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Abstract—A new, comprehensive CAD-oriented modeling m
methodology for single and coupled interconnects on an Si-SiO Ziz 228i0,
substrate is presented. The modeling technique uses a modified
quasi-static spectral domain electromagnetic analysis which takes
into account the skin effect in the semiconducting substrate. Silicon
equivalent-circuit models with only ideal lumped elements, -
representing the broadband characteristics of the interconnects, =
are extracted. The response of the proposed SPICE compatible (@)
equivalent-circuit models is shown to be in good agreement with

the frequency-dependent transmission line characteristics of =
single and general coupled on-chip interconnects. Sio
2
Index Terms—Coplanar strip line, equivalent circuit, intercon-

nects, microstrip line, on-chip interconnects, silicon substrate, skin
effect, spectral domain approach, SPICE model. Silicon

I. INTRODUCTION (b)

. . . . Fig. 1. Typical on-chip interconnects used in silicon-based RF and
HERE has been an increasing interest in RF and Mijixed-signal integrated circuits: (a) with ground plane and (b) co-planar

crowave integrated circuits in CMOS technology due toterconnects without ground plane.
the fabrication cost advantage of CMOS integrated circuits,
especially for wireless consumer applications. Furthermogiye CAD-oriented equivalent-circuit modeling methodology
the ad hocdemand for the system-on-a-chip (SOC) requirder single and coupled interconnects on general lossy silicon
mixed-signal integration on a common silicon substrate fetbstrate (Fig. 1).
high speed analog/RF circuits and high speed digital veryThe broad-band transmission line behavior of interconnects
large scale integration (VLSI). However, unlike microwaven lossy silicon substrate (metal-insulator-semiconductor
integrated circuits on low loss substrates, such as Alumina df@nsmission line) has been characterized by experiment (e.g.,
SI-GaAs, the lossy nature of the highly doped silicon substrdfd—{3]), by rigorous analytical and numerical approaches
can have a significant impact on the performance of on-ch{p.g., [1], [4]-[6]), and more recently in terms of approximate
interconnects in CMOS integrated circuits, such as increasgdsed-form expressions for the frequency-dependent transmis-
loss and dispersion. The frequency-dependent distribution s¥n line parameters [7], [8]. The silicon interconnects represent
longitudinal currents in the substrate (which is usually referréh important class of lossy and dispersive transmission line
assubstrate skin effecas well as the shunt currents can givétructures and, therefore, should be described by generalized
rise to a significant frequency-dependence of the interconnéglegrapher’s equations with equivalent frequency-dependent
characteristics, and, therefore, must be included in the intercelistriouted parameter matrices, i.¢R(w)], [L(w)], [G(w)],
nect model of the design tool. Interconnect models in availa®@d[C(w)] to facilitate the circuit level analysis and design of
RF/microwave design tools, however, are based on losslesfér and digital integrated circuits. In recent years, much effort
low-loss substrates and, therefore, may not accurately mobigs been put into the analysis and simulation of dispersive
interconnects on substrates with significant loss such asifierconnects using different techniques including the inverse
CMOS technology. In this paper we present a new comprehdrgplace Transform approach [9] and methods based on moment
matching (e.g., [10]). Although some of these approaches are
compatible with general purpose circuit simulators such as
SPICE, it is advantageous to represent the broad-band intercon-
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dent behavior of the interconnect structure. The equivalent-cir- 20
cuit models are fully SPICE compatible and can be incorporated
directly into common circuit simulators and RF/microwave de-
sign tools such as HP—ADS [11]. The modeling technique is
based on an efficient quasi-static spectral domain approach [12], o
which includes the substrate skin effect. In Section Il, the quasi- gcf 01
static electromagnetic characterization of on-chip interconnects
is described, and results are compared and validated with cor- 5Ghz
responding full wave solutions. New equivalent-circuit models
for single and general asymmetric coupled interconnects are
proposed in Section Ill. The model is developed from the dis- T S Y R
tributed frequency-dependent line parameters using a simple ex- Substrate Conductivity (S/m)

traction procedure and accurately captures the specific charac-

teristics of on-chip interconnects suchfesgquency-dependent Fig. 2. The square of the normalized phase constant versus substrate
loss and couplingThe proposed lumped element model is fuﬁ%‘éﬁ;ﬁ'g%ﬁﬂﬁﬁigge{i”r;fr,f?‘f?fﬁmﬂgn%;'Z”E’:'%'S[t)e:frﬂ;”ed (wiclth

ther validated in terms of the scattering parameters and time-do-
main step response of a typical coupled interconnect structure

------- Full-Wave Analysis
Quasi-Static Spectral Domain Analysis

1GHz —»

10 GHz

90

- SDA
80| = == Momentum

II. QUASI-STATIC CHARACTERIZATION OF INTERCONNECTS

ON A LOSSY SUBSTRATE 70
The per unit length (p.u.l.) shunt admittance components 560 -
C(w), G(w) and series impedance counterpakis,), R(w) Sl
of single and coupled on-chip interconnects can be efficiently 8
determined by quasi-static analysis, as demonstrated beloy §40"
Since the quasi-static formulation is readily extended to the 230_

multiconductor case, the discussion is focused here on th
single conductor case. The shunt admittance components a 20}
determined by solving the Laplace equation for the electrostati
potential. To account for the shunt substrate loss, an effectiv
complex dielectric constant.. = €. — jo/weg is defined, 00 4 6
wheree, and o are the relative permittivity and the conduc- Frequency (GHz)
tivity of the substrate, respectively. The complex capacitance
C(w) + G(w)/jw is here efficiently determined using the @
well-known quasi-static spectral domain approach (e.g., [13], 12 ,
[14)). | | soa

For lossless or low loss dielectric substrates, the distribute : . L=== Momentum
Inductance Can be Computed dlreCt|y from the dIStI’IbUted Ca 10- ............. N ................ DR RRERCELETERRRERRES: L PN 4
pacitance’,;, obtained with all dielectric layers removed. How- ’ : :
ever, for substrates with higher conductivity, such as in CMOS
technology, the inductance becomes frequency-dependent di
to the variation of magnetic flux penetration into the silicon sub-
strate as a function of frequency, which is called shbstrate
skin effectin this case, the expression for inductance calculatior
L= uoeoc;j is no longer valid since the substrate skin effect
results in a frequency-dependeffiective permeabilitglifferent
from puq. Furthermore, the substrate skin effect also contributes
to the series resistand®w), in addition to the conductor loss ‘
including the skin effect in the interconnect metallization. 20 2 4 6

The approach for evaluating the p.u.l. series impedance corr Frequency (GHz)
ponents is analogous to the computation of the shunt admittance ()

components by considering the complex equivalent inductance _ _
Fig. 3. Self and mutual p.u.l. impedance parameters: (a) resistance and (b)

inductance. The curves for the two self-resistanégs and R, are not
distinguishable.

L L 1

Inductance (nH/cm)

L I 1 n

L(w)+R(w)/jw=xy/1=7§A’.Jz/z )

vector magnetic potential. Forzadirected current on the con-

wherel is the total current on the conductdr,is the magnetic ducting strip, only the:-component of the vector magnetic po-
flux linkage p.u.l. associated with the interconnect, and the tential A is nonzero. In additiond . is constant on the conductor



ZHENG et al. CAD-ORIENTED EQUIVALENT-CIRCUIT MODELING 1445

surface (zero-thickness) and is equal to the p.u.l. flux linkage
Therefore, the resistance and inductance p.u.l. can be found Rdc
solving for the current distribution on the conductor given the —
vector magnetic potential on the conductdy. satisfies the fol-
lowing equation:

L(w)

as well as the boundary conditions at the interface between t
ith and the(i + 1)th layer, i.e.,

dAiyi(z,y)  OAi(z,y) _ [ poJ., onstrip 3) == Cox Si0,
Ay agy 10, otherwise
and Csi
aAH—l (J}, y) _ aAz (JI, y) -0 (4)
ox ox Silicon

Here, thec-direction is parallel to and thg-direction is perpen-
dicular to the strip.

The quasi-static equation given in (2) can be efficiently solved @)
by a modified spectral domain approach [12]. Equation (2) in
the transformed (spectral) domain is given by .~ Rdc
dz - ) .
ZraAs(a y) = (0 + jwpoi) A (o, y). (5) L
4 R(w Ground Strip

This equation together with the boundary conditions (3) and (4

reduces to the algebraic form L@) o
e
A.(@) = Ga(a)J.(a) ) o Cog 50,
which is evaluated at the oxide-air interface (plane of intercon ﬂthSI
nect) in Fig. 1(a). For the microstrip structure shown in Fig. 1(a),
a suitable Green'’s function is given by Csi .
Silicon
5 Ho
Gala) = ot oup (1) ®)
with Fig. 4. Equivalent-circuit model for singel interconnect on silicon substrate:
(a) microstrip configuration and (b) coplanar-strip configuration.
o + ag coth(owhs) coth(aihy)
p= o COth(OCQh/Q) —+ o COth(Oélhl) (8)
L(w) R(w)
wherea; = \/a? + jwuoo;, andh; andh, are the thicknesses M
of the SiG, layer and Si layer, respectively. The unknown strip
current density in (4) is expanded in terms of Chebyshev basis ¢
functions. A set of algebraic equations is obtained by applying
the Galerkin method to (7) and its solution leads to the coeffi- Pt Lo T Riec =TT ;
cients of the basis function for the strip current density. . YV AMA |
The spectral domain formulation has been extended to the A \\ __________ Conductor:
coplanar strip line interconnect structure (without ground oo M 2w ___________ ,
plane) as shown in Fig. 1(b). Coplanar structures are useful ! N ® ® i
for handling active devices in the integrated circuits where E;{;T;tl E}%:_LI I
the number of vias can be significantly reduced. The spectral : )
domain Green’s function of magnetic potential for the coplanar Rs,1 RS2 substrate
structure shown in Fig. 1(b) is givenby T TTTTIITIImmmmmmmemeees
1 Fig. 5. New equivalent-circuit model for p.u.l. impedance based on effective

éAc(Oé) = o1 + o Coth(alhl)q (9) substrate current loops.
o+ -

aoq + oy coth(ai )

) whereh; andh; are the thickness of the Sj@ayer and Si layer,
with respectively, andy; = \/a? + jwugo;. With the ground plane
aa + acoth(ashsg) removed, the complegartial inductancedor the signal con-

=7 + vz coth(aghy) (10) ductor(s) and the ground conductor, respectively, are obtained.
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Fig. 6. The computed and equivalent-circuit model frequence response of ). 7. The computed and equivalent-circuit model frequence response of (a)
resistance and (b) inductance. conductance and (b) capacitance.

The effective inductance and associated resistance of a sing
coplanar interconnect are given by

RM(®) —pu,

L(w) =L,(w) + Ly(w) — 2L, 4(w) (12) mr—
and

Rw) = Ry(w) + RBy(w) - 2Ryy(w).  (12) T

Csim

Here L (w) and L, (w) are the p.u.l. partial inductances of the CSiTJ__}GSH iz f}asm
signal conductor and the ground conductor, respectively, an T T
Lsq is the p.u.l. partial mutual inductance between the signg Siicon
and ground conductoR, (w), R,(w), andR,,(w) are self and ——
mutual resistances associated with the corresponding partial in- -
ductances. Fig. 8. P.u.l. equivalent-circuit model for the shunt self- and mutual

It should be emphasized that the distributed resistance @pmittances of a general coupled interconnect structure on a Sis8i3trate.
tained from the imaginary part of the complex inductance re-
sults from the skin effect in the semiconducting silicon sub- Fig. 2 illustrates the significance of the frequency-depen-
strate. For conductors with finite thickness, the contribution afent inductance in the propagation characteristics of a single
the conducting strip including the conductor skin effect to thiaterconnect on a lossy substrate. With increasing substrate
distributed resistanc&(w) is calculated separately and addedonductivity, the interconnect behavior goes from the dielectric
to R(w). qguasi-TEM mode through the slow-wave mode region to
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Fig. 9. P.u.l. equivalent-circuit model for a general asymmetric coupled on-chip interconnect structure in CMOS technology, where the éxqicit-eqauit
topologies forZ1(w), Z:2(w), andZ2(w) are shown in Fig. 5 (impedance part) and the explicit equivalent-circuit topoloy for the shunt admittance network
[Yin(w)] is shown in Fig. 8.

the skin-effect mode [1]. In the skin-effect region the line 0.8 . . . :
inductance is reduced due to the presence of the longitu- e,
dinal substrate current. To demonstrate the accuracy of the 0.6 ¥
quasi-static calculation of the interconnect line parameters, ’g‘ Co
Fig. 2 also includes the corresponding full wave solution. 5 0.4 o — I\S/IBdAeI
The frequency-dependent p.u.l. inductance and resistance pa- g : :
rameters for arsymmetricallycoupled interconnect structure s
on a heavily doped CMOS substrate (resistivity = 0.01 g 02y : |
2-cm) are shown in Fig. 3. The interconnects are placed on a 3
500+:m silicon substrate with a g2m oxide layer. The width L C """ i
of the conductors is 2xm and 10um, respectively, and the 12
spacing between the two conductors is; . To emphasize 02 A 7 s 5 10
the series resistance due to the skin effect in the silicon substrate, Frequency (GHz)
the conductors are chosen to have zero resistivity and thickness. @
Since the conductor width does not significantly affect the re-
sistance contribution from the lossy substrate, the curves for the 0.025 . , T ;
two self-resistances in Fig. 3(a) are not distinguishable. This — Sggel
“intrinsic loss” phenomenon illustrates an important character- __0.02} =
istic of on-chip interconnects on lossy substrate. The p.u.l. pa- 5
rameters are also extracted from thigparameters obtained by %”0.01 5
the full wave electromagnetic field solver HP Momentum [11]. g
The comparison shows good agreement between the quasi-static .§ 0.01h
and the full wave solutions. 3
Q
(&)
I1l. EQUIVALENT CIRCUIT MODELING 0.005
In this section, equivalent-circuit models consisting of ideal o5 = A

lumped elements are developed for both single and general Fre‘;uency (GGHZ)
asymmetric coupled on-chip interconnects. The model parame-
ters are extracted from the frequency-dependent line parameters ®)

obtained by the quasi-static electromagnetic analysis descrilfiégd 10. Self and mutual p.u.l. shunt admittance components: (a) capacitance
in Section 11 and (b) conductance. The solid lines in the figures are obtained with the

equivalent-circuit model, and the dashed lines are the result from the spectral
) domain method.
A. Single Interconnect

The equivalent-circuit model for a basic cell, which repre- The equivalent-circuit model for the p.u.l. shunt admittance
sents an electrically short single interconnect, is shown in Fig.@(w) + jwC(w) is based on the physical structure and consists
For longer on-chip interconnects the basic cells are cascadedf ideal R and C elements. The equivalent circuit used for a
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microstrip interconnect consists of the capacita@gg repre- 14
senting the oxide layer, in series with the capacitafigeand
parallel conductancé&,; to represent the semiconducting sub-
strate [Fig. 4(a)]. The three equivalent-circuit parameters are ex-
tracted from the shunt admittan¢gw) + jwC(w) at one fre-
guency point by using the additional relationsldip; /C,; =

o/e. The agreement between the extracted model and the fre-
guency-dependent admittance is excellent and found to be vir-
tually independent of the choice of matching frequency [15].
For a coplanar strip interconnect, the equivalent circuit includes
additional capacitances representing the coupling capacitance
C. between the signal conductor and the ground conductor at
the air-oxide interface, and the capacitard¢g, between the
ground conductor and the bulk silicon substrate.

The equivalent-circuit model for the p.u.l. series impedance (@
R(w) + jwL(w) is derived by constructing a rational function
with forced passivity from the computed frequency-dependent __ l\'llodel
series impedance [16]. The approximating rational function has --- SDA

—  Model

e Py
Py N
T T

Inductance (nH/cm)
=)

~N o ©

OO')
n

4 6
Frequency (GHz)

the general form _ 4o0r
€
S
Fjw) Ag + A1 (jw) + As(Jjw)? + - -+ A (Jw)™ G300
= ®
T T R BGw) + Bajw) -+ Ba(je)”
(13) 2
QO
o

and can be synthesized in terms of id&and L elements in
a ladder-type canonical topology [17]-[19] as shown in Fig. 4.

Here, an alternative equivalent circuit providing more physical 0 ‘ i i i

insight is proposed. In the model shown in Fig. 5, the inductance 0 2 Fre‘:]uency (GGHz) 8 10
Ly and resistancg&,.. in the main branch represent the intercon-

nect inductance and resistance at the low frequency limit where ()

the substrate skin effect can be neglected. The inductange Fig. 11. Self and mutual p.u.l. series impedance components (a) inductance

and resistanc®. : simulate theith effective substrate Cur’rentand (b) resistance. The solid lines in the figures are obtained with the
. 5, . .. equivalent-circuit model, and the dashed lines are the results from the spectral

loop. The inductive coupling between the metallization and thgmain method.

conducting substrate is represented by the mutual inductances

M; betweenL, ; and Ly. The equivalent series impedance in

the model can be written as To exemplify the accuracy of the proposed models, the
equivalent circuits for a microstrip interconnect and a coplanar
) ) My (jw)? strip interconnect are extracted from quasi-static electromag-
Z(jw) = Rye + jwLo — JoLoi+ Rot netic simulation. Both interconnects are on a 00-silicon
" M’;’(W)Q substrate (resistivit)ps% = 0.01 Q-pm) w.ith.a 2um oxide
———=7— —.... (14) layer. The cross section of the microstrip isu by 1m.
jw-Ls, 2+ RS,Q

The cross sections of the signal conductor and the ground

The lumped element values can easily be extracted from g.%wdubctolr L coplqnalr strlp:js:]ructure_arﬁtr)n by ]#mhanq |
approximated rational polynomial function. Typically, th Ndmhy pm, ?Spe?\’e y, andt espaﬁlng gnNgentGe s%na
fitting process for rational polynomial approximation ovefNd the ground conductor Is @M. As shown in FIQS. and
a broad-band frequency range leads to an overdetermir?t—:-oIhe f_requency response of the e>§tracted equivalent-circuit
linear system of equations [20], [21]. Here, a robust rationg]OdeI IS 1n gxcellent agreemgnt with that computed from
approximation approach similar to [22] is employed to d he qua_s_|—stat|c spectral domain approg_ch. A.S expected, the
termine the coefficients of the numerator and denominat&>SY silicon substrate has more significant |mpact.on thg
polynomials. The order of the rational approximation depen gquency-dependence of the line paramet§r§ for microstrip
on how muchR(w) and L(w) vary with frequency, which is interconnect as compared to the coplanar strip interconnect.
mainly determined by the substrate conductivity and thickness. )

Simulations for various substrate structures have shown thattp General Asymmetric Coupled Interconnects

to three effective substrate current loops typically are sufficient Acommon approach to analyzing multiple coupled lines uses
for modeling medium and heavily doped silicon substratethe normal mode method (e.g., [24]-[26]). However, the decou-
In addition, the proposed equivalent-circuit model can easibling of general dispersive asymmetric coupled interconnects in
be extended to include the skin effect in the interconnetgrms of a normal mode approach leads to frequency-dependent
metallization. complex controlled sources, which cannot be directly imple-
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0.7 : . - . oxide layer can be extracted first by identifying that each ele-
| g}{g};j}ig?‘r’géu“s | ment of matriXZ,.] has a pole at = 0 while the poles ofZs;]

: are nonzero. Therefor€,,.1, C,.2, andC,, are obtained by ex-
tracting the poles at = 0 from each element d&,] by means

o
=)
T

e
o
=

0.5
° , ARy of a rational polynomial approximation procedure. The circuit
S04 R B A N elements representing the silicon layer correspond directly to
§0‘3 s ' the entries ifZs;] 1, which can be obtained by subtracting the
= ‘ known [Z,] from [Z,].

0.2 3 Likewise, the self and mutual p.u.l. series impedances are

04l represented by?, L lumped elements. Consider the differen-

s tial voltages in the transmission line equations for two coupled

lines

5 2 4 6 8 10
Frequency (GHz) dvi
@ ~& ~Au@h ek (o)
100 d‘/Q

(w)Il =+ 222((4))_[2 (17)

! ' — : —— =221
~—  Circuit model
sol S12, -=--  Analytical resuits | dz
whereVy, V, and Iy, I, are the voltages and currents on the

0 two lines, respectively, ang;(w) = R;;(w) + jwL;;(w), are
g the p.u.l. self and mutual impedances. Introducing two auxiliary
§ voltage sourced/i1s = z12(w)lz andVay = 201 (w)l1, (16) and
3 (17) can be written as
=
o
avi
—d—; =z (w) 1 + Vi2 (18)
ava
~2505 5 : s 5 10 — gy =@+ Vo (19)
Frequency (GHz)
) Equations (18) and (19) lead to the equivalent-circuit rep-

resentation for coupled interconnects shown in Fig. 9. In this

Fig. 12. S-parameter validation for modeling of asymmetiic coupledngde|, self and mutual p.u.l. impedance parameters are real-

interconnects: (a) magnitude and (b) phase. . . . . .
ized in terms ofR, L lumped elements via rational approxi-
mations in the same way as for a single interconnect. Thus,

mented in standard circuit simulators. In this SeCtion, the mOﬂ’Te frequency-dependent resistive and inductive Coup”ng be-

eling technique for a single interconnect described above is @geen the lines is modeled by a set of ideal current-controlled

tended to a fully SPICE-compatible equivalent-circuit model fafurrent sources (CCCS) and voltage-controlled voltage sources

general asymmetric coupled interconnects. (VCVS) with real and constant coefficients {.0).

First, the self and mutual pU| shunt admittances are SynthEThe models for the series impedance components and the

sized interms of a network composedraf C' lumped elements. shunt admittance components are combinedimeal” config-

A new equivalent-circuit topology for the shunt admittances @fration forming a complete p.u.l. equivalent circuit for general

general coupled on-chip microstrip interconnects based upg$upled interconnects (Fig. 9). This model can be extended to

the physical substrate struture is shown in Fig. 8. In this modgeneral multiple coupled interconnects.

C,.1 andC,,.o represent the oxide capacitances between the

conductors and the bulk substrate, atig represents the ca- IV. MODEL AND SIMULATION RESULTS

pacitive coupling through the oxide layer as well as air. The ) ) ) o

equivalent circuit for the silicon substrate has the same 2-port'© 1llustrate and validate the proposed equivalent-circuit

 topology as for the oxide layer where each capacitance is FB9d€ling methodology, an asymmetric coupled intercon-

placed by a parallel combination of capacitance and cond@€ct structure on a 300m silicon substrate (resistivity

tance to represent the lossy nature of the silicon substrate. Pe= 0-01 {2 - cm) with a 3um oxide layer is considered. The

extraction technique is based on a network (matrix) decomgg©SS sections of the conductors arer@ by 1ymand 1umby
sition and pole extraction. The open-circuit impedance matriM: réspectively. The spacing between the two conductors is

corresponding to the shunt admittance maifix can be ex- 2um. The i_nterconnect structure is 5.0 mm long. The modeling
pressed by the series connection of two 2-port subnetworks Procedure is detailed below.
1) The structure is solved for its p.u.z], [L], [G], and[C]
[Z,] = Yol " = [Zow] + [ Zsi] (15) matrices using the quasi-TEM spectral domain methods
described in Section II.

where the impedance matric€s, | and [Zs;] correspond to ~ 2) The frequency-dependent p.u.l. parameters are synthe-
the w-type network representing the oxide layer and the silicon  sized in terms of four-port lumped equivalent circuits as
substrate, respectively. The three capacitances representing the shown in Fig. 9 and described in the previous section.
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Fig. 13. \oltage step response of an asymmetric coupled interconnect6]
structure.

3) The length of a basic cell (hence, the total number of [7]
cells, N) is determined [23], and the lumped elements
are scaled to the chosen length. In this examples 10
basic cells are used. (8]

4) TheN cells are cascaded to form a complete equivalent[g]

circuit for the given structure.

Figs. 10 and 11 show the frequency-dependent p.u.l. param-
eters. The solid lines are computed from the equivalent—circui[tlo]
model and the dashed lines are the results from the quasi-static
electromagnetic characterization. The frequency response of the
extracted equivalent-circuit model agrees well with that comyy;
puted by the spectral domain approach. [12]

In order to evaluate the performance of the cascaded equiva-
lent-circuit model, the four-port scattering parameters are rigor-
ously computed from a normal mode approach for asymmetrifa3]
coupled transmission lines in an inhomogeneous medium [27].
Fig. 12 shows the comparison of tAeparameters from analyt-
ical results and from the simulation of the cascaded equivalenti4]
circuit model in HP—ADS. To further illustrate the broad-band
performance of the proposed interconnect model, a time-domain
analysis for a voltage step input is performed for the asymmetrif5)
coupled interconnect structure. The proposed equivalent-circuit
model has been implemented in the circuit simulator as a subcir-
cuit. The results presented in Fig. 13 show excellent agreement
between the circuit model approach and the direct implemental®l
tion based on convolution.

V. CONCLUSION [17]

We have developed a comprehensive modeling approach f?j’S]
frequency-dependent on-chip interconnects on a lossy (CMOS)
substrate. The modified quasi-static spectral domain approadt]
provides accurate interconnect characteristics as validated by
comparison with full wave solutions. The extracted equivalent{20]
circuit models consist of only ideal SPICE elements and accu-
rately represent the broad-band frequency response of the frgfL
guency-dependent interconnects. The models can be readily in-
corporated into common circuit simulators as subcircuit proto-
type and should be useful in the design of RF and mixed-signeﬁz]
integrated circuits in CMOS technology.
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