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Abstract a complex image approach that takes into account the effects
New broadband closed-form expressions for the frequencgf eddy-current loss in the substrate. The new expressions are
dependent impedance parameters of asymmetric coupled cogliectly given in terms of the interconnect dimensions and mate-
nar interconnects on a conductive silicon substrate are préal parameters. The modeling approach is applied to the struc-
sented. The closed-form expressions are based on a complse that was studied experimentally [6] and compared to mea-
image approach that accounts for eddy-current loss in the suirement results as well as to a quasi-analytical solution devel-
strate and incorporates the effect of substrate contacts in teed at the University of Hannover [3]. The substrate contacts
ground lines. The closed-form expressions for asymmetrid the ground lines can have a significant impact on the return
coupled interconnects fabricated in a CMOS process generafiyrrent distribution and are included in the closed-form solu-
agree well with measurements. To further investigate small difion. The closed-form and quasi-analytic solutions both neglect
ferences between the model and measurement results, we gegductor skin and proximity effects. The significance of these
examined the importance of skin- and proximity-effects in théffects in the closely spaced asymmetric coupled interconnects
closely spaced conductors. is further studied with an EM solver based on the simultaneous
discretization of conductors and substrate [10], and by compar-

Introduct|or.1 o o __ison with measurements.
The nonideal transmission characteristics of on-chip inter-

connects are becoming a significant factor in the overall perfoiodeling Approach
mance of silicon-based integrated circuits operating at gigahertzrig e 1(a) shows the cross section of the asymmetric cou-
frequencies. In particular, the frequency-dependent substrjgq coplanar CMOS lines of this study [6]. The asymmetric
loss mechanisms can have a significant impact on the charagypled lines are built in 8.25 gum CMOS technology. The
teristics of on-chip interconnects for heavily doped silicon suly,q coupled conductors are fabricated in metal 2 with widths
strates, as has been shown by extensive full-wave and quasi-| ,m and10 um, respectively, and are separated by a gap
static electromagnetic simulation (e.g., [1] - [5]), as well as byt | ,m. The thickness of metal 2 57 um, and the conduc-
experimental characterization [6]- tivity is 27.8 x 10% S/m. The coupled lines are surrounded by

It is desirable for computer-aided design (CAD) of silicongg ,m wide ground lines composed of via stacks that connect
based integrated circuits to have available fast and accuraf¢six metalization layers together to the substrate. The silicon
models for the transmission-line parameters of on-chip integypstrate is heavily doped with a resistivity of aboot 2-cm.
connects. Recently, Weisshaar et al. developed simple physics-
based closed-form expressions for the frequency-dependentlinerpg time-varying magnetic fields in the heavily doped sub-
parameters of microstrip-type on-chip interconnects that agrate give rise to frequency-dependent eddy currents, which are
suitable for CAD ([7, 8]). In [9], this modeling methodology nonyniform and a function of operating frequency and substrate
was extended to single coplanar interconnects. The general cas§stivity. With increasing frequency, the eddy-current density
of asymmetric coupled coplanar interconnects has recently begithe supstrate becomes larger and more concentrated near the
studied experimentally [6]; however, closed-form solutions fojyterconnects. This can result in a significant reduction in series
the line parameters are not available. inductance and a substantial increase in series resistance.

In this paper, new broadband closed-form expressions forthe frequency-dependent complex inductance per-unit-
the frequency-dependent impedance parameters of asymmegfigth (p.u.l) L(w) + R(w)/(jw) can be efficiently deter-
ric coupled coplanar CMOS lines are developed and compargglned by applying a complex image theory [11] combined with
with measurement and EM simulation. The closed-form exsjosed-form expressions for partial inductance [12]. In the com-
pressions for thé?(w) and L(w) parameters are derived usingpjex image theory, the complicated conductive substrate is re-

**Work partially supported by US Government and not protected by U@Iaced by a CondUCting imag_e plane I_Ocated abf_mple_xdis-
Copyright. tanceh.g from the coupled lines, as illustrated in Fig. 1(b).
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hefr
M i / Vi / 2he has been incorporated into the inductance elements corre-
N sponding to the four interconnect conductors. In (2) the com-
8] plex inductance elements};(het) = Lj;(het) = Lij —
(b) Lijra(her), (4,7 = 1,. ,4) can be readily expressed in
closed form by extrapolating the closed-form formulas for par-
Figure 1: (a) Test structure cross section and (b) equivalent cdifl self and mutual inductances of f|n|te—l_ength conductors (e.g.
figuration using complex image method. Grover's form_ulas [12]). Each complex'lnductanbg repre-
sents a real inductandge{L;;} and resistance-wIm{L;;}.
Note that each partial inductance divided by length is divergent
The complex effective height for a coplanar structure on a siyith increasing length; i.e., p.u.l. partial inductance does not
gle conductive substrate layer of thicknéssis given by [9], exist. However, because of the subtraction of two partial induc-
(8] tances in (2), p.u.l. inductance elements are obtained.
et = hox + (1 — j)6/2 coth[(1 + j)hsi /6], 1) To derive the fina x 2 inductance matrix for the asymmet-
wheres = 1/v/7fugos; is the skin depth of the bulk silicon. ric coupled CMOS lines, an equivalent circuit representation is
The height of the complex image plane can be derived from thsed. The effects of the substrate contacts in the ground lines,
Taylor-series expansion of the corresponding Green’s functiowhich can significantly affect the return current distribution, are
similar to the derivation for the microstrip case with grouncB.|SO included in the model. The equivalent circuit model for the
plane given in [8]. Extensions of the complex height formulseries impedance of the asymmetric coupled coplanar CMOS
for multilayer conductive substrates are also available. lines with the ground lines directly connected to the substrate is
Using the complex image approach, the asymmetric coupldiiistrated in Fig. 2. HereR;;(dc)Az (i = 1,...,4) is the dc
coplanar CMOS lines are represented in terms of the intercofgsistance of conducterandL?; is the corresponding complex
nect conductors and their images located in free space at a co¥filf inductance of conductarincluding its image.L;; is the
plex distanceh.g, as illustrated in Fig. 1(b). The resulting Complex mutual inductance between linend line; including
complex4 x 4 inductance matrix for the coplanar asymmetridmages (refer to Fig. 1(b))Rsub is a substrate DC resistance

coupled line system may be expressed as that models the effects of the substrate contacts in the ground
lines.
Lz1 L£2 Lis L3£4 By solving the equivalent circuit model for the complex loop
[Leflyy = ég éiz éis L’2‘4 inductances of lines 2 and 3, tBex 2 p.u.l. inductance matrix
13 23 33 34

[Leg(w)]ax2 and2 x 2 p.u.l. resistance matrifR.s(w)]ax2

are obtained in closed form. Note that the resistance matrix
(2) includes the DC resistances for all metal conductors and the
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L — Lie Lo — Le Lin — Lao Las — L The new closed-form expressions f&(w)] and[L(w)] have
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been applied to the asymmetric coupled CMOS lines shown in

where the effect of the image conductors at complex distanéég. 1(a), which were fabricated on a heavily-doped silicon sub-
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Figure 3: Frequency dependence of (a) distributed series indysigure 4: Results obtained with a modified PEEC-like EM
tance and (b) series resistance of asymmetric coupled coplaggfver [10]: (a) distributed series inductance and (b) series re-
CMQOS lines. sistance of asymmetric coupled coplanar CMOS lines.

strate withp,s; = 0.01 Q2-cm [6]. In order to verify the accuracy nificant in this conductor configuration, we have simulated
of the closed-form expressions, the frequency-dependamd the asymmetric coupled line structure using a Partial Element
L line parameters shown in Figs. 3 (a) and (b) are comparégjuivalent Circuit (PEEC)-like electromagnetic (EM) solver
with a quasi-analytical simulation approach [3] and the expe[10] that has been modified for the coplanar geometry and sub-
imental data from [6], including the lower and upper boundstrate contacts. The EM solver performs the simultaneous sub-
of the 95 % confidence intervals. Note that in tHfe@ and L  division of the conductor cross section as well as the conduc-
parameters shown in Fig. 3, index 1 refers to them signal tive substrate to capture the nonuniform current distributions in
line and index 2 to th&é0 pum signal line. We observe that the the conductors and substrate. A similar approach has also been
closed-form solutions are almost identical to the correspondingsed in [13].
quasi-analytical results. Both theoretical results are consistentThe frequency-dependeR, L line parameters of the asym-
with the measurement data over the broad frequency range. Wetric coupled on-chip interconnects obtained from the EM
see, however, that some of the theoretical values fall outside tbelver are shown in Figs. 4(a) and (b), with and without subdivi-
95 % confidence interval for the measurement data, particularlion of the conductor cross sections. For the case without sub-
in the case of the self inductanée; and self resistanc&;; of  division, the results are virtually identical with the closed-form
the narrower [ xm) signal line. Possible reasons for the smalolutions and the quasi-analytical solutions. This comparison
discrepancies include uncertainty in the process parameter dhiether demonstrates the accuracy of the closed-form expres-
and systematic measurement errors, as well as conductor skilans to accurately model the substrate eddy-current loss. With
proximity, and edge effects in the signal conductors. conductor subdivision the EM solution moves closer to the mea-
To further investigate whether the proximity effect is sigsurement results, in particular for the conductor with smaller
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Figure 5: Relative current distribution in the two signal conductors of the asymmetric coupled coplanar CMOS fines at
26.5 GHz.

width. Figure 5 shows the relative current density distributiongs] J. Zheng, Y. C. Hahm, V. K. Tripathi, and A. Weisshaar,
in the signal conductors. It can be seen that the current distri- “CAD-oriented equivalent circuit modeling of on-chip in-
butions are nonuniform with maximum current density located terconnects on lossy silicon substrattEEE Trans. Mi-
at the edges farthest apart, as predicted by the proximity effect. crowave Theory Techvol. 48, pp. 1443-1451, Sept. 2000.
These results show that some (but not all) of the discrepancil%ﬁ U. Arz, D. F. Williams, D. K. Walker, and H. Grabin-
between model and measurement data can be attributed to con- ski, “Asymmetric Coupled CMOS Lines: An Experimental

ductor skin- and proximity-effect in the signal conductors. Study,” IEEE Trans. Microwave Theory Techvol. 48, no.
Conclusions 12, pp. 2409-2414, Dec. 2000.

We have developed new broadband closed-form expressidii$} A. Weisshaar and H. Lan, “Accurate Closed-Form Ex-
for the frequency-dependent impedance parameters of asym- pressions for the Frequency-Dependent Line Parameters of
metric coupled coplanar interconnects on a conductive silicon On-Chip Interconnects on Lossy Silicon SubstratEEE
substrate. We showed that the closed-form expressions accu- MTT-S International Microwave Symposium Digepp.
rately account for eddy-current loss in the substrate and incor- 1735-1756, Phoenix, Arizona, May 20-25, 2001.
porate the effect of substrate contacts in the ground lines.
Qemonstrated e>_<ce||ent agreement with a_quasi—analytical SOIU- Eorm Expressions for the Frequency-Dependent Line Pa-
tion as well as with tlhfa results ofa custqmlzed EM solver with- rameters of On-Chip Interconnects on Lossy Silicon Sub-
out conductor subdivision. The theoretical results were shown strate,"IEEE Trans. Adv. Packagingol. 25, no.2, pp. 288-
to be close to measurement data. Some of the discrepancies 296, May 2002.

between the theoretical solution and measurement results have ] . ]
been attributed to nonuniform current distributions in the sig®] A- Luoh and A. Weisshaar,"Closed-Form Expressions for

nal conductors due to their close proximity. The fast and ac- the Line Parameters of Co-Planar On-Chip Interconnects
curate closed-form expressions for the frequency-dependent se- O Lossy Silicon SubstratesProc. [EEE 11th Topical
ries impedance parameters should be useful for computer-aided Meeting on Electrical Performance of Electronic Packag-
design of silicon-based integrated circuits. ing (EPEP’2002) pp. 341344, Oct. 2002.
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