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Abstract—A quasi-magnetostatic integral formulation ap- effects between closely adjacent lines may also contribute to
proach is applied to compute the frequency-dependent series the overall signal dispersion on on-chip interconnects in the

resistance and inductance parameters for coupled microstrip o of frequency-dependent series resistance and inductance
on-chip interconnects on silicon. The method is based on the parameters

simultaneous discretization of interconnect conductors and silicon o . . .
substrate, and takes into account the substrate skin effect (eddy ~ The broad-band transmission-line behavior of interconnects

currents), as well as the conductor skin and proximity effects. An on lossy silicon substrate (typically referred to as metal—insu-
efficient equivalent-circuit model based on “effective substrate |ator—semiconductor (MIS) transmission lines) has been char-
current loops” is extracted from the frequency-dependent R acterized by experiment (e.g., [1]-[3]), by rigorous analytical

and L parameters for a class of coupled microstrip-type on-chip . .
interconnects. The frequency response of the proposed model methods, and by various numerical approaches (e.g., [4]-{7])-

consisting of only passiveR, L elements agrees well with the [N this paper, a general quasi-magnetostatic solver based on an
broad-band characteristics of the distributed resistance and integral formulation [8]is adopted to compute the frequency-de-
inductance parameters of the interconnect obtained by electro- pendent distributed resistance and inductance parameters. The
magnetic _'slmulatlon. _Model extraction results are presented for proposed method includes the important physical effects (sub-
asymmetric coupled interconnects to demonstrate the proposed - . 7
method. strate skin effect, conductor skin and proximity effects) asso-
ciated with on-chip interconnects on lossy silicon. The integral
formulation and its corresponding equivalent-circuit interpreta-
tion are similar to the well-known partial-element equivalent-
circuit approach (PEEC) [9], which has been widely used for
characterization of nonuniform packaging structures and pas-
. INTRODUCTION sive components. Here, the integral formulation approach is ap-

IXED-SIGNAL integrated circuits have been demonplied to ;olve for the per-unit-length (p.q.l.) impe.danc.e. param-
M strated to provide high-performance system solutiof4€rs of interconnects placed on a semiconducting silicon sub-
for various applications such as wireless communications affgate.
high-speed communication backbones. The continued scalingcduivalent-circuit models for interconnects generally are
and improvement of semiconductor processes have madéggirable for circuit designers to incorporate the interconnect
possible to integrate RF, analog, and digital circuitry on g{ructures as a subcircuit into generic circuit solvers, and are
common silicon substrate and create system-on-a-chip (S(gtf;)spemal advantage in co-simulation with nonlinear devices.
solutions for various mixed-signal applications. FurthermorErequency-dependent off-chip lossy interconnects have been
RF and microwave integrated circuits in silicon-based cMo@odeled, for example, by a network consisting of uncoupled
technology are increasingly desirable due to the fabrication c#¢sless transmission lines and synthesized lumped-element
advantage. However, unlike microwave/RF integrated circuit§Pnetworks based on a normal-mode decomposition approach
on low-loss substrates, such as alumina and Sl-GaAs, {h€]- In this paper, a new and simple computer-aided-design
lossy nature of the semiconducting silicon substrate may hd$eAD)-oriented equivalent-circuit model is presented for mul-
a significant impact on the loss and dispersion characteristfde coupled microstrip on-chip interconnects on lossy silicon
of on-chip interconnects as well as on-chip-wiring-basej/Pstrate. It will be demonstrated by electromagnetic (EM)
integrated passive components, such as spiral inductors, in ﬁjmulation that for a class of typical microstrip interconnects
high-speed analog, and mixed-signal integrated circuits. @ lossy silicon with relatively small conductor cross sections,

addition to the substrate loss, the conductor skin and proximff}e frequency-dependent behavior of the p.u.l. resistance and
inductance parameters may be dominated by the substrate skin

effect. The proposed compact equivalent-circuit model for the
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Fig. 1. Discretization of conductors and silicon substrate into filaments of 2 conductor 2

rectangular cross sections to model the frequency-dependent longitudinal

current distribution. Fig. 2. Equivalent-circuit formulation for distributed series impedance
parameters of coupled interconnects on silicon based on (3).

Il. QUASI-MAGNETOSTATIC CHARACTERIZATION OF

ON-CHIP INTERCONNECTS thesth filament of unit length with cross-sectional areaando

To determine the frequency-dependent resistance and ifhthe conductivity of the conductor or the silicon substrate, re-
ductance parameters p.u.l. of interconnects on lossy silicépgectively. Each inductance element represents the inductance
a quasi-magnetostatic integral formulation [8] is applied@f an individual filament of unit lengtin the presence of the
Under the quasi-magnetostatic assumption, the current in egépund plane Furthermore, mutual inductance exists between
interconnect conductor of relatively small cross section camy two filament-ground loops of unit length in the equivalent
be assumed to flow parallel to its surface. Accordingly, th@rcuits and represents the corresponding p.u.l. mutual induc-
resulting “eddy currents” in the lossy silicon substrate flokance. These inductance entries, i.e., the p.u.l. self inductance of
parallel to the conductors. The integral formulation [9] is givef filament with rectangular cross section over a ground plane, as

by well as the p.u.l. mutual inductance of two filaments with rect-
R . R angular cross sections over a ground plane, can be obtained by
(r) gwp [ G 0 V() (1) extrapolating the corresponding inductance vallg# for finite
o e Jfoo |r =] length conductors, as described in the following:
wheres is the conductivity,/(+) is the current density, ari{(r) . L)
is the scalar electric potential. Lpur = lhjf}o 1 )

In order to model the frequency-dependent nonuniform lon-
gitudinal current distributions in the semiconducting substratde self and mutual inductances of finite-length filaments over
and signal conductors, the substrate, as well as the conductdrground plane are efficiently obtained from the closed-form
are discretized into bundles of volume filaments, as illustrat&¥Pressions fopartial self and mutual inductance of thin con-
in Fig. 1. Each filament carries a constant current density aloflgctors given, for example, in [11] with the aid of appropriate
its length and over its cross section. The unknown current dig?age conductors. It should be noted tpat.|. partial induc-

tribution can be expressed as tance does not exist by_ the nature of it_s definition. However, the
) p.u.l. self and mutual inductance of filamersthe presence
Ty — a I; P 5 of the ground planés convergent when the length is chosen to
(r) = Z a; i(r)li @ be sufficiently large. Numerical experiments have shown that a

i=1

length of 10 000 times the corresponding cross-sectional dimen-
wherel; is the current inside filament; is a unit vector along Sions is sufficient to guarantee convergence of (4). The conver-
the length of the filament}; () has a value of zero outside fila-gence behavior of p.u.l. self and mutual inductances is demon-
ment; and one inside, ang is the cross-sectional area. Substistrated in Fig. 3(a) and (b), respectively.
tuting the current expression into (1) and following the standard The overall frequency-dependent p.u.l. resistance and
procedure in the method of moments with pulse basis functioifi§luctance parameters are determined by solving for the
and point matching, the following matrix equation is obtained@pen-circuit impedance parameters of the equivalent-circuit
network [8]. Since the quasi-magnetostatic formulation is based
R+ jwL)I; = @y (3)  on volume filaments, it is able to handle silicon substrates with
nonuniform doping profile. Enhancements in computational
efficiency for this approach may be facilitated, for example,
by using nonuniform discretization of the silicon substrate and
lﬁgrface—impedance-based methods [12]. The EM simulation
results are further compared to the results obtained with the
ﬁgwave planar EM field solver Agilent Momentum.The

Here,R is a diagonal matrix of filament dc resistancksis a
full inductance matrixI, is a vector of filament currents, and
®; is a vector of voltage drops across each filament.

The matrix equation can be interpreted in terms of the circ
representation shown in Fig. 2. Each filament is modeled b
series connection of a lumped resistance and inductance.
lumped resistanc&; = 1/(oa;) represents the dc resistance of !Agilent EEsof EDA, Santa Rosa, CA.
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Lw quasi-magnetostatic solver and the planar full-wave solver Momentum for self
(b) and mutual p.u.l. impedance parameters of an asymmetric coupled interconnect
structure on lossy silicon substrate with resistivity; = 0.01 Q-cm.
Fig. 3. Convergence of p.u.l. inductance of filaments over a ground plaf@) Resistance. (b) Inductance. The curves for the two self resistance
(a) Self inductance. (b) Mutual inductance. parameterd?;, and 2., are indistinguishable.

Compal’ison iS ShOWh in F|g 4, In th|S case, the W|dth Of th_ﬁe focus iS on the deve|opment Of a Compact idea| equiva_
conductors is 20 and &m, respectively, and the spacingent-circuit model for the frequency-dependent self and mutual
between the two conductors is }0n. The interconnects areseries impedance parameters of coupled on-chip interconnects.
on a 300um silicon substrate (resistivity,; = 0.01 £2-cm) A compact equivalent-circuit model for the frequency-depen-
with a 2um oxide layer. To demonstrate the validity of thejent p.u.I. shunt admittance parameters has been shown in [7].
proposed method in handling the lossy substrate, the conductorghe PEEC-like EM solver described in the previous section is
are chosen to have zero resistivity and thickness. Since {id to simulate the frequency-dependent resistance and induc-
conductor width does not significantly affect the resistanggnce parameters, which include substrate skin effect, as well
Contribution from the |Ossy SubStrate, the curves fOI‘ the two S%Ié Conductor Skin and proximity effects_ For the most general
resistancedt;; and Rz, in Fig. 4(a) are indistinguishable. Thecoupled on-chip interconnects, when both conductor skin/prox-
p.u.l. parameters have also been extracted from the four-pgiity effects and substrate skin effect are significant, the equiv-
scattering parameters obtained with Agilent Momentum. Thgent-circuit model for the series impedance parameters can be
comparison in Fig. 4(a) and (b) shows good agreement gptained via a Cauer- or Foster-type lumpdL circuit syn-
to 10 GHz between the quasi-magnetostatic and full-waygesis for the p.u.l. self and mutual impedance parameters. The
solutions. frequency-dependent inductive and resistive coupling between
any two interconnects are then modeled by a set of ideal cur-
rent-controlled current sources (CCCSs) and voltage-controlled
voltage sources (VCVSs), as presented in [7] and [13]. This
In this section, a simple equivalent-circuit model for couplethodeling scheme is based on a rigorous mathematical synthesis
on-chip interconnects is developed. Under the quasi-TEM ax-the telegrapher’'s equations and can be applied to multiple
sumption, the frequency-dependent series impedance and sleenipled interconnects with general frequency-dependent resis-
admittance parameters of coupled interconnects are moddimuce and inductance parameters. However, the complexity of
separately in terms of ideal lumped equivalent circuits. Hertlye equivalent circuit increases exponentially with the number

I1l. EQUIVALENT-CIRCUIT MODELING
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on low- and high-resistivity silicon substrates. (a) Self resistanc 1g. 6. Mutual impedance parameters for symmetric coupled interconnects on

Fig. 5. Self impedance parameters for symmetric coupled interconnegts
(b) Self inductance. :

ow- and high-resistivity silicon substrates. (a) Mutual resistance. (b) Mutual
inductance.

of interconnects. For example, to model a p.u.l. section of three

coupled interconnects, nine self and mutual impedance elemdht<considering the skin depth in the conductive substrate. The
need to be synthesized and 12 linear controlled sources nee8k depth in the silicon substrate with conductivity= 1/p.;

be employed to represent the mutual coupling among the intt-given by

connect conductors. The large number of interconnected con-

trolled sources, however, may cause stability problems in some 5= 1 ) (5)
circuit simulators. VT froo

A simpler yet accurate equivalent-circuit model can be
obtained by first exploring the relative importance of conductdrig. 7 illustrates the relative skin depth in the silicon substrate
skin effect and substrate skin effect for a class of on-chipr medium and low resistivities as a function of frequency. Also
interconnects. The lossy silicon substrate is expected to ha@wn for comparison is the skin depth in dhinterconnect
a significant impact on microstrip-type interconnects due tonductor. It can be seen that for frequencies above approxi-
the distribution and variation of the magnetic field betweemately 1 GHz, the skin depth in the low-resistivity substrate
the signal conductors and ground plane. Figs. 5 and 6 sh@wmuch less than the thickness of the bulk silicon. The large
the self and mutual resistance and inductance parameters fegduction in skin depth to values much less than the substrate
coupled on-chip interconnect structure on a low resistivity (0.@hickness results in a significant variation in current density and
2 -cm) and a medium-resistivity (6.0- cm) silicon substrate current distribution in the substrate and, hence, large variations
of 300+:m thickness. The cross section of each conductor igreinterconnect resistance and inductance over the 10-GHz fre-
um x 1 um and the separation between the conductorgid®2 quency range. In contrast, the skin depth in a substrate with
It can be observed that, in the low-resistivity case, the substraedium resistivity remains much larger than the substrate thick-
skin effect is dominant in the frequency dependence of all séi¢ss over the entire 10-GHz frequency range.
and mutual resistance and inductance parameters. In the cadges a result, a simple CAD-oriented equivalent-circuit model
of medium substrate resistivity, however, the substrate sKir coupled microstrip on-chip interconnects on silicon has been
effect is seen to be negligible. This behavior can be explainddveloped, and is shown in Fig. 8. The néw/l equivalent
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Fig. 9. Equivalent-circuit model for three coupled on-chip interconnects using
two effective substrate current loops. The shunt admittance is modeled in terms

i conductor 1 R of R, C lumped circuits, similar to the coupled interconnects shown in Fig. 8.
—1> Line 1 /?/1\}(\, .(!;,1\’2 4"_‘
llh ____________________ (' "4l The equivalent-circuit model for coupled interconnects can
<+ P ¢ ! > be extended to multiple coupled on-chip interconnects with only
__ L % i E/z%\j [E%E] widl % a minimum increase in complexity by using the same substrate
T Res s T current loop circuit topology to represent the eddy currents in
s i Effective Substratk Current Loops Ly the silicon substrate. As an example, Fig. 9 illustrates the equiv-
T N k20 Mz\s;Lzo ” T alent-circuit topology for thr_ee poupled on—c_hip _interconnec_ts.
A Here, theR, L equivalent circuit for the series impedance is
W Line 2 conducor2 T connected with an extende®l, C shunt admittance model in

a generalized-network configuration.
//// It will be demonstrated in the following that a simple ex-

. traction procedure based on rational polynomial approximation
si0,| Coxi = " ‘LCoxz can be used to extract the, L equivalent-circuit parameters
from the EM simulation data. Without loss of generality, the
model extraction approach is described for a coupled intercon-
nect structure. Assume that the currents in the two interconnect
conductors ard; and I», respectively. Furthermore, the cur-
rents in the effective substrate loops are denoted, hy where
Fig. 8. Equivalent-circuit model for coupled on-chip interconnects using two __ 1,---,N andN is the number of loops. The voltage drops

effective substrate current loops. The shunt admittance is modeled in terms of
R, C lumped circuits, as shown in [7]. across conductors 1 and 2 are given by

Csii
Silicon|

N
circuit for the series impedance is connectedinretwork con- Vi =(Byo+ slyo)li + sMizls + ; Mu,iboi (6)
figuration with the equivalent-circuit model for the shunt ad-

mittance of coupled interconnects consisting®fC elements and

[7]- In the proposed model, each interconnect conductor is rep- N

resented by a series connection of constant resistance and '”V = (Ry, 0+ sLa,0)Iz + sMyaI; + ZMQS I @)
ductance, which correspond to the values of the interconnect dc
resistance and inductance in the low-frequency limit. The ef-
fects of eddy currents in the substrate (substrate skin effect) kggpectively, wheré/,, ; represents the mutual inductance be-
modeled by “effective substrate current loops,” each of whidiween conductor 1 and th¢h substrate loop, and/,; ; rep-
consists of an effective substrate inductaige and effective resents the mutual inductance between conductor 2 andhthe
substrate resistande, ;. The inductive and resistive couplingSUbS'[rate loop.

through the substrate is modeled by constant mutual inductancd he current in théth substrate current loop can be expressed
between each substrate loop and each conductor, in additiofitéerms of the currents in the interconnect conductors, fe.,
the constant mutual inductance between the conductors. Tygid /2, by solving the following set of equations:

cally, only up to 3—4 substrate loops are sufficient to accurately

model the frequency dependence over a large range of substrate  (£s,i + 8Lis,i)ls i + sMis iy + sMa, id> =0,
resistivities. i=1,..., N. (8)

=1
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Substituting the expression df_; into (6) and (7) yields an TABLE |

expression for the series impedance parameters in terms of thEXTRACTED EQUIVALENT-CIRCUIT PARAMETERS FOR ANASYMMETRIC
X . R K . COUPLED ON-CHIP INTERCONNECTSTRUCTURE ONLOSSY SILICON

equivalent-circuit model parameters. The result is given by

N s 9 Parameters | Extracted value {| Parameters | Extracted value
‘ Mz, .s
211 =Ry o+ 5Ly o— ﬁ (9) Lig 13.14 nH/cm My 10.92 nH/cm
3 sL.
i=1 %" ot Loy 14.58 nH/cm Mis, 4 806 nH/cm
N
My, Mo, ;s? R 70.63 Q M, 4.398 nH
219 = SM12 - 15,4425, 4 (10) 1,0 /Cm 15,2 n /CIH
— R itsls Rag 282.5 Q/em My, 4.998 nH/em
N pm2 g2 Ly 10.00 nH/cm Mo 4 4.802 nH/cm
222 =Rp o+ sLa o — A (11) ’ ’
, , £ R, i+sLsy; Rs1 733.9 /cm Mo,z 4.396 nH/cm
L, 10.00 nH/cm My s 4.997 nH/cm
In the ab_ove equatl(_)ns, the model paramef&rs, L; o, an_d Ry» 89.39 0/cm
M, are directly obtained from the low-frequency EM simu- 7 1000 nH
lation results. The remaining model parameters are then ex- o3 /00 nH/cm
tracted by first constructing rational polynomial approximations Rs3 11.53 ©2/cm
for (Ry,0 + sL1,0 — 2z11)/5%, (Ra,0 + sL2,o — 222)/s*, and
(sMys — 212) /5%, respectively. The coefficients of the rational 400
i ina the aeneral formof == EM Simulation
polynomials having the general form of ssoll — Girout Mods!

_ Agt+ A (Jw)+ A (Jw)P 4 A A ()™

F(jw) = . . : 12 g0
() 14+By (jw)+ B2 (jw)? +- - -+ By (jw)" (12) B o0 m': T
£250r - : -

are determined using a robust fitting approach similar to [14]. )
: . . o 200 : p=0.01Q-cm b
Finally, the self and mutual inductance and resistance values —_—
for each substrate loop are determined by performing partial
fraction expansions and comparing like coefficients. Note that
one parameter for each loop can be arbitrarily chosen. :
Since the frequency-dependent effects of the lossy substrate 50¢ Ri2~g
are completely represented by the “effective substrate current -
loops,” which are common to all interconnect conductors, 0 2
the equivalent-circuit model presented here can be applied to
multiple coupled on-chip interconnects without significantly @
increasing the complexity of the equivalent circuit. In ad- 15 ' < e St
dition, the equivalent-circuit model consists only of passive — Circuit Model
R, L(K), C lumped elements; hence, it is compatible with the
latest passive model reduction techniques such as the passive
reduced-order interconnect macromodeling algorithm PRIMA
[15]. The use of model order reduction is of special importance
for handling longer on-chip interconnect structures. It should
be noted further that the equivalent-circuit model presented
here may be extended to include the conductor skin effect by
constructing additional effective current loops coupled to the
individual conductors.

4 6
Frequency (GHz)

ury pre
- w
v

©
T

Inductance (nH/cm)

IV. MODELING EXAMPLE % > ) 6 8 10

To exemplify the validity and accuracy of the proposed Frequency (GHz)

model, the equivalent-circuit parameters are extracted for (®)

an asymmetric coupled on-chip interconnect structure. Thig.10. Comparison of simulated and modeled pR.&ndL parameters for
interconnects are on a silicon substrate of 5®0-thickness asymmetric coupled on-chip interconnects.

(resistivity= 0.01 €2-cm) with a 2:m oxide layer. The cross

sections of the interconnect conductors ared x1 um and model parameters (lumped, 7., and K elements) for the in-

1 um x1 pm, respectively. The separation between the twerconnects’ series impedance parameters are shown in Table I.
conductors is 2um. The frequency-dependent resistance arithe self inductance of the substrate loops has been chosen as
inductance parameters are obtained by the PEEC-like approdégh; = 10 nH/cm ¢ = 1, 2, 3). The frequency response of the
described in the previous section. In this specific case, threeracted model agrees well with that computed from the EM
effective substrate impedance loops are used. The extractetltion, as shown in Fig. 10.
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V. CONCLUSION [14] E. C. Levy, “Complex-curve fitting,IRE Trans. Automat. Contrvol.
o . AC-4, pp. 37-43, May 1959.

A PEEC-like integral-equation-based EM solver has been agis] A. Odabasioglu, M. Celik, and L. T. Pileggi, “PRIMA: Passive reduced-
plied to characterize the frequency-dependent resistance and in- order interconnect macromodeling algorithtEEE Trans. Computer-
ductance parameters for interconnects on lossy silicon. A sim-  Alded Designvol. 17, pp. 645-653, Aug. 1998.
plified equivalent-circuit model based on “effective substrate
current loops” has been presented for a class of microstrip-type
multiple coupled on-chip interconnects, where the substrate skin
effect dominates the frequency dependence of distributed lifiezZheng (M'99) received the Ph.D. degree in electrical engineering from

; ; ; nghai Jiao Tong University, Shanghai, China, in 1998.
resistance and inductance parameters. The compIeX|ty of ﬁﬁgrom March 1998 to December 2000, he was a Post-Doctoral Research Asso-

eqUiV3|e_nt circuit increases only |_inear|y with the number Q,fiate in the Department of Electrical and Computer Engineering, Oregon State
coupled interconnect conductors since the effect of the lossy slhiversity, Corvallis. In January 2001, he joined Sigrity Inc., Santa Clara, CA,

icon substrate has been fully represented by substrate cur e he is currently a Senior Technical Staff. His current research interests in-
clude computational electromagnetics and lumped- and distributed-circuit sim-

|OOPS common '[.0 all interconneCtS- Furthgrmore, th? Propos&&tion techniques with emphasis on the signal and power integrity analysis for
equivalent-circuit model consists of only ideal passive SPIGHgh-speed high-performance electronic systems. _
elements and can be incorporated into generic circuit simu Dr. Zheng was the recipient of the 2000 China National Excellent Ph.D.

. . . esis Award.
tors in terms of a subcircuit. Hence, the new model should be

useful in the design of RF and mixed-signal integrated circuits
on silicon.
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