q10 002 Q0L 000 0001
019 013 007 004 006 001 001 000 0.0
012 007 012 007 009 002 001 001 001
008 004 007 012 015 002 002 001 002

In the preceding section, we show that when shield resis-
tances are zero ard! 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

010 006 009 015 081 015 009 006 010 |. and there is no inductive noise at all.

002 001 002 002 015 012 007 004 008 h ideal ci it f | ci it Th .

00l 001 Q01 Q02 009 Q07 012 007 012 We set up such an ideal circuit from a real circuit: The orig-

000 000 001 001 006 004 007 013 019 J inal L~1 matrix is truncated to make it tridiagonal, and then
L 0.00 000 001 002 010 008 012 019 100

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

Now, the coupling between the two groups becomes mudh the HSPICE.S|muIat|on. _ o
weaker, although the coupling within one group of signals is T?e smulaﬂon results show that (,touplmg noise 12 4
still quite significant. 107°V, which are purely due to numerical errors.

Usually long signal busses should be divided into many Seg_Although this is not.a practical example, it is very.mterest-
ments in order to capture the distributive nature of intercon9: there are mutual inductances between all the signals, but

nects. In the above example, we consider only one group g}ere is no effective inductive coupling! One might be tempted
aligned segments in a bus structure for clarity of presentatiotﬁ’. conclude that the zero effective inductive coupling is al-

If all the segments are considered together, we can still obtaﬁ?\ad}' suggested.by the tr|d|ag(.)n'al pro.pertho%. Howeyer, i
similar results and draw the same conclusion in this example, if we use realistic resistances for shields in-

stead, SPICE shows a noise oL V. In other words, th& =%
matrix does not reflect the effective inductive coupling but the
[V. VALIDATION (R+ jooL)~ matrix does.

In this section, SPICE simulations are carried out to vali- L
date the matrixR+ jwlL) ! as a metric for effective inductive B. The Realistic Case
coupling. We consider a fully shielded structure with 15 sig- In this case, we extract the RLC parasitics from realis-
nals and 16 shields. In this structure, odd wires are shields atid circuits. We study the effects of shield width on signal
even wires are signals. We consider two cases: First, we camise by varying the shield widths while keeping the spac-
sider the case where the shields are perfect (zero resistanieg) and signal width fixed at.Bum. Four shield widths
andL~1 s tridiagonal. We refer to it as the ideal case. Secondyre considered: .Bum, 10pm, 15pm, and 20um. We de-
we consider the case where RLC parasitics are extracted frdime the pitch of the fully shielded structure as the center-to-
real circuits and refer to it as the realistic case. center distance of two neighboring signals. ThatHigch =

In the bus structure, all the signal wires are 2mm long an@idthsigna + Widthhield+ 2 x Separation The curve labeled
1um thick, representing typical top level interconnects. To cap-‘Wide Shield’’ in Figure 3 corresponds to the maximum
ture the distributive nature of interconnects, we divide eachoise levels that the victim signal experiences at different
wire into many segments along the length. PEEC model hield widths. In that figure, the maximum noise levels are
used in the simulations. All the drivers are 260f the min-  plotted at different pitches. As expected, the maximum noise
imum inverter in a representativel®um CMOS technology level decreases from.B8V to 006V as the shield width in-
with 1.5V Vyq, and the receivers are 40of the minimum in-  creases.
verter. The input signal frequency is 2GHz. The ramp/isd Next, we consider the effect of separation on effective induc-
of the signal period. tive coupling. Metric(R+ jwL) ™! shows that the separation
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V. CONCLUSION

In this paper, we study the effective inductive coupling prob-
lem. We propose to use matriR+ jwlL)~! 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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