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Abstract

On-chip inductance depends on current return pathsis
unreasonably computationally expensive to extradt model
in the general case. A practical solution is tovgte a well-
defined power supply network so the current repaths are
more predictable. This paper develops a model sfdrlay
and noise as a function of the physical dimenshkusses
and the switching parameters. It applies this mealelevelop
bounds on the inductive effects on delay and nimisen-chip
busses in 180, 130 and 100 nm processes. If on@rpomw
ground line is interdigitated with every four bursek, the RLC
noise and delay are no more than 7% greater tham&dels
would predict. Designers may treat this delay anie as
small penalties for all busses rather than havenigdividually
extract and model inductance on each bus.

Introduction

As process technology advances and signal risestim®
increysin [

decrease, wire inductance has become an
important design consideration. Once consideredigieig,

inductance can now be a significant factor in ico@nect
delay and coupling noise. The growing reach of atdoce
and increasing datapath widths require an undetstgnof

inductive coupling on large multi-conductor arrays.

Noise and timing analysis has traditionally beerigrened
with RC models [1]. These models are relativelyyets
generate because capacitance is a localized pheoamdost
of the electrostatic field terminates in neighbgroonductors,
allowing all other conductors to be ignored. GetiegaRLC
models is considerably more difficult, requiringtefenining
current return paths and including a larger setasfductors.
Because extraction and simulation is so computaliypn
expensive, it is advantageous to have a screenetbouth to
determine when inductance must be considered.

The very complexity of inductance extraction thatkes a
screening function necessary also makes it difficugenerate
such a function. The large design space and siyengetric
dependence of inductive coupling makes it impossitd
extend screening functions developed for singledootors to
on-chip busses [2]. Instead numerous authors heasepted
inductance modeling and screening techniques baseables
of precompiled results for specific bus geomet{&§4][5].
These methodologies
efficiency considerably, but require significantmsiation
prior to use. Thus these methods are not suitabla &rst
order tool for the designer attempting to selebus topology
with an acceptable level of inductive effects.

We propose limiting the allowed interconnect topids
by inserting a regular power supply network intevied with
the signal lines. The power and ground traces lih@trange

increase extraction and maglelip,

of inductive effects because return paths are ctosk well
defined [6]. Using this topology we develop a modélbus
delay and noise effects as a function of the plysic
dimensions of the interconnect for 180, 130 and ho®
processes. We apply this model to develop boundshen
worst-case inductive effects on delay and noissidgders can
use these bounds to: 1) create accurate screewitipds as a
function of wire geometry 2) choose appropriate bus
geometries for a given performance target 3) assesl
delay and noise penalties for all busses withowtingato
extract and model inductance on each bus.

Supply and I nterconnect Topology

Fig. 1 shows the interconnect model used in thaysis.
Each layer consists of wires with widiV, spacingS and
thicknessH. The layers have conductivity. Between each
layer is a dielectric of thicknest and dielectric constarst.
he layers alternate usage in the x and y direstiavith
thogonal layers assumed to have approximatelyalequ
umber of lines switching in each direction.

8 Orthogonal Layer 8
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Fig. 1: Interconnect Model
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The key to making this analysis tractable is tounexa
regular power supply network in which coplanar pdgrund
return lines are interleaved with the signal lin€Bhe
signal:reference (SR) ratio [6] indicates how maignals are
routed between returns; for example Fig. 1 shostaek with
a SR = 2:1. In our frequency range of interest r@irn
current is spread among multiple power/ground wiks a
result coupling from adjacent bus sets cannot heregd, and
so two neighboring aggressor busses are includiedl,lzero
resistance, returns are used to further simplify éimalysis.
The results remain physically meaningful, corresiiog to
terconnect strategies, like those in [6] and mthehich use
wide power/ground traces.

The interconnect topology was examined over a rarige
physical dimensions. The combinations of physicaameter
are defined in Table 1.



Parameter

Signal Width (W)

Signal Spacing (S)

Line Length (mm) 51,2

Conductors 1,2, 3,4,6,8, 10, 20
Table 1: Physical Parameter Combinations

Circuit Model
The circuits were simulated in HSPICE at®° 7@ using the

Range
1x, 1.5x%, 2x, 4%, 8x
1x, 1.5x, 2x, 4x, 8x

TSMC 180 nm models and the 130 and 100 nm Berkeley

Predictive transistor models [7]. Interconnect paeters are
based on the TSMC process [8] and the 2002 Intemadt
Technology Roadmap for Semiconductors (ITRS) ptaes
[9]. The specifications used are defined in Table 2

Parameter 180 130 100
Vo (V) 1.8 15 12
FO4 Inverter Delay (ps) 75.6 53|3 427
Min. Wire Width W @m) .28 .19 .16
Min. Wire Spacing Sim) .28 .19 .16
Wire Height H (1m) ~2W .38 .32
Dielectric Thickness Tym) H .38 .32
Dielectric Constant ~3.8 3.2 2.8
Wire Conductivity Q-um)™* 24.8| 454 45.4

Table 2: Model parameters

The inductance, capacitance and resistance matsiess
extracted with the 2-D solver in HSPICE. The usead?-D
solver requires approximating the effect of thehogonal
layers. The orthogonal conductors are parallghéomagnetic
field generated by the aggressors so these layens be
ignored for inductance extraction. The orthogonayets
cannot be ignored for capacitance extraction, agmificant
portion of the generated electric field terminaitesadjacent
layers. In a densely routed chip, defined as 50%almen a
given layer, the orthogonal layers can be modekddid
planes. Because it is assumed that an equal nuohlbieaces
on the orthogonal layer are switching in both dimts and
these wires can be considered static, the entyer lean be
treated as a solid reference plane for the purpoke
capacitance extraction. Hence two extractions aréopned:
one is done without reference planes to obtain dtahece,
while a second is done with planes to obtain capace.

Frequency dependent
resistance are ignored for all models. DC wire stasice is
unaffected by the orthogonal layers, and is ex@@along
with the capacitance. RC models are generated fhenRLC
models by dividing all entries in the inductancenmedy 20.

The simulation setup is shown in Fig. 2. Wires are
modeled using the HSPICE W-element, a multiconducto

lossy frequency dependent transmission line [10]t hverter
size is selected for a nominal fanout-of-4 (FO4}the total
wire capacitance for a 1mm long, minimum width apdcing
wire. For the 130 nm process, a 1 mm, minimum witld
spacing wire has a total capacitance of 200 fF. (thie size
inverter gate capacitance is thus 50 fF, whichesponds to

defined in Table 3. Thus the driver ranges fromd 47 um
and the load ranges from 14 to 328 of gate width.

Parameter Range
Driver (X unit size) .5x, 1x, 2Xx
Load (X driver size) 1x, 2X, 4x

Table 3: Diver and Load Combinations
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Fig. 2: Simulation setup for S:R =

The center trace in a bus is the victim, and igctwig for
delay simulations and quiet for noise. All otheaces are
considered aggressors and are driven according héo
switching scenario being investigated. Table &slihe six
scenarios considered. All aggressors switch sanatiusly;
staggered input scenarios were not consideredhipli§y the
analysis.

Scenario Description

1 All aggressorg
Adj. aggressors, others|
All but adj. aggressorns
All but adj. aggressots
Adj. aggressor$, otherst
All aggressorg
Table 4: Switching scenarios

OO AWIN

Propagation delay is measured as the time betw@¥ndb

resistive effects and mutudby on the input to the driving inverter and outputtted W-

element for the victim trace. Noise is measured tlzes
maximum voltage of the victim trace at the far efidhe W-
element.

Results

Simulations were performed to consider all comtpamest
of switching scenarios, signal width, spacing, &wth, S:R
ratio, and driver and receiver sizes in each pmces

The maximum percentage difference between RLC a&hd R
propagation delay for 180, 130 and 100 nm procesasés

lengths, switching scenarios and driver and loadlipations
is plotted for each S:R ratio and width/spacing lomration in

28.6 um of gate width. Driver and load size is varied agig' 3 (a¢).

t
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Fig. 3: Comparison of RLC and RC propagation delay Fig. 4: Comparison of RLC and RC far-end noise

The maximum difference between RLC and RC far dathy  effects. The increase from a S:R = 10:1 to 20:1 resnlt in
noise as a percentage a§dfs similarly plotted in Fig. 4 (a-c). worst-case inductive effects growing by a factorfadr or
more.

Analysis that focuses on single conductors or sinadkses
can significantly underestimate the inductive dffgmresent in
larger busses. At small S:R ratios the shieldinfpcefis
prominent [11]. The minimum total propagation detscurs
when the output resistance of the drivigg, equals the lossy
characteristic impedance of the wifg,. defined in Eq. 1.

Discussion

The S:R ratio is a critical variable to determindLictive
effects. As the plots show, the impact of inducéaran
propagation delay and victim noise depends stronglythis
ratio. Whereas capacitive coupling is confined tgiaim’s
nearest neighbors, inductive coupling falls offhwdistance at
a much lower rate.

Additional signal traces in a bus, although neblegifor
capacitive coupling, will contribute significantly inductive
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At small to intermediate wire widthg;,. is comparable to
Ry and the system lies near the delay minimum. Asaiigkh
increases, the capacitance increasesRapddndL;,. decrease
such that Z. grows smaller. Sinc&, < Ry, the wire
inductance tends to push the system towards toddiay
minimum. Thus although the inductance is increaseigtive
to the wire resistance, the worst case negativecesffof that
inductance (increased overall delay) are reducedwider
wires.

However as the S:R ratio grows the system is ngdon
dominated by the shielding effect, and the abowedt
conditions no longer hold. For S:R > 10, mutualuictive
coupling is a significant source of added delayalt00 nm
process for a S:R = 20:1 bus inductive couplingulissin
relative error of 13% to 64%. Furthermore, the utcke
effects grow with increasing width and spacing. &ee the
wire is now a significant contributor to the proptign delay,
increasing width, and decreasing wire resistancekesa
inductive effects more prominent, not less.

Inductively coupled noise shows a similar dependent
width, spacing and S:R ratio. Noise is particuladpsitive to
increasing wire width and spacing. As Fig. 4 (asfodws, the
difference between RC and RLC noise for 8x and 4dothw
and spacing becomes significant at much smaller r&ties,
and grows much faster than other geometries. InL@Genm
process, 8x and 4x width and spacing with a S:R1=héve a
noise difference of 23% and 14% respectively gbMwhile
all other geometries do not exceed 6%. The othemegé&ies
do not reach that level until S:R > 10.

line

Inductance-aware bus design is a compromise betaken

of these variables, attempting to maximize perforoeawhile

minimizing area devoted to wiring and power/ground

distribution. The primary application of the boumgliplots is
to assist in a selecting the appropriate bus gagnpeior to
layout and without extensive simulation. For examjpl the
100 nm process, a S:R =10:1 bus has limited inckieffects
for all but 8x and 4x width and spacing wires, lgem 13% in
noise and 10% in delay. Similar busses in the 18G@Gnd 180
nm processes show even smaller inductive effects.

Although careful selection of width and spacinguesk
inductive effects, in general a S:R = 4:1 bus, pedelent of
wire geometry and process will keep worst casdivelarror
and the noise difference under 7% because eacimviws
few aggressors.

Limitations

This analysis is limited by the consideration ofuat a
single layer. Although there is no inductive cooglito an
adjacent orthogonal layer, there is coupling betwelee
parallel layers. Traces on these other layers wdngdbave
similarly to long distance aggressors, and wouldultein
increased noise and coupling induced relative delaypr,
particularly for large width and spacing. A similapproach
could be used to bound these effects, and woulevba more

effective since multi-layer extraction and simwdatiis even
more computationally expensive.

Other limitations include considering only simukausly
switching aggressors and assuming ideal returnspaithn no
mutual resistance.

Conclusion

This paper has presented an alternate method ¢ondat
worst-case inductive effects on delay and noise
multiconductor coplanar busses. Although the gerearse of
inductance extraction is very difficult, limiting opsible
interconnect topologies by inserting a regular \armef
power/ground traces into busses makes currentnrgiaths
more predictable and limits inductive effects. Wevelop a
comprehensive model of bus delay and noise as didmnof
interconnect geometry and switching conditions asd this
model to develop bounds on worst case inductivectsffor
180, 130 and 100 nm processes. These results tan al
designers to choose appropriate bus geometries: fgiven
performance target prior to routing and without iiddal
simulation.

The analysis showed that an S:R = 4:1 bus showgiive
effects of less than 7% for both delay and noisdependent
of wire size, driver and load configuration andqass.
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