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Abstract—in this paper, we propose a compact on-chip inter- short-range, consideration of only nearest neighbors provides
connect model for full-chip simulation. The model consists of two  gufficient accuracy for capacitance extraction. However,
components, a quasi-three-dimensional (3-D) capacitance mOdelcapacitance is a sensitive function of geometry, making any
and an effective loop inductance model. In the capacitance model, | d-f deli f | th di - | (3-D
we propose a novel concept of effective widthW.ss) for a 3-D c _ose gl _mo eling for genera rge- imensional (3-D)
wire, which is derived from an analytical two-dimensional (2-D) Wires a formidable task. Therefore quasi-3-D (Q-3-D or 2.5D)
model combined with a new analytical “wall-to-wall” model. The modeling [2]—[4] has become a promising approach to alleviate
effective width provides a physics-based approach to decomposethe difficulty of a pure 3-D model. The major challenge
any 3-D structure into a series of 2-D segments, resulting in an in Q-3-D model is how to decompose a 3-D structure into
efficient and accurate capacitance extraction. In the inductance ) - .
model, we use an effective loop inductance approach for an tvyo-(_jlmen5|or_1al_ (2-D) segment_s and include effects of the
analytic and hierarchical model construction. In particular, we  fringing electric field between adjacent 2-D segments. Here we
show empirically that high-frequency signals (above multi-GHz) propose a convenient concept, an effective width of a crossing
propagating through random signal lines can be approximated by wire, to provide an efficient and physics-based scheme for
a quasi-TEM mode relationship, leading to a simple way to extract the decomposition. To provide sufficient accuracy for deep

the high-frequency inductance from the capacitance of the wire. b-mi technol 3D It Il frinai it
Finally the capacitance and inductance models are combined into SUP-Micron technology, 5-L wall-to-wall Iringing capacitance

a unified frequency-dependent RLC model, describing success- s Well as 2-D fringing capacitance is incorporated in the
fully the wide-band characteristics of on-chip interconnects up to proposed model.

100 GHz. Non-orthogonal wire architecture is also investigated Unlike an electric field, a magnetic field has long-range
and included in the proposed model. interaction. Therefore in inductance extraction, not only nearest
Index Terms—Capacitance, high-speed integrated circuits, in- neighbors but also many distant wires must be considered. As

ductance, modeling, on-chip interconnects. a consequence, defining current loops or finding return paths
becomes a major challenge in inductance modeling. Although
I. INTRODUCTION partial-inductance-based methodologies [5], [6] have been

used to alleviate the difficulty of finding return paths, it is
A S COMPLEMENTARY metal oxide semiconductoriestricted to small structures due to computational burden in
(CMOS) technology advances into nanometer featutg|ving the resulting dense matrix. In this paper we propose
size and multi-GHz frequency regime, on-chip interconnegh effective loop inductance model for high-speed on-chip
delay and signal integrity are becoming major concerns jRerconnects. We will demonstrate an analytic and hierarchical
integrated circuit design [1]. A holistic prescription to OVerapproach to construct the model. To meet high-frequency
come the on-chip interconnects limit, as well as an accurgd€mands of today’s ULSI systems, we investigate random
understanding and modeling of the wires has become m@igyacitive coupling effects. Random signal lines as well
critical than ever. In particular, the growing complexity angg power lines can provide return paths through capacitive
tight design margin of today’s ULSI systems require a compaggupling at high frequencies [7]. With a full-wave solver and
yet acc_urate on-chip interconnect model for fast full-chip-level, S-parameter-based experiment, we conduct a quantitative
extraction. _ . _ investigation of the nonquasi-static effect. In particular, we
In on-chip interconnect modeling, the different behaviorgeyelop a novel and efficient methodology to model inductance
of capacitance and inductance must be taken into consid@gmg a quasi-TEM mode of wave propagation.
ation. Since electrostatic interaction between wires is veryThe capacitance and inductance models are described in Sec-
tions Il and Il respectively, and in Section IV they are com-
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Fig. 1. (a) Generic crossover structure showing various componefts.of. 1
and (b) cross-sectional view along a@he crossover capacitant€ (... ) is '
composed of an area componegit(), 2-D fringing components{/"!, C'/72), 0.00 == ———d 0.00
and 3-D fringing component{,,+.. ). 0.1 1 10

Geometrical parameter [um]

namely, crossover capacitance. Since the total capacitance is
composed of intra-layer capacitance (coupling capacitance) and

inter-layer capacitance (self capacitance), which change with Wi
the influence of neighboring lines, we still need an efficient way ; g
to deal with the interaction between neighboring wires in gen- N
eral 3-D structures. To address this issue, we propose a Q-3-D m| 1
capacitance extraction methodology using an effective width. A1

The effective width, which represents an electrostatic width of (b)

the crossover wire, prowdes a physms—based way to decompg@gzl Comparison between our model (solid line), Wong’s model (dashed

any 3-D structure into a combination of 2-D structures. line) and 3-D field solver (symbol) faf. ... .. For each curve and symbol, one
parameter is varied with other parameters being fixed as given in the table. The
A. Effective Width of a 3-D Wire parameter ranges ael < W, S5 <5,0.1 < T <2,and0.25 < H <4,in

tm.
A generic 3-D crossover structure is shown in Fig. 1(a). Tﬁe
capacitance between an object line and a crossovexling.s, using functional approximation. IW, ;; calculations, we use
is composed of four components. Along @ the crossover chern’s 2-D model [9] with some modifications as well as our
structure, we can define a 2-D cross section and correspond@lgtw model. Detailed formulas for the 2-D ard,;,, models
capacitance per unit lengttii,; 7, between the object line andre given in Appendix A. By including the wall-to-wall fringing
crossover line, as shown in Fig. 1().,,ss can then be ex- capacitance model, our crossover capacitance model shows ex-
pressed as the sum of a 2-D capacitariég(..;s) and addi- cellent agreement with a 3-D field solvedown to the deep
tional fringing capacitance$i(i C/™*, Cuyu) sub-micron regime, as shown in Fig. 2. Our results show an av-
_ " Fro Fr1 erage error of 3% and a maximum error of 10%, while Wong'’s
Ceross =W1W20" + WG + W1CT + Cutw model [10] shows 8% and 35%, respectively, for the range of
=WoCsery + WiCT™ + Cppay. (1) geometrical parameters shown in the figure.

Rearranging the terms, (1) is further simplified into a de fac®. Q-3-D Capacitance Extraction

2-D form Since the effective width has the physical meaning of an elec-

trostatic width, we use it instead of physical width when we de-
compose any general 3-D structure into a combination of con-
tiguous 2-D segments, as illustrated in Fig. 3. Each 2-D seg-
ment belongs to one of four distinct cross sections, as defined
. 3) in Fig. 3(c), and is completely described by the 2-D capaci-
Coetf Coetf tance model;) as outlined in Section II-A. Her€; includes
coupling capacitance to parallel neighbots 4,,;.) as well as

Ccross = efszelf (2)

where

In (2), 3-D crossover capacitance is expressed as capacitagéﬁtf:ca acitance to crossing neiahb GenerallvC is
per unit length C.; r) multiplied by an effective widthi/. ¢ 7). P g Neighbars (). Yl

represented by a matrix to describe the components. The total
Fringing fields, which change gradually from the edge of th P y P

. : . ) ) (?apacitance of the object lin€'(,;,;) is determined by simply
crossover line, are lumped intd. ¢ (_Jleflr_led in (3). We in- adding the capacitance€,(¥;) from each 2-D segment
terpretW. s as a lumped electrostatic width of the crossover
line. As the wires get more closely packed, becoming taller and Crotal = Z W, C; (4)
thinner with high aspect ratio, the second and third terms on P

t_he nght hand-side of (3) become dor_nlnant_, making th? EszevahereWL- denotes the actual width of tlith segment as defined
tive width much larger than the physical width. In particular o

: o . o , by W,z of each crossing line.
wall-to-wall capacitance is increasingly critical in today’s deep

sub-micron wires [11], [12]. A closed-fordl,,;,, is constructed  “Maxwell Spicelink,” from ANSOFT.
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Fig. 4. Teststructures used to confirm the proposed Q-3-D capacitance model.
(a) Serpentine line structure (bird’s eye view). All the wires except the black
object wire (SP1) are grounded. Width and space of each layer are shown in
parenthesis igm unit. (b) Comb-like line structure (top view). Widtk-Space)

of the interdigitated fingers for Metal 1 (COMB1) and Metal 7 (COMB?7) layers
are 0.18 and 0.4m, respectively.

/]
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V4 X ‘

) CAPACITANCE EXTRACTION RESULTS FOR THESTRUCTURE SHOWN IN FIG. 4.

ALL THE GROUNDED LINES IN FIG. 4(a)ARE TIED TOGETHER IN THEACTUAL

TEST STRUCTURE BUTARBITRARY SEPARATED IN FIELD-SOLVER SIMULATION
AND OUR MODEL. THEREFOREONLY C';,;4; IS MEASURED FORFIG. 4(a)

A B Cc D
(C) C[pF] ctotal ccouple Csell‘
Fig. 3. Typical 3-D structure (a) showing segmentation With . In the Model 1.83 1.18 0.65
cross section along the object line, the 3-D structure is divided into contiguous SP1 Field Solver 1.81 1.20 0.60
segments (b), which belong to one of the four cross sections as defined in (c).

In (b), W, of each crossover line defines the actual width; (or W, ) of Measurement | 1.80 NA
the relevant segment used to obtain the total capacitance. Model 8.01 7.09 0.93
COMB1 | Field Solver 8.03 7.13 0.85
Measurement | 7.89 7.04 0.85
Using the effective width for the segmentation, for example, Model 11.69 | 11.47 0.22
W41 in Fig. 3(b) approaches zero whil&; grows substan- COMBY7 | Field Solver | 11.79 | 11.46 0.17
tially as the wires’ packing density increases, due to shielding Measurement | 12.43 | 12.18 0.25

by crossing wires. Since cross sectionB;( ;) has larger intra-
layer capacitance than cross sectionX;), previous models . .
[9{ [10] Ssing physical width for the sengerF\)tation would resuﬂe—embedded before comparison with our r_nodel. The excellent
in over-estimates of intra-layer capacitance for closely packgbamh between our madel a_nd the 3-D f'.eld solver as well
wires. as measurement, as shown in Table I, validates the proposed
We apply the proposed Q-3-D model to test structurdd 3D model.

fabricated with a state-of-the-art 0. L& technology as shown

in Fig. 4. The technology includes a wide range of geometricgr
parameters for metal layers Metal 1 to Metal 7 and variousIn the general case of nonorthogonal crossover as described
dielectrics with different dielectric constarttsCapacitances in Fig. 5(a), we note that area and edge are each increased
for the structures are measured at 100 KHz with a precisiby 1/sin(¢) for a rotation angles, leading to an increase of
impedance analyzer, Agilent 4294 A. The measurement dat@a capacitance and 2-D fringing capacitance. Fortunately, we
include the parasitic capacitance of the probing pad, whichfied thatC,:.,(¢) also assumes the samelependency. Thus

C andW, are generalized as

2Details of the dielectric layers and vertical dimensions of the metal layers are” °** (¢) cs£(9) g

not given here. To deal with multi-layer dielectrics, we use effective dielectric

constants as defined in [13]. Ceross(P) = Wers(d)Cserr (5)

General Non-Orthogonal Wires
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Crossunder Line
Crossover Line

100 um

Our Model - line Fig.6. Application structure to see parasitic capacitance of a long wire loaded
Field solver - symbol by crossing lines with both orthogonal and diagonal routing. The angles of
crossover and crossunder wires to the object wire are varied. Here WE use

0.4 gm, T = 0.35 um, andH = 0.45 pum for all metal layersS = 0.8 um

for crossing lines and = 0.4 zm for object layer are used.

Ccross[fF]
o

W=1 pm, S=0.2 um TABLE I
\ COMPARISON BETWEEN PHYSICAL WIDTH (W) AND EFFECTIVE WIDTH
W=0.2 pm, S=1 pm (Wesr ORW!; ) FOR ORTHOGONAL AND DIAGONAL ROUTING CASES

SHOWN IN FIG. 6. W/ ; . REPRESENTSEFFECTIVE WIDTH CALCULATED

W=S=0.2 um WITHOUT INCLUDING C'y 1

0.01 — o, idthum]l W Wy Wey
10 30 50 70 90 90° 0.40 0.68 0.91
o 45° 0.40 0.96 1.27

(b)

TABLE llI
eTOTAL CAPACITANCE OF THE OBJECTLINE IN FIG. 6, EXTRACTED BY THE
PROPOSEDMODEL AND A FIELD SOLVER. NUMBERS IN PARENTHESIS
ARE RELATIVE ERRORS

Fig. 5. (a) Schematic drawing of a general nonorthogonal crossover wir
structure and (b{'....s. versus angle. In (b), wherg;, = S, = 0.2 um,

T, =75 =0.35um,andH, = H, = H3 = 0.45 um, our model (line) and
3-D field solver (symbol) are compared.

where Routing CIfFl |  Model |Field Solver
o1 . Orthogonal (¢,=¢,=90°) 19.7 (3%) 191
W.ip(¢) = .W2 + qu Cuwtw (90 ) Diagonal | (¢;=¢,= 45°) 19.3 (2%) 19
sin(¢)  Coerysin(¢) - Coers sin(¢) Diagonal Il (§,=90°, $,=45°) | 19.5 (3%) 19
=Wer(90°) csc(gp). (6)
In Fig. 5(b), the generalized model shows excellent match with TABLE IV
the 3-D field solver for a wide range of rotation angles. CAPACITANCES OF THEOBJECTLINE IN FIG. 6 WITH ¢, = ¢; = 90°,

- : EXTRACTED BY QUASI-3-D METHOD WITH TwO DIFFERENT DECOMPOSITION
With the generallzewﬂff(¢)' we can apply our Q-3-D METHODS EFFECTIVEWIDTH (W, ;) AND PHYSICAL WIDTH (W), ARE

model proposed in Section 1I-B to any general nonorthogonatomparep WiTH THosE FROM FIELD SOLVER. NUMBERS IN PARENTHESIS

wire structure. We extract the capacitance of a long wire ARE RELATIVE ERRORS
loaded by two parallel neighbors and many crossover (and
crossunder) wires with both orthogonal and di | routi Field Solver| Model | Model

r) wi gonal and diagonal routing, using W,y | using W
as shqwn in Fig. 6. Calculat_eWe ¢5 of the crossover wire is Coone [F] 50 9.2 (3%) |10.8 20%)
given in Table Il. As shown in Table IV, is significantly Coy [FF] 101 10.4 (3%) | 7.5 (-26%)
larger than the physical width of the crossover wivE)( The Ciota [F] 19.1 19.7 (3%) | 18.3 (-4%)

results also show that inclusion @t,,, in W,y is critical

for the structure. Capacitances extracted using our quasi-3-D, . . .
method are compared with 3-D field-solver results, as show desirable for crosstalk analysis based on any capacitance
in Table Ill. Excellent agreement between these results, ertTFIOdel'
less than 3% error for both orthogonal and diagonal routings,
further validates our generalized quasi-3-D model. In addition,
either architecture yields virtually the same results. This is dueA typical high-speed on-chip interconnect configuration is
to the fact that for a long wire, the number of crossover linehown in Fig. 7. At relatively low frequencies, each power
decreases byin(¢), which precisely offsets the increase irgrid provides a good current return path due to low resistance
capacitance as given by (5) and (6). Furthermore, as showrpirnthe grid. As the frequency of the signal advances into the
Table IV, if we useW instead ofiW. ¢ in the decomposition, multi-GHz range, random signal lines start to participate in
substantial overestimation @f...,. and underestimation of the return path. Eventually, at a sufficiently high frequency,

Cserr result. Such overestimation @, Will be highly virtually all the wires surrounding the high-speed signal line

Il. AN EFFECTIVE LOOPINDUCTANCE MODEL
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Fig. 7. Typical high-speed on-chip interconnects. Horizontal and vertichig- 8. Simplification of multiple return paths into a single signal line with
power grids are tied together through viad.and S denote the pitch of effective resistancef{. ; ;) and effective inductance.( ). L;; represents the
power grid and the distance between signal line and the nearest power geftial inductance oith line segment, induced by a currditflowing through
respectively. Wires are assumed to be copper with a thickness of;r85 jthline segmentl (=I,) represents the current flowing through the signal line,
each. Widths of signal line and power grid are assumed to o@and 4um,  Wwhich is equal to the sum of all return curredts j > 0.

respectively.

can function as possible return paths. Though Kleveland | 1 | Lo at 100MHz . 10

demonstrated experimentally that random signal lines redt 12 | ~ - | o8

the high-frequency inductance significantly, there has been A

explicit modeling of this effect. _— @1 o losT
Inthis section, we propose an effective loop inductance moc E 43 B 1 ‘:Ner or 4 E

to account for the random-signal-line effect. Based on resug, _ | Loy at 100GHz 04 ..IE.

from full-wave solver and-parameter experiment, we propos¢& ° | X Rffa%mOGHZ g i

an empirical high-frequency inductance model, which is e | R.s at 100MHz

tracted directly from the capacitance of the wire. We consid 51 ’ 02

the return paths through the power grid and random signal lin

separately in Sections Ill-A and 111-B, and then combine the ~ © - - ‘ 0.0

effects to arrive at a unified model in Section IV. 0 200 400 600 800 1000

Length [um]

A. Compact Model Construction Using Effective Loop

Inductance Fig. 9. R.;r andL.; versus length of wire on power grid (see insét)=

) o ) o ) o 3 pmandP = 40 pmin Fig. 7 are assumed. In our FastHenry simulations,
As illustrated in Fig. 8, inductive interaction within every segskin effect is not considered, in order to focus on proximity effect.

ment surrounding a signal line can be incorporated into an ef-

feﬁctivg inlductgnce, generating a sing[e isolated le mgdel. TBSsignated ground lines only. Finally, frequency dependency is
effective loop inductancelt. ;) and resistancefl. ;) i Fig. 8 5 1emented using the equivalent circuit as described in Sec-
can be derived [14], [15] using the equivalence of energy 86n 1v.

power stored in the two systems, resulting We investigate the linearity df. ; ; andR, ; ; for a signal line

% Z Z LijL1; = % LeffI2 @) on the power grid using Fastl-_|enry. [17]. As shown in Fig. 9,
=5 L.sr andR. ;¢ show excellent linearity, except at low frequen-
5 ) cies for L. ¢ ¢, where low-frequency inductance displays super-
Z Rily =Repsl”. (8) linearity because the return current spreads out as the length of
k

wire increases. The linearity observed provides a sound basis
L;; represents a partial inductance between segmeamslj.  for hierarchical model construction for a long wire by concate-
I; and R; represent the current flowing through a segmintnating models of individual segments. Also we found that suffi-
and the ohmic resistance of the segment, respectively. We gt accuracy is achieved by considering only up to the second
an analytical partial inductance model [16] fby; calculation, nearest power grid [18], making solutions of (7) and (8) man-
as outlined in Appendix B. In (7) and (8), we note tHat;; ageable.
and R. ;¢ are frequency-dependent because the return currenin Fig. 10, we compare our constructed model, for the struc-
(I;) depends on frequency. Using these two equations, we abre shown in the inset with FastHenry. Our model shows excel-
tain L.¢s and R. ¢ ¢ in two frequency domains: low frequencylent match except for a slight underestimation of inductance at
(LF), where we assume that each return currentis determineddy frequencies, which is caused by the super-linearity. Since
only the resistances of all return paths, and medium frequeriow-frequency impedance is dominated by resistance, the un-
(MF), where only inductances are taken into account in deteferestimation has no significant effect on the total impedance
mining the return current. Here the return current is througif the signal line and on signal transfer characteristics [18].
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Fig. 11. Relationship between capacitance and inductance obtained from
Fig. 10. L., extracted using our effective loop inductance model (line) i§ll-wave solver at 20.1 GHz for various capacitive coupling configurations.
compared with FastHenry results (symbol) for a signal line on power grid &iies represent the fitted slow-wave mode formulas given by (9), using

shown in inset. Here frequency dependency is modeled using the circuit shaWhulation results (open triangles and circles). In full-wave solver simulations,
in Fig. 13. low-k dielectrics withk = 2.9 are used for all structures. Solid triangles

represent measured results for coplanar wave guide structures.

B. Random Signal Line Effect 12 12

We investigate this effect with a full-wave solver [19] for the S increases :
structure shown in Fig. 7, where random signal lines are Ie'g 10 N 'g 10 ¥
floating [20]. Telegrapher’'s parameters, RLCG, are extracti o8 | T 08 | ‘
from S-parameters obtained from simulation results. At higf—; F e ‘f-,' et p
frequencies (HF), parallel random capacitive coupling ce§ 06 L . § 06 I
provide a pseudo ground line next to the signal line, inferrirg o4 | v V 8 04| M
quasi TEM-mode wave propagation [20]. This hypothesis £ oo | 2 oo |
supported by a close relationship betwdeandC in Fig. 11, ' f%sié ‘ f‘ﬁsié
extracted for the various structures with different configuratior 0.0 L i v 1 0.0 Lovw i i 1
of random coupling lines. Based on lossless transmission li 1.E+07 1.E+09 1.E+11 1E+07 1.E+09 1.E+11
theory, the reciprocal of the LC product for TEM wave beini Frequency [Hz] Frequency [Hz]
the square of the phase velocity, our simulation data are fitt @ ®)

to a semi-empirical expression
; Fig. 12. Inductance versus frequency characteristics for different relative
(LC)*O-O = SWF 1y (9) location of a wire to power gridS = 3, 5, 10, 15, 20, 25m for each
curve, whileP = 50 pm. Diagonal wire (b) shows negligible change, while
wherev is the phase velocity in the medium and SWF is thgthogonal wire (a) shows dramatic changesSashanges. Dashed arrows
. . . epresent major return paths.
dimensionless “slow-wave factor” used to characterize the de-

viation from ideal wave propagation along a lossless transmis- _ .
sion line. In Fig. 11, crossing random coupling lines show & 100 GHz, we find that the SWF changes by only 13%. There-

slightly slower wave-like propagation mode than parallel lineore. a single SWF (for parallel and crossing lines, respectively)
It is well known that weaker coupling of electric and magnetig@n be used up to 100 GHz, which approaches unity at infinite

fields induce slower wave propagation [21]. Since the crossifi§auency.

lines cannot provide direct return path, the magnetic-field cou-

pling between these wires and the object line is weaker thfn Non-Orthogonal Wires

the electric-field coupling, thus weakening the coupling of the Unlike orthogonal architecture, where horizontal and ver-
two fields, and slower propagation results. By introducing sepieal wires are not magnetically coupled and can be treated
arate SWF's for parallel and crossing lines, which can be deeparately, nonorthogonal architecture introduces increased
termined empirically for each technology, the high-frequenagomplexity in inductance modeling due to magnetic coupling
inductance in TEM-mode is extracted from the capacitance aiong nonorthogonal wires. We investigate inductive prop-
the signal line. Here we note that the capacitance used in (9etties of a diagonal wire, which is a practical application of
extractL g r assumes floating random lines. The capacitancemonorthogonal architecture with a 4%rossing, using Fas-
(9) is calculated readily from a series combination of couplingdenry [17]. A diagonal wire on a power grid [see the inset of
capacitances, which are extracted as described in Section Il, Bgr. 12(b)] shows linearity characteristics of the effective loop
tween the object signal line and ground line, through randomductance similar to those for orthogonal wires as shown in
lines. Since both parallel and crossing lines exist in a real chipig. 9.

the final inductance value is calculated from a parallel combina-One unique characteristic of the diagonal wire is illustrated
tion of inductances due to parallel lines and crossing lines, tie-Fig. 12. For orthogonal wires, as demonstrated in Fig. 12(a),
spectively. By increasing extraction frequency from 20.1 GHzarying location of a signal line to power grid results in signif-
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Fig.13. Frequency-dependent RLC circuit model. The lumped elementvalu 0.6
are calculated using the (10).

E £
icant changes in inductance, due to changes in magnetic fI“T_E 04y TTeee 120 e}
o

between the signal line and return path. However, the diao
onal wire inductance is insensitive to the relative location ofth 0.2
wires, as shown in Fig. 12(b). We attribute this to the fact that re o BRI
gardless of the signal line location, magnetic fluxes on opposi
sides of the wire offset each other [see the inset of Fig. 12(b  ° — /l\ - ) '
for this special case of 45rossing. At high frequencies, sim- 01 1 e 10
ilar SWF'’s are observed for diagonal crossing lines as orthor Frequency [GHZ]

onal ones. Therefore any diagonal wire on the power grid can _ _
.14. Frequency-dependent resistance and inductance for a structure shown

be mOdele(_j by an equa_llem orthogonal wire on the_ power gAt?ove.G and .S denote ground and signal lines, respectively. Numbers in the
at some suitable separatiSnindependent of the location of thestructure represent dimensions of the structurerimand random lines (both
diagonal wire. parallel and crossing) are not shown for simplicity.

We verify our model by performing measurements on

coplanar wave guide structures with orthogonal or diagongped parasitic capacitan€gin Fig. 13, which is extracted as-
random crossing lines, using a network analyzer, Agilegliming grounded random signal lines as described in Section II.
8720 A. Measured values of. and C' at 20.1 GHz are e use a modified skin-effect formula proposed by Kleveland
0.566 nH/mm and 0.163 pF/mm for Ol’thogonal wires arﬁ] to extract high_frequency resistanc&AF)_ With the pro-
0.615 nH/mm and 0.147 pF/mm for diagonal wires, respegpsed RLC model, the frequency behaviordef; and R, s
tively. These two data points are added to Fig. 11 and thelow three distinct regions, namely, low, medium, and high,
further support the quasi-TEM mode description. Even withoyhere different return paths dominate. Since the return path is
the inclusion of substrate effects in this study, this strikingetermined by a competition between its inductive and resistive
convergence provides the strongest evidence to date that at Bighedances, two crossover frequencigs,andf., which sep-
frequencies, a system of interconnecting wires, regardless ofgjfate the three regions, are defined as

complexity, behaves much like that of single transmission line.

RJMF RHF
o= . 11
feo =5 Torr (11)

IV. FREQUENCY-DEPENDENTRLC MODEL Jer = 2rLip’
Capacitance model and inductance model developed in B§low f.,, the bulk of the current returns through the least-resis-
previous sections are combined to yield a frequency-dependgi path. Betweerf,; and f.,, we assume that current returns
RLC model as given in Fig. 13. We use parallel branches {grough the least-inductive path provided by designated ground
model frequency dependency fifand , as in Krauter [15]. |ines. Abovef.,, current returns through the least inductive path
The values of the Iumpec_i elemgnts In the_model can be calgiiovided by random signal lines through capacitive coupling as
lated from the following six relationships with physical paramyg|| as by designated ground lines.
eters extracted for any interconnect structure In Fig. 14, our model is compared with Krauter’'s model [15]
as well as with a full-wave solver. Our model shows excellent

Rpp =Ry || Re|| Rs; match for a wide range of frequencies, from 100 MHz to

Lip =L+ < Ry )2 (L2 n < Ry )2 L3> ~ 100 GHz, while Krauter's model significantly overestimates
R+ Ry ||Rs Ry + R3 " high-frequency inductance and considerably underestimates
2 high-frequency resistance. For this comparisbn.andf.. are
Ryr =Ry ||Ra ; Lyr =1L+ <L> Lo; found to be 1.5 GHz and 13.5 GHz, respectively.
Bi+ Ry Being based on closed-form equations for inductance and ca-
Rur = Ry; Lur = L1 (10) pacitance extraction, our model provides high computational ef-

The low-frequency (LF) and moderate-frequency (MF) pgl_me_ncyforfuII—ch|p—IeveIa_ppllcauons.Forthc_e structures shown_
- InFigs. 4 and 6, our capacitance model requires orders of magni-
rameters,Rrr, Lrr, Ryp, and Ly p are extracted analyti-

: ; . . .éude less computational time than a field solver, even if we use a
cally from the configuration of the signal line and power gri

as described in Section IlI-A, while high-frequency inductanc‘e’eOIVer incorporating the random-walk metRgdstead of a con-

) : X . ventional (and slower) solver employing the multipole-acceler-
(Lzr)is extracted from the capacitance for the configuration %]fed boundary integral method. Thus our hierarchical and an-

random signal lines using (9). As described in Section 111-B, the
capacitance used in the extractionlof ¢ is different from the  3QuickCap,” from Random Logic Corporation.
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for area and fringing components. Furthermore a finite constant

W term is added in the fringing capacitance formula to account
H Cear for an asymptotic contribution due to the edge of each plate,
in the zero limit width and thickness limit. This constant term
results in a more physical [22] and accurate model. Our 2-D
model shows an average error of 1.6% and a maximum error
of 3.5%, while Chern’s model shows 4.9% and 17.9%, respec-
H Cout tively, for the ranges0.29 < W/T, S/T < 14.3,0.22 <
W/H,S/H < 11.1,0.71 < H/T < 11.43, all in upm units
[13]. Our 3-D wall-to-wall model is confirmed for the ranges:
Fig. 15. Parallel 2-D wires between two ground planes with geometricg[1 <W,5<5,0.1< T < 2,0.25 < H < 4, with an average
parameters and related capacitance components. Black line in the center i€f@r of 3% and a maximum error of 10%.
object line, which is being modeled. 1) Two-dimensional capacitances (scaled by the dielectric
permittivity):

: Ccouple Ccouple o

alytical methodology demonstrated for inductance model con- T i
struction forms the basis for full-chip-level applications. oo )e = 5 (1 — 1.5¢T/2:55 ¢—(H/0.315)

couple
41.5¢(H/0.085) _ 0.13e*<T/1-35>) (12)

H 0.2 —
Je = <§> (1.53 - 0.9867(W/o.3;,H))

V. CONCLUSION

Aiming for full-chip-level applications, we propose a unified /"

couple

compact RLC model for high-speed on-chip interconnects. A

unified quasi-3-D capacitance model for general nonorthogonal e (5/065H) 4,01 (13)
wires based on a novel concept of effective widli.¢y) is Co e = w (14)
proposed. A new analytical wall-to-wall model as well as an ~ *¢// H

analytical 2-D model is included in the proposed model, and ¢/ /e = (1,05 10.63¢(T/9) _ 67(5/1-2H))
confirmed to provide high accuracy for deep sub-micron tech- 0.05 0.95
nology, by extensive comparisons with field solver and mea- ) ( S > (_) 1 0.063. (15)
surement results for various test structures. S+2H H

A first-ever effective loop inductance model for practical
on-chip interconnects with random capacitive coupling is
proposed in this paper. The validity of the effective loop in-
ductance and hierarchical model construction methodology gre, —0.6T, —0.6T,
demonstrated. The effect of random signal lines on the on-chtg— = 20 [0.2 + 0.8exp < . ) + 0.8 exp ( : )
. . . . . . . 3 51 52
inductance is quantitatively investigated, using $uparam-

2) Three-dimensional wall-to-wall capacitance (scaled by
the dielectric permittivity):

eter-based methodology and a full-wave solver. In particular, + 0.45 exp <_0.45%> +0.45 exp <_0.45@>}
quasi TEM-wave-like propagation mode is observed above Hy Hs

10 GHz, revealing a unique empirical relationship between defs 2.4H 16
capacitance and inductance of the signal line. This relationship ’ [m} 2 (16)

is believed to be valid for all interconnects at high frequencies.
By combining the quasi-3-D capacitance model and effective ~ where
loop inductance model, we have successfully created a scheme
whereby compact modeling and parameter extraction for high-
speed on-chip interconnects can be readily conducted. deys

1

1 1 2 2
=025 |—+ —+ + }
[51 Sy (Ti+Hy) (T + Hs)
represents shielding effect from the neighbors sur-
APPENDIX A rounding the crossover.
CAPACITANCE FORMULAS

For structure and notations of the geometrical parameters, APPENDIX B
refer to Fig. 15 for 2-D model and Fig. 1 for 3-D model. In the INDUCTANCE FORMULAS
following equations, subscrigelfor couplemeans self or cou-  We use Grover's formulas [16], which are simple yet accu-
pling component of the line capacitance and supersermptfr rate enough to extract the partial inductadge of on-chip in-
means area or fringing component of the line capacitance. 2d&)connect, for which inductive effect becomes significant. Note
capacitance model is modified from Chern’s model [9] and 3-that all Ls are given in units of nanohenry, ahdV, andT’ are
model is solely our contribution. length, width, and thickness of the wire in units of micrometer.

Although Chern’s 2-D model generally provides accurate re- 1) self inductance J; of the ith wire is given by
sults for most cases, it showed relatively poor results for thick
dielectrics [13], which are important in today’s technology with
multi-metal layer. We optimize empirical parameters separately

L = 0.00021 |1
[n (W—i—T

) +0.5—In /\} . an
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(6]
(71
(8]

9]

(20]

[11]

[12]

[13]

(14]

[15]

[16]

(17]

whereln ) is a slowly varying function of the ratitV// T, [18] S.-P. Sim, C. Chao, S. Krishnan, D. M. Petranovic, N. D. Arora, K.
ranging from 0 to 0.002 49. For the casd of (W + T) Lee, and C. Y. Yang, “An effective loop inductance model for general
o\ ligibl ith | h 1% ’ nonorthogonal interconnect with random capacitive couplinglzEDM
nAIS ngg Igible with less than 1% error.. Tech. Dig, 2002.

Mutual inductancd.;; between parallel wiresand; of [19] Ansoft, “HFSS—3-D full-wave EM simulation software,” Tech. Rep.,
equal length 2002,

q 9 [20] S.-P.Sim, K. Lee, and C. Y. Yang, “High-frequency on-chip inductance

) 2 model,”IEEE Electron Device Lettvol. 23, pp. 740-742, Dec. 2002.
.~ 0.0002] |1n i +4/1+ l_ /14 l_ + il [21] H. Hasegawa, M. Furukawa, and H. Yanai, “Properties of microstrip

- d d? d2 11 line on Si-SiQ system,”IEEE Trans. Microwave Theory Teghvol.

MTT-19, pp. 869-881, Nov. 1971.
(18) [22] F. Stellariand A. L. Lacaita, “New formulas of interconnect capacitances
based on results of conformal mapping methdBEE Trans. Electron

whered represents the geometrical mean distance (GMD)  Devicesvol. 47, pp. 222-231, Jan. 2000.
between the two wires, which depends on width)(and

thickness 1) of the wires and spaceS| between the

wires. In the special case éf > d or W = T, we

can use a simple arithmetic mean distance (AMD) instead

; ; ; : Sang-Pil Simreceived the B.E. degree in electrical engineering from Seoul Na-
of GMD without any substantial error. Since no alflalytlézonal University (SNU), Seoul, Korea, in 1988 and the M.E. and Ph.D. degrees

form of GMD is available for the general case, however, g electrical engineering and computer science from Korea Advanced Institute
table look-up method [16] or a more complicated analytigf Science and Technology (KAIST), Taejeon, Korea, in 1990 and 2003, respec-
tively.
[14] can be used. From 1990 to 1998, he was with Semiconductor Researcher and Develop-
ment Center, Samsung Electronics Corporation, Kiheung, where he was in-
REFERENCES volved in the development of quarter micron transistor, process integration, and
. . failure analysis for DRAM. He is currently working on interconnect modeling
ITRS, “International Technology Roadmap for Semiconductors,” Techy high-speed digital circuit design at Santa Clara University, Santa Clara, as a
Rep., 2001 ed.. . B visiting researcher. His research interests include modeling and device physics
N. D. Arora, K. V. Raol, R. Schumann, and L. M. Richardson, “Mod-of Rr CMOS, and high-frequency characterization and modeling of on-chip in-
eling and extraction of interconnect capacitances for multilayer VLSk connects.
circuits,”[EEE Trans. Computer-Aided Desigrol. 15, pp. 58-67, Jan.  py. sim received a grand prize from the president of Samsung group for the

1996. . . o contribution to the first development of 256 Mega bit DRAM in the world, in
J. Cong, J. Lei Het, A. B. Kahng, D. Noice, N. Shirali, and S. H.-C. Yen; gggq.

“Analysis and justification of a simple, practical 2 1/2-D capacitance
extraction methodology,” ifProc. DAG 1997, pp. 627-632.

W. Jin, Y. Eo, W. R. Eisenstadt, and J. Shim, “Fast and accurate qua-
sithree-dimensional capacitance determination of multilayer VLSI in-
terconnects,1EEE Trans. VLSI Systvol. 9, pp. 450-460, June 2001.

E. B. Rosa, “The self and mutual inductance of linear conduct&nslf:

Nat. Bur. Stand.vol. 4, 1908.

A. E. Ruehli, “Inductance calculations in a complex integrated circu
environment,”IBM J. Res. Developvol. 16, 1972.

B. Kleveland, “CMOS interconnects beyond 10GHz,” Ph.D. disserte
tion, Dept. Elec. Eng., Stanford Univ., Stanford, CA, 2001. g
M. lgarashi, T. Mitsuhashi, A. Le, S. Kazi, Y.-T. Lin, A. Fujimura, and S.
Teig, “A diagonal-interconnect architecture and its application to RIS
core design,” irProc. ISSCC2002, pp. 210-211.
J. H. Chern, J. Huang, L. Arledge, P. C. Li, and P. Yang, “Multileve
metal capacitance models for CAD design synthesis systelBEE
Electron Device Letfvol. 13, pp. 32-34, Jan. 1992.

S. C. Wong, T. G. Y. Lee, D. J. Ma, and C. J. Chao, “An empiric
three-dimensional crossover capacitance model for multilevel intercon-

nect VLSI circuits,”|EEE Trans. Semiconduct. Manufaatol. 13, pp.

219-227, May 2000.

P. Nouet and A. Toulouse, “Use of test structures for characterization

and modeling of inter- and intra-layer capacitances ina CMOS process,”

IEEE Trans. Semiconduct. Manufaatol. 10, pp. 233-241, May 1997. Dusan M. Petranovicreceived the B.S. degree in electrical engineering from

D. Bernard, C. Landrault, and P. Nouet, “Interconnect capacitantiee University of Belgrade, Yugoslavia, in 1976, the M.S. degree in computer
modeling in a VDSM CMOS technology,” iBOC Design Methodolo- engineering from Worcester Polytechnic Institute, Worcester, MA, in 1979, and
gies Boston, MA: Kluwer, 2002, pp. 133-144. the Ph.D. degree from the University of Montenegro in 1986.

S.-P. Sim, N. D. Arora, C. Chao, S. Krishnan, K. Lee, and C. Y. Yang, He was an Assistant Professor and later an Associate Professor at the Uni-
“Analytical capacitance model for high-speed interconnects with diagersity of Montenegro, until 1992. While there, he had been involved in devel-
onal routing,” inProc. IITC, San Francisco, CA, June 3-5, 2002, ppoping and teaching courses in electrical and computer engineering, as well as in
157-158. research in the areas of microprocessor system design, digital signal processing
C. Hoer and C. Love, “Exact inductance equations for rectanguland control system design. Before moving to the the U.S., he was also an Ad-
conductors with applications to more complicated geometriesRes. junct Professor at the University of Belgrade and served as an EE Department
NBS-C vol. 69C, no. 2, 1965. Dean and Chair at the University of Montenegro. He spent six years teaching at
B. Krauter and S. Mehrotra, “Layout based frequency dependent iHarvey Mudd College, Claremont, CA. He joined LSI Logic Advanced Devel-
ductance and resistance extraction for on-chip interconnect timing anapment Laboratory, Milpitas, CA, as a Member of Technical Staff in 1997, and
ysis,” in Proc. DAC, 1998, pp. 303—-308. then moved to the Process R&D, to work on the interconnect modeling for high
F. W. Grover,Inductance Calculations: Working Formulas and Ta-speed digital circuit design. He worked as a consultant for NASA on aircraft con-
bles New York: Dover, 1946. trol law design, and for NOVA Management, Inc. on a design of Tera FLOPS
M. Kamon, M. Tsuk, and J. White, “FastHenry: A mutipole-acceleratedigital signal processor. He has published numerous international journal and
3-D inductance extraction programEEE Trans. Microwave Theory conference papers and holds eight U.S. patents.

Tech, vol. 42, pp. 1750-1758, Sept. 1994. Dr. Petranovic received the Fulbright Scholarship.

Shoba Krishnan received the B.Tech. degree from
Jawaharlal Nehru Technological University, India, in
1987 and the M.S. and Ph.D. degrees from Michigan
State University, East Lansing, in 1990 and 1993, re-
spectively.

From 1995 to 1999, she was with the Mixed-Signal
Design Group, LSI Logic Corporation, Milpitas, CA,
where she worked on high-speed data communica-
tion IC design and testing. She is an Assistant Pro-
fessor with the Department of Electrical Engineering,
Santa Clara University, Santa Clara, CA. Her current

research interests include analog and mixed-signal integrated circuit design and
aEesting, and study of signal integrity and modeling issues in mixed-mode ICs.




1510 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 6, JUNE 2003

Narain D. Arora (F'02) was born on March 1, 1943. He received the Ph.DCary Y. Yang (F'99) received the B.S., M.S., and Ph.D. degrees in electrical
degree in solid state physics from the Indian Institute of Technology. engineering from the University of Pennsylvania, Philadelphia, in 1970, 1971,
He is Vice President of Technology at Cadence Design System, San Jose, &#d 1975, respectively.
Prior to that (1996—-2002), he was Vice President and Chief Scientist at Sim-After working in various research positions at Massachusetts Institute of
plex Solutions. Prior to joining Simplex in 1996 he held several engineerini@chnology, Stanford University, and NASA, he founded Surface Analytic
and management positions within DEC’s semiconductor division over a pResearch, Inc. and directed sponsored research in surface and nanostructure
riod of 14 years. The most recent being consulting engineer and manages@énce. In 1983, he joined Santa Clara University, Santa Clara, CA, and is
DEC's device and interconnect modeling group. His field of interest is sengurrently Professor of electrical engineering and Director of Microelectronics
conductor process/device design and modeling/characterization including VILaboratory. He has been a consultant to industry and government, and a
device/circuit reliability simulation and parasitic (interconnect) modeling andisiting Professor at the Tokyo Institute of Technology, University of Tsukuba,
extraction. He has given various invited talks and published over 50 journal pdational University of Singapore, the University of Pennsylvania, and the
pers, has three patents to his credit and auth®t@SFET Modeling for VLSI University of California, Berkeley.
Circuit Simulation: Theory and Practiqg®&ew York: Springer-Verlag, 1993, pp.  Dr. Yang served as Regions/Chapters Chair, Vice President, and President of
596). the IEEE Electron Devices Society. He is currently an elected member of the
|EEE Board of Directors, representing Division |. He served as an Editor of the
IEEE TRANSACTIONS ONELECTRON DEVICES, in the area of MOS devices.

Kwyro Lee (SM’'90) received the B.S. degree in electronics engineering from
Seoul National University, Seoul, Korea, in 1976, and the M.S. and Ph.D. de-
grees from the University of Minnesota, Minneapolis-St. Paul, in 1979 and 1983,
respectively.

While with the University of Minnesota, he was involved with many pio-
neering research of modeling heterojunction field-effect transistors. From 1983
to 1986, he was an Engineering General Manager with Gold-Star Semicon-
ductor, Inc., Gumi, Korea, where he was responsible for the development of
the first polysilicon CMOS products in Korea. In 1987, he joined the Korea Ad-
vanced Institute of Science and Technology (KAIST), as an Assistant Professor
in the Department of Electrical Engineering and Computer Science, and where
he is currently a Professor. Since 1997, he has also been the Director of the Micro
Information and Communication Remote-Object Oriented Systems (MICROS)
Research Center. His research interests are focused on RF and baseband cir-
cuits for mobile multimedia. He co-author&bmiconductor Device Modeling
for VLSI(Englewood Cliffs, NJ: Prentice-Hall, 1993).

Dr. Lee is a Life Member of the Institute of Electronics Engineers of Korea
(IEEK). He served as the Chairman of the IEEE Korea Electron Device Chapter
and as a Technical Committee member at the IEEE International Electron De-
vices Meeting (1997-1998).



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


