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High-Frequency On-Chip Inductance Model

Sang-Pil Sim, Kwyro Lee, and Cary Y. Yangellow, IEEE

Abstract—The effect of random signal lines on the on-chip Signal line [ Ground line [ Random line
inductance is quantitatively investigated, using anS-param-
eter-based methodology and a full wave solver, leading to an Port 2

empirical model for high-frequency inductance. The results
clearly indicate that the random signal lines as well as designated
ground lines provide return paths for gigahertz-frequency signals.
In particular, quasi TEM-wave-like propagation mode is observed
above 10 GHz, revealing a unique relationship between capaci-
tance and inductance of the signal line. Incorporating the random
capacitive coupling effect, our frequency-dependenRLC model is
confirmed to be valid up to 100 GHz.
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Fig. 1. Test structure used to extract telegrapher’'s parameters (RLCG) and
investigate the high-frequency behavior of on-chip inductance. Geometry of
the random lines such as length, width, spacing, and density is varied. The

ITH relentless pursuit of Moore’s law toward faster anQimensions of the structure are not drawn to scale. The telegrapher’s parameters
o not depend on the length of the structure. Wires are assumed to be copper

larger ULSI systems, on-chip inductance has emerg@fh a conductivity of 5.8x 107 Siemens/meter and an intermetal dielectric
as an imperative design consideration. But modeling and extragsstant of 2.9 is used.

tion of on-chip inductance are not as straightforward as their ca-

|I. INTRODUCTION
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pacitance counterparts due to long-range interaction of the mag- e O ] 1% 2
netic field and unknown return paths. In a typical on-chip inter- T e e e —

connect configuration shown in Fig. 1, power lines provide good 10 1023232 10 10

return paths at low frequencies. As the frequency of the signal

advances into multi-gigahertz regime, however, virtually all the _ 25 — 0.8 _
wires surrounding the signal line should be considered as pos- E 20 oa Eﬁﬁtw/:c;y 4 E
sible return paths. Recently Kleveland [1] showed experimen- < 0.6 :'::
tally that random signal lines reduce high-frequency inductance Q 15 0.4 o
significantly by providing closer return paths through capaci- s 10 i ' §
tive coupling. As the signal frequency continues to increase, the 2 02 8
random capacitive coupling phenomenon becomes more dom- g ° 2
inant. Nevertheless, there has been no quantitative analysis on 0 0

the phenomenon. In this Letter, we investigate quantitatively the 0.1 1 10 100
effect of random signal lines on the high-frequency inductance Frequency [GHz]

using a full wave solver [2], and for the first time, we present a

frequency-dependeRLC model valid up to 100 GHz. Fig. 2. Resistance and inductance extracted using quasistatic [3] and full wave

[2] solvers for a structure shown above. Numbers in the structure represent
dimensions of the structure in micrometers. In the full wave method, the basic
Il. EXPERIMENTAL METHODOLOGY structure (circle) and a structure with floating random parallel and crossing lines
(triangle) are extracted, while only the basic structure (line) is extracted in the

Our test structures are designed to resemble a typical inteyasi-static method for comparison purposes.
connect configuration (see Fig. 1) in high-performance digital

chips. A signal line, running between parallel ground lines sinilating power lines in a real chip, is surrounded by additional
random parallel lines in the same layer of the signal line and

random crossing lines in adjacent layers. Since the random lines
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suggests quasi TEM-mode wave propagation by providing
N7 (LCY* =SWF™v pseudo ground lines next to the signal line. This hypothesis
\/( Crossing lines is supported by the close correlation betwerand C' as
\\,A\ A (SW,;%%) shown in Fig. 3, where thé andC' parameters extracted for
S—m various interconnect configurations are plotted together. Based

o
N
T

Capacitance [pF/mm]

ot r Parallel lines® o2~ on transmission line theory, the reciprocal of thé' product
(SWF=1.35) for TEM wave being the square of the phase velocity, our
0 ' : simulation data are fitted to a semi-empirical expression
0.3 05 0.7 0.9

Inductance [nH/mm] (LC)™ %5 = SWF~'v Q)

Fig. 3. Relationship between capacitance and inductance extracted at 2QHere v is the phase velocity in the medium and SWF is

GHz for various capacitive coupling configurations. Lines represent the fitt?He dimensionless “slow-wave factor’” used to characterize
slow-wave mode relationship as indicated, where SWF @aage slow-wave

factor and phase velocity in the medium of the structure, respectively. the deviation from ideal wave propagation along a standard
transmission line. In Fig. 3, crossing random coupling lines

Ly Rs show a slightly slower wave-like propagation mode than

L2 parallel lines, as the former can support electric field more

easily than magnetic field. By introducing separate SWFs for

—1- parallel and crossing lines, which depend on the technology, the
T high-frequency inductance can be extracted from the parasitic
- capacitance [4] of the signal line using (1). Since both parallel
and crossing lines exist in a real chip, final inductance value is
calculated from a parallel combination of inductances due to
parallel lines and crossing lines, respectively.

In Fig. 4(a), we use parallel branches to model frequency de-
pendency of? andL, as in Krauter [5]. The values of the lumped
elements in the model can be calculated from the following six
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Wier~ 02 extracted physical parameters for any interconnect structure:
0 ~ 00 Rpc = Ry||R2||R3
0.1 1 10 100
2 2
Frequency [GHz] R1 R2
et (Y (e () o

(b) Ry + Ry||R3 Ry + R
Fig. 4. (a) Frequency-dependent lumpaidCmodel and (b) comparison with 2
full wave solver. The structure in Fig. 2 with random signal lines is used to -R ||R . I =L+ Ry I
extract physical parameters, from which values of the lumped elements can tg:éMF LIEE2, MF 1 Ri+ R» 2
computed. In (b), the extractddand R are compared with results from a full
wave solver and a previous model [5]. Rur = Ry; Lyr = L. (2)

ranging from 100 MHz to 100 GHz. In Fig. 2, the extracted he low-frequency (DC) and moderate-frequency (MF) param-
R and L for a given structure are shown. For comparison, p&ters, Rpc, Lpc, Rur, and Lyr are extracted analytically
rameters directly obtained from a quasi-static 3-D inductan&i®m the configuration of the signal line and designated ground
extractor, FastHenry [3], are also shown. The excellent matibhes [6]. High-frequency inductancd.fr) is extracted from
between the two solvers for the basic structure validates our §2e parasitic capacitance using (1). We use the modified skin-
rameter extraction methodology. In Fig. 2, the switch of retuiffect formula proposed by Kleveland [1] to extract high-fre-
path from the wide and far ground lines to the thin and closgiency resistanceiyr). In Fig. 4(b), our model is compared
ground lines is manifested in the change in resistance and With Krauter’s [5] as well as with a full wave solver. Our model
ductance with frequency. Between 10 and 100 GHz, inductargigows excellent match for a wide range of frequencies, from
decreases more rapidly, while resistance increases exponentitfl9 MHz to 100 GHz, while the other significantly overes-
due to skin effect. By adding random coupling lines to the badignates high-frequency inductance and considerably underes-
structure, we observe further reduction of inductance and iimates high-frequency resistance. Furthermore, by increasing
crease of resistance for frequencies above 10 GHz, indicat@xjraction frequency from 20.1 to 100 GHz, we have found that

the participation of the random lines as return paths. the SWF changes by only 13%. Therefore, a single SWF can
be used up to 100 GHz, although SWF is slightly frequency-de-
[Il. M oDEL CONSTRUCTION AND DISCUSSION pendent, approaching unity at infinite frequency.

Since the random lines participate as return paths through ca-
pacitive coupling, the relationship between the high-frequency
inductance and capacitance of the signal line is examined. AfThe effect of random signal lines on high-frequency on-chip
high frequencies, the inclusion of parallel random signal linésductance is quantitatively investigated. Using a full wave

IV. SUMMARY
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solver andS-parameter-based methodology, quasi-TEM mode|[2]
wave propagation through the random lines is observed above
10 GHz, revealing a unique relationship between capacitancé3]
and inductance of the signal line. From this relationship,
we extract high-frequency inductance analytically from the [4]
parasitic capacitance. Having incorporated random capacitive

coupling and skin effects, our frequency-depend®it© model
is confirmed to be valid up to 100 GHz.
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