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Abstract adjusted to match the characteristic impedafige of the intercon-
nects. For on-chip interconnects, the lines are not matched to loads.

connect becomes important when the clock frequency of circuits riThe OI’I.-ChIp mtercqnnepts drive a nonllmear gapacﬂwe Iqad at th.e
end which varies with signal and associated rise and fall times. It is

above GHz level. In this paper we show that this perception is n; . ] - '

true. It becomes necessary to consider the inductive effects in all cMPossible to engineer every interconnect receiver for matched
cuits implemented in deep submicron CMOS technologies. For 0.impedance. Besides, any attempt to do that will increase the chip
um (lithography) technologies, where the supply voltage is expectarea very significantly.

to be in the range of 1.2-1.8 'V, inductive effects are an important co
sideration regardless of system frequency. Furthermore, contrary 1
the popular belief, we show that inductive effects are important eve

It is generally believed that inductance analysis of on-chip intel

The next important difference is the fact that on-chip intercon-
nects are highly resistive. On-chip interconnects have to shrink in

for highly resistive lines. tandem with devices to realize increased density on a chip. Thus the
interconnects become more resistive in newer generations of tech-
1. Introduction nology. Since most interconnect lengths are small, signal attenuation

has not been a concern. It was believed that this trend will counter

Analysis of inductive effects has always been important at chithe need for inductance analysis of on-chip interconnects [4]. How-
packaging level and at the system level [1]. For digital circuits, thever, in section 3 of this paper we dispel this notion by showing that
primary concern at chip packaging level is related to power suppinductive coupling can introduce significant effects on highly resis-
distribution. Clocked circuits draw power in surges and results itive lines.
supply and ground bounce. This is of particular concern in dynam
logic circuits where, multiple nodes may be precharged by a sing
clock simultaneously. Presence of uncompensated inductance
power lines may cause the power supply to ring with severe impa
on noise and performance.

What are the inductive effects of relevance? When an intercon-
nect response is over damped, it contributes to delay [4, 5]. If it is
under damped it may contribute to noise. However, noise analysis is
extremely complicated because of the fact that the only noise that
matters is what is seen by the receiver. Due to mismatched imped-

In analog circuits, designers are often concerned about transmances along on-chip interconnects (compounded by presence of
sion of noise from one part of the chip to other through the substrevias) there are multiple reflections and signal waves traveling back-
because the substrate does not act as a true ground plane in presward and forward. The coupled sources of noise inject further noise
of inductance[2]. The high frequency noise may find a lower resisignals at many intervals. The effect of all these noise signals may
tance path through other nodes and devices rather than through speak at a point different from the receiver location and therefore may
strate when the substrate has a high inductance connection to not matter for the chip performance. However, such analysis even
ground. Thus, isolation of noise becomes a difficult issue. for a single net is impossible to achieve because it requires an exact

At the card level, the rationale for studying inductive effect ha:?XtrlaCt'OE of cag)agltaTces ar;d }ndu;:lt an;es (recogn!zed to be a d':;'
been that in a RLC network, if R is low and is high, icult tas ),_nee_ s boolean relationships between various nets, needs

wL becomes of significance in relation to R. The interconnect resiPl CCIS€ arrival time of these signals (Wh.'Ch requires t_he same analy-
tance in the card is deliberately kept low so that there is very littS'S to be performed on all nets that contribute to the signal of interest,

- . - . recursively backwards with possible boolean combinations).
signal attenuation when signal travels over large distances across
card [3]. However, conservative approximation is not hard to arrive. This
is based on the premise that all coupled nets are hostile and all cou-

Traveling over distance of length , signal amplitude on a resis . i S .
9 9 9 P pled noise voltages collide at the receiver in the worst possible way.

tive transmission line attenuates h!y”/zzo wherel, c are

resistance. inductan nd itan ¢ unit lenath 1 tiv In this paper, we go through a very simple calculation to show
esistance, inductance and capacitance per unit length respectivi, o inquctance matters for on-chip interconnects. With conservative

and ZO = JI/c . Therefore it is not hard to understand the mOtivaapproximations‘ they can be ana|yzed and taken into design consid-
tion for keepingr low. erations.

Since on-chip interconnects look similar to interconnects on cars  Total Inductance of On-Chip Interconnect is
it is generally believed that the analysis technique should be ti Variant With Time

same. However, we point out that there are significant differenct

between on-chip signal interconnects and off-chip interconnect In this section we show that the total inductance of on-chip inter-
The most important one has to do with impedance matching. For oconnects vary with time. The total inductance on a conductor is com-
chip interconnects, the off-chip driver (receiver) resistance iposed of self and mutual inductances. Analysis of inductive effects
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also need to take the drivers of inductively coupled nets into consi4.1. Calculation of Self Inductance
eration. For example, let us consider the two nets in the system . .

shown in the figure below. For the purpose of illustration, the distrib Let, the length of the line be , and the width and
uted RLC model has been lumped by single elements, vitjere; , thickness bev and respectively. Defining the normalized
are lumped line resistance of line 1 and C_, are mutual inductant W T

and coupling capacitance respectively. “For greater accuracy oWidth and thickness as = T amd= T and some extra
could use a higher order lump&d  model, however the simplifie

model is enough to drive the main point of this section. The toteparameters = Jyw2+t2 q = Jw2+1 q, = Jt2+1 and
inductance seen from driver 1lis= L, + MI,/I; . Singe  &nd

are time varying functions, it is readily seen that the total inductanca, = 4/W? +t?+ 1, the self inductance can be written as [6]:
of the interconnect also varies with time.

This is totally distinct from off-chip interconnects where the slew
rate of all drivers are adjusted to be same. Thus, for off-chip interco L _2u 1 lsDﬂ O+ lsD_D !
nects total inductance is often assumed to be linear sum of selfand | ~ ‘,.[“ 4[ o0 t o [] D_
mutual inductanced ( +M ).
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3. Highly Resistive Lines May Have Significant ——[ TD—D oW, W TD—D}

Inductive Effects 6wt o O w e Ot Lwa, U

Supposer; s very high. This implies th'qt is very low. Thus, Uy +r+t+a %2
for driver 2, effect of M may be very little. R, is sufficiently low _1 ar t

thenl, could be high, resulting in a 5|gn|f|cant inductive effect or 60 %hr + r%(r +1t) Et + at%bt ta,
line 1. Therefore it is readily seen that just because a line is high R

resistive does not mean that it is immune to inductive effects. 1 Eo(r +r+w+ QWBWZ

Conclusions in Sections 2 and 3 would be of minor significance it ~ gg Eb + rH(r +w)w+a Qo +a U
r

1. LI is not of significance relative ¥,,  and

Ha ko o +1El/v2

2. M s not of significance relative to 1 or

So we have to show thaf is of significance relativé g~ an 60 _%b‘r + aw%b‘w + 1D:b‘ + lEDO‘ ta, D.
M is of significance relative to L. This is what we do next.

)
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4. Inductance Calculation 20[r+01r op T o o

In order to show that on-chip inductive effects are of significanc [l U _
we have to know the valuesbf M, ahd . We assume that on-ch where,S(¥) = Ingx+41+x°0 andl (x) = atan(x)
metal lines have rectangular cross section and ap@ndihography, At filament approximation (T,W << I), the expression can be sim-
the lines are0.4um wide an@.4um  apart a@dsum thick. Theplified by the following formula [7]:
intra-layer dielectric thickness is assumed to be | (h@ These
assumptions will be used to calculate some representative valu I: _ 2_p InD 2| D—l
other than that they are not of much significance. As it turns out lat | [ D(_)_2235(W+ L)) O ]
in this section, that the inductance values are not very sensitive
these values. Thus getting the order of these numbers is importa
but the actual numbers are not that important. The important comp
nents are self inductance and mutual inductance.

)



4.2. Calculation of Mutual Inductance
Mutual inductance between two structures depend mainly on tt

in the beginning of Section 4.

relative geometrical position and the length of the wires rather the2- ON-Chip Inductive Effect Calculation

the shapes. The mutual inductance between two filaments was cal
lated in [8], based on Biot-Savart law [3]. Calculation involves flux
linkage by one conductor due to the other. M was derived as:

> (x.y)

M_ u odr2  d, Ol ol 20

T= £ BB enl e o BEH @
For d«| , the expression simplifies to
M _ o
[ 2n[|nDED 1] )

From these expressions, one can see that L and M are close for
typical wire dimensions in 0.26m technology. Unfortunately, one
cannot generalize from the result of two isolated wires, because pre
ence of other nearby structures modify the current in conductors a
shape the field lines differently. However, the general pattern of rel:
tionship between L and M holds which was the basis of conclusior
in Sections 2 and 3.

4.3. Self and Mutual Inductances in Presence
of Other Conductors

We have to make certain assumptions in order to use an extracti
tool to find L and M. The assumptions we make are that (1) the wirin
planes above and below are running orthogonal, which is usually ti

case; (2) the loading in planes above and below is 50%, which miC

ues of L and M. Next we show, thiat
with V. In order to do that let us assume that an inverter is driving
a RLC line.

In the previous section, we have established some reference val-
is significant when compared

The saturation currert, ., that flows through a transistor in the

inverter is governed by the following equation:

lgs = B(Vgq=V @ [9],
_ peW
to, L’
K is mobility of electrons/holes in the channel,

£ is permittivity of SiG = 3.9x 8.854x 10712 F/m,
t,, is oxide thickness,

W is the width of the transistor,

L is the effective channel length of the transistor,

V, is the threshold voltage

The rise and fall time associated with the inverter output can be

approximated as

\Y/
1= y2 dd’
Ids
whereY is a constant somewhere between 3 and 4 [10] and

C, is the load capacitance.

The currentl . gets switched intime |, so
2 2 2

Cles V& PP(VagmVO

457 T 7T YCVyq YC\Vyy

or,

L B VgV ™

Vaa YC\Vaq

For interconnects with length of the order of mm,

be somewhat true; (3) the planes above and below are ground plaTherefore,

(which is a standard assumption made in 2D capacitance and indt
tance extraction), an assumption made on the basis of the fact tl
some of the lines are actually ground lines, some others are frienc
(switching in the same direction) and some others are hostile (switc
ing in the opposite direction) with a net contribution approximating ¢

interconnect” Creceiver and henceCI = Cinterconnect .
LI _ 5 2P 0Vaa VO *F 5)
Vgg °0 Y3, O

The equation above indicates that if effect due to mutual induc-

ground. Discussions in Section 2, should be enough of a Cauli¢ance can be ignorethe inductive noise does not depend on inter-

against making such gross assumptions, however such assumpti
are necessary for extraction tool to run. Pattern dependent extracti
is impractical with today’s computational resources, but may becornr.
practical in some future date. Currently available extraction tools ai
pattern independent. This exposes a limitation of our current extra
tion technology. Using a commercial tool, L and M are calculated t
be 5.3 nH/cm and 3.3 nH/cm respectively for the assumed geomel

connect length. In fact, due to presence of resistance the inductive
noise effect will be smaller for longer interconnettsis conclusion

is also supported by simulation on extracted models. There is a
greater dependence on driver sife (
nario is described below.

factor). The simulation sce-



For the purpose of simulation a RLC model was extracted fa7, References

metal lines in the second layer with a single switching line inducin
noise in an adjacent line. The tracks in upper and lower layers rt
orthogonal to the one under consideration. All tracks in layers abo\
and below are assumed to be occupied with lines connected
ground. The switching line is driven by an inverter with a step inpu
whose NFET is 10Q0m wide and PFET is 2Q@m wide. The devices
have a nominal effective channel length of Ou@® and the power
supply voltage is 2.5 V. Switching noise is measured at the far end
the coupled line. The near end is connected to ground. The results
the experiment is shown next. Please note that in this simulatic
study, the driver strength will match the load only at a specific inter
connect length. For all other cases the drive is either excessive or dt
cient.
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Example Let the capacitance per unit length and the inductanc
per unit length be 2 pF/cm and 5 nH/cm respectively. This imp§jes Z
=50Q. Let the driver width = 5@m, 1, per micron of gate width
=0.5mA, Vy, = 1.8V andY = 4 .
Then, net l4s = 50% 0.5= 25

LI _ 5x109 (25x10%)2 _
Vyg 2x1012 4x1.&

mA

and 0.12

This shows that inductive effect can be as much as 12% on a n
This effect goes up more with bigger driver size. The driver size goe
up with driven interconnect length. However for a given driver size
the net effect is some what independent of net length.

6. Conclusions

We showed that for a matched load, inductive effects are signif
cant at 1.8V technology (12%). For matched load at 2.5V inductiv
effects were not as pronounced (around 6%) and at 3.3V they we
even lower. With this paper we tie inductive effects to supply voltag
and technology scaling rather than frequency as has been the cas
the past. We further showed that inductive effects can appear «
highly resistive lines as well. These issues will be very important fc
analyzing on-chip interconnections in 0.2 CMOS designs and
beyond.
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