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Abstract—This paper presents an exhaustive analysis of the
frequency-dependent series resistance and inductance associated
with the distributed model of on-chip interconnects including a
ground shield to reduce substrate losses. This analysis identifies
the regions where the resistance and inductance curves present
different trending due to variations in the current distribution.
Furthermore, the apparent discrepancy of experimental curves
with the well-known square-root-of-frequency models for the re-
sistance and inductance considering the skin-effect is explained.
Measurement results up to 40 GHz show that models involving
terms proportional to the square root of frequency are valid pro-
vided that the section of the interconnect where the current is
flowing is appropriately represented.

Index Terms—IC interconnects, ground shield, skin effect.

I. INTRODUCTION

A S technology evolves, integrated circuits (ICs) increase
the metal layers used for interconnection purposes [1].

Many of these interconnects are routed in a very complex
way and are operated at microwave frequencies, which causes
considerable signal attenuation and delay. Thus, to avoid the
inherent losses attributed to the substrate, a ground shield is
included between the signal traces and the semiconductor sub-
strate, which introduces even more complexity when analyzing
the frequency dependent behavior of these interconnects [2].
Nonetheless, from an IC design point of view, developing effi-
cient and broadband models is necessary. For this purpose, inter-
connects can be treated as transmission lines (TLs) formed at dif-
ferent levels of the circuit, and thus presenting different electrical
characteristics.

Traditionally, IC designers were particularly concerned about
the series resistance (R) and shunt capacitance (C) presented by
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a TL, as well as for the number of lumped-circuit stages required
to represent a line of certain length within a given bandwidth [3],
[4]. This motivated research oriented to determine and represent
these parameters as a function of geometry, frequency (f), and
fabrication materials [5]–[9]. For C, several models were devel-
oped showing a weak dependence on f and negligible losses,
represented by means of a shunt conductance (G), when the
interconnect presents a ground shield [10]–[14]. In contrast R,
which is associated with the metal losses occurring along the
interconnect, is strongly dependent on f and it is expected to
be proportional to the square root of f when the skin depth is
comparable or less than the thickness of the metal layer [15],
[16]. Nevertheless, this ideal trending of R is not evident in the
vast majority of the experimental results obtained for on-chip
interconnects [11], [17], [18] even when separately analyzing
the attenuation constant associated with the metal losses [1],
[17], [19]. For this reason, several research groups explained
the apparent deviation of the R versus f curves from the square-
root-of-f models by analyzing the variation of the current flow
distribution with f [6], [16], [20]. Nevertheless, many of these
models use fitting parameters to compensate for effects that are
still not well explained. For instance, assuming that the resis-
tance that the interconnect presents at low frequencies intro-
duces an f-independent parameter that is observed even at very
high frequencies [8], [15].

On the other hand, as f increases, the RC model used in many
design stages lacks accuracy, especially for relatively long inter-
connects such as those used for global networks (e.g., clock dis-
tribution) [21]. In this case, including the series inductance (L) is
mandatory and thus the corresponding variation with f has to be
understood to develop reliable models. Here, a characterization
of the series R and L impacted by f-dependent effects is pre-
sented. In this analysis, both parameters exhibit five frequency
regions associated with proximity and skin effects related to the
geometry of the ground plane and the conductive strip.

II. THEORY

For planar TLs, once the operation frequency is so high that
the metal skin depth (δ) is smaller than the thickness of the metal
layers used to form the signal trace and ground plane (t and
tg , respectively), R and L become dependent on f. Particularly,
for TLs guiding signals in quasi-TEM mode, when δ � t, it
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Fig. 1. Stack-up for IC interconnects. In this particular example, the Metal-3
level is used as the reference plane and the Metal-4 contains the signal strip.

is expected that R is proportional to
√

f , whereas L decreases
as predicted by a term that is inversely proportional to

√
f

[15]. Although this behavior is clearly observed in packaging
technologies at microwave frequencies, it is not evident for IC
interconnects. This is due to the fact that the dimensions of the
layers forming the latter are much smaller than in packaging
technologies, which originates that the effect of R and L is
more accentuated. Furthermore, this makes the corresponding
variation with f more noticeable, allowing to observe the skin
and proximity effects in the signal and ground plane within
different f-ranges.

Fig. 1 shows a typical stack-up defining the different metal
layer levels within an IC. In this figure, the ground plane is
located at the Metal-3 level. This plane is commonly formed
by a grid that can be considered as a solid metal layer since
the corresponding pattern presents dimensions much smaller
than the wavelength of microwave signals. The ground plane
presents a width wg and shields the upper interconnects from
the substrate to reduce the losses associated with eddy currents
and undesired coupling. In this figure, h is the thickness of the
SiO2 layer separating the ground plane from the signal trace,
which presents a width w.

Fig. 1 includes an interconnect with length l = Δl that can
be represented by means of lumped per-unit-length RLGC el-
ements. Although these elements have been widely studied in
the literature, the dependence of R and L on f is simplified most
of the times assuming a

√
f variation with a constant propor-

tionality coefficient. Further examination of this assumption is
the subject of study in this paper. Thus, in order to graphically
support the explanations presented in this section, Fig. 2 shows
results from full-wave simulations of an interconnect, where
the current distributions within the signal and ground plane are
illustrated at different f.

A. Resistance

In accordance to Fig. 1, the total series resistance of the
interconnect can be defined as

R=Rs + Rg (1)

where Rs is the resistance associated with the signal trace,
whereas Rg corresponds to the ground plane. Owing to the fact
that these two resistive contributions to R are located at different
regions of the structure, the configuration of the electromagnetic

Fig. 2. Current density distributions within an interconnect at different fre-
quencies obtained through full-wave simulations of a line presenting: w =
2 μm, t = 925 nm, h = 3 μm, tg = 640 nm, and wg = 20 μm.

fields will affect the distribution of the current flow in a different
way as f changes.

Starting the analysis at f so low that δ is much bigger than
t and tg , both Rs and Rg can be analyzed assuming DC condi-
tions. For the case of Rs , since the current can be considered to
uniformly flow within the cross section of the signal trace, the
following equation can be used:

Rs = Rs0 =
1

σwt
(2)

where σ (given in S/m) is the conductivity of the metal. For
Rg , the corresponding value in a conventional design is usually
negligible (i.e., Rg0 ≈ 0) [22]. However, although the magni-
tude of Rg at low frequencies is small, it can be approximately
calculated as [5], [6]:

Rg = Rg0 =
1

σwg tg
(3)

where wg is the total width of the ground plane as shown in
Fig. 2(a). Thus, in accordance to (1)–(3), when plotting the
experimentally obtained R versus f curve, the starting point
at f ≈ 0 is R = Rs0 + Rg0 , which remains constant within
the f-range labeled as region I in the conceptual plot shown in
Fig. 3. The series resistance in this region can thus be defined as
follows:

RI = Rs0 + Rg0 . (4)

In Fig. 3, R remains constant until f reaches a value (i.e., fg1)
that makes the resistance to proportionally increase with

√
f .

This first transitional frequency is associated with the reduction
of the effective width (w′

g ) of the cross section where the current
is flowing within the ground plane as f increases; this implies
that for f > fg1 , wg is substituted by w′

g in (3), which is ex-
plained as follows. At low f, the transverse fields surrounding
the signal trace reach the top of the ground plane near below it
and also laterally penetrate the whole plane since δ is very big,
which allows to calculate Rg from (3). Thus, when f increases to
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Fig. 3. Conceptual plot showing the regions presenting different variation of
the R versus f curve.

Fig. 4. Simulations showing the impact of the w/h ratio on the minimum width
of the section where the current is flowing within the ground plane.

a value at which δ becomes comparable to the total width of the
ground plane, the TL operates in region II, where w′

g decreases
with δ, which is illustrated in Fig. 2(b). Notice in Fig. 3, that in
this region R is expected to increase with

√
f until w′

g reaches a
minimum width (wg min ) that corresponds to the area below the
signal strip where the electric field considerably penetrates the
ground plane from the top. In other words, the width of the sec-
tion where the current is flowing in the ground no longer suffers
side reduction beyond wg min ; this occurs at f = fgsat . Conse-
quently, the effective width of the ground plane in region II is
the sum of wg min plus the side penetration of the current at each
side of the plane, which is approximately given by 2δ provided
that w′

g > wg min . Hence, considering that within this f-region
δ is bigger than the dimensions of the signal trace (which is a
reasonable assumption in most practical technologies), Rs in (1)
remains constant, and R presents a dependence on f attributed
to Rg and described by (3) assuming w′

g = wg min + 2δ. Thus,
R in region II can be approximately expressed as follows:

RII=Rs0 +
k1
√

f

1 + k0
√

f
(5)

where k1 = 1/2dσtg , k0 = wg min/2d and d is a constant re-
lated to δ. Here, it is important to remark the fact that wg min
depends on the dimensions of the structure, particularly, on the
separation between the signal trace and the ground plane. In
Fig. 4, full-wave simulations were used to illustrate an increase
in this parameter as h increases. Alternatively, an empirical way
to obtain an approximate value for wg min is explained in [22].

Once f = fgsat , it is expected that R remains constant since
Rg no longer suffers reduction once w′

g = wg min as shown in

Fig. 2(c). This is true as long as the effective thickness the
ground plane is not impacted by the skin effect (i.e., tg � δ).
Within this f-range, defined as region III and also illustrated in
Fig. 3, R can approximately be represented by

RIII=Rs0 + Rgsat (6)

where Rgsat ≈ 1/σwg mintg .
When δ > tg , a reduction in the effective thickness of the

ground plane is observed as f increases. This originates a con-
finement of the current concentration on top of the ground plane
[see Fig. 2(d)], proportionally increasing Rg with

√
f . This oc-

curs in region IV illustrated in Fig. 3, where R can be represented
by

RIV=Rs0 + k2
√

f (7)

where k2 is a proportionality constant related to the skin effect in
the transversal section of the ground plane. Notice that in region
IV, due to the configuration of the fields, once the cross-sectional
area for which the current is flowing is reduced as f increases,
most of the current is confined to the upper section of the ground
plane. Conversely, for the signal trace, the current is confined in
comparable proportions along the perimeter of its cross section
[see Fig. 2(e)]. In fact, this is the reason why when considering
that the signal and ground plane present the same thickness,
the vertical skin effect is observed in the ground plane at lower
frequencies. Approximately, Rs starts to become f-dependent at
f = fs (i.e., when δ ≈ t/2), which defines the onset frequency
for region V. Thus, the corresponding expression for obtaining
R in this region is

RV =k2
√

f + k3
√

f = k4
√

f (8)

where k3 is a proportionality constant related to the skin effect
in the signal strip and k4 = k2 + k3 . Notice that (8) is the typ-
ical expression expected for a variation of R with f. From our
analysis, we observe that this expression is only valid once all
the cross sections for which the current is flowing through a
homogeneous line become frequency dependent.

B. Inductance

Regarding the total inductance (L) of a planar and homoge-
neous TL, this is composed by two terms called internal Lint and
external Lext inductances, which are associated with the current
loop formed along its length by the signal and ground paths [22].
Mathematically, the total inductance can be calculated from

L=Lint + Lext . (9)

In Fig. 5, Lext and Lint are associated with the area of the parts
of the current loop outside and inside the metals, respectively.
In accordance to Fig. 5, Lint varies with f when the current
distribution changes in the signal trace and ground plane due
to the current crowding and skin effects. Since this variation is
different in these two metal regions, Lint can be represented by
means of the sum of the inductance associated with the signal
trace (Ls), and that of the ground plane (Lg ).

Notice that the sketch in Fig. 5 showing a perspective a section
of TL oversimplifies the analysis of the inductance. This is due
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Fig. 5. Side view of a TL identifying the parts of the current loop defining the
internal and external inductances.

Fig. 6. Illustration of the reduction in the outer components of the inductance
loop when f increases: (a) low frequencies, and (b) high frequencies.

to the fact that it suggests that the current flowing along the TL
always forms loops that are perpendicular to the signal trace
and ground plane. To show that this is not always the case, the
following analysis is presented.

Assume that L is divided along the width of the TL in three
inductances that are connected in parallel L1 , L2 , and L3 , as
illustrated in Fig. 6(a) (notice that L1 = L3 for a symmetrical
TL). Each one of these inductances is thus associated with a loop
that presents different form depending mainly on the distribution
of the current in the ground plane. Therefore, at low frequencies,
the outer inductance components (i.e., L1 and L3) are originated
by a loop with larger area than corresponding to L2 since the
current in the signal trace is farther from the ground plane. As f
increases, however, the current in the ground plane is confined
near below the signal trace and reduces the area of the loops
associated with L1 and L3 , which in turns reduces the total
inductance [see Fig. 6(b)]. The effect described in this paragraph
is responsible of additional dependence of L on f that is observed
in practical on-chip interconnects.

Similarly as in the case for R, different variations on L are
observed in the five f-regions previously discussed where the
current distribution changes with f. Thus, when the TL operates
in region I, the current is homogeneously distributed within the
signal trace and ground plane yielding a maximum value for the
internal inductance since the current loop covers from the top
of the signal trace to the bottom of the ground plane, whereas
the loops associated with L1 and L3 present a maximum area.
In this case, Ls and Lg present constant values Ls0 and Lg0 , re-
spectively. Thus, total inductance in this f-region is independent

of f and can be written as

LI = Ls0 + Lg0 + Lext0 = L0 . (10)

The term Lext0 represents the external inductance that can
be obtained at low frequencies from the dimensions of the line
[6]. When f increases and reaches fg1 , the TL operates in region
II. In this case, the effective width (w′

g ) where the current is
flowing in the ground plane decreases laterally due to the current
crowding and skin effects. These effects reduce the area formed
by the current loops associated with L1 and L3 , which change
Lext and Lint . This is an important observation since in classic
literature it is assumed that the external inductance is always
independent of frequency [15].

In order to analyze the inductance in region II, the effective
inductances L1 , L2 , and L3 , which are assumed to represent the
three different zones defining the inductance of the TL as shown
in Fig. 6 are considered. For this case, L1 and L3 are proportional
to the distance a defined in Fig. 6, which is calculated as

a =
√

h2 + w′2
g = h

√

1 +
kδ

f
(11)

where kδ is a proportionality constant that depends on the prop-
erties of the materials and on the geometry of the TL since
wg ’ was assumed to be inversely proportional to

√
f (due to its

variation with δ). Thus, to obtain a general expression for the
inductance in region II, we assume that L1 and L3 are effective
inductances considering all the current loops formed at the outer
side of the TL. Since these inductances are proportional to a,
using (11) it is possible to write

L1 = L3 = Lx1

√

1 +
kδ

f
≈ Lx1 +

Lx2

f
(12)

where Lx1 is the value at which L1 and L2 tend when the current
in the ground plane is confined just below the signal trace as in
Fig. 6(b), Lx2 = kδ/2, and an expansion in Taylor series was
used to obtain a linear equation since kδ/f � 1 can be assumed.
Notice that (12) is valid only in region II.

Now, considering the combined effect of L1 , L2 , and L3 ,
which are in parallel connection, LII can be calculated by

LII =
1

1
L1

+ 1
L2

+ 1
L3

=
p + nf

1 + mf
(13)

where L2 is assumed to be constant (see Fig. 6), m = (2L2 +
Lx1)/Lx2 , n = L2Lx1/Lx2 and p = L2 . Notice that LII was
expressed as in (13) to provide a simplified expression that al-
lows to obtain the total inductance in region II as a function
of f. Alternatively, LII can be written in terms of the external
and internal inductances; however, in this particular region, the
parallel connection of the three inductances makes difficult to
distinguish the contribution of the internal and external induc-
tances to L.

Once f rises up to a value so high that the interconnect is oper-
ating in region III, the external inductance presents its minimum
value (L∞) which remains constant from this frequency range
on. Furthermore, the internal inductance remains at an approx-
imately constant value (Lint = Ls1 + Lg1). This is due to the
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Fig. 7. Conceptual plot showing the regions presenting different variation of
the L versus f curve.

fact that the current distribution in the metals presents no sig-
nificant modification provided that the skin depth is larger than
the thickness of the signal trace and ground plane. Therefore,
in region III, the inductance can be represented as a constant
function of given by

LIII = Ls1 + Lg1 + L = Lsat (14)

where L can be calculated considering the area of the current
loop formed between the signal trace and ground plane at high
frequencies, whereas Lsat is the total inductance presented at
the smallest frequency at which the current distribution can be
associated with the conceptual sketch in Fig. 6(b).

As f continues increasing, the skin effect becomes apparent
again, vertically reducing the area from which the current is
flowing in the ground plane, which occurs in region IV. On
the other hand, the internal inductance in the signal trace re-
mains without change since the current distribution in this trace
presents no variation in region IV. The reason for this is argued
earlier when discussing the variation of R in this region. Thus,
the expression for region IV is

LIV = Ls1 +
k2

2π
√

f
+ L∞ = L∞2 +

k2

2π
√

f
(15)

where L∞2 = Ls1 + L∞, and k2 is the constant defined in (7).
Finally, at frequencies where the skin effect impacts the cur-

rent distribution in the signal trace (i.e., region V), the internal
inductance associated with both the signal and ground conduc-
tors varies with f. In this case, the typical expression used for
modeling the inductance of planar TLs can be used [15]. This is

LV=
k2

2π
√

f
+

k3

2π
√

f
+ L∞ = L∞ +

k4

2π
√

f
(16)

which is analogous to (8). Fig. 7 shows a frequency spectrum
illustrating the variation of inductance within the different op-
eration regions.

III. PROTOTYPES AND MEASUREMENTS

A test vehicle was designed and fabricated to verify
the validity of the analysis presented in this paper. In

Fig. 8. Photograph of fabricated microstrip lines that have lines of (a) 400 μm
and (b) 1000 μm. Other test structures have not label in the photograph.

this regard, several microstrip lines with different lengths,
widths, and heights from the ground plane were included so
that it is possible to systematically identify aforementioned
regions.

The simplified representation shown in Fig. 1 corresponds
to the stack-up for the employed fabrication process. The mi-
crostrip lines were made of aluminum in the Metal-1 level and
present widths of 2 and 4 μm, and lengths of 400 and 1000 μm.
One set of these lines presents a ground shield at the Metal-1
level, whereas another set presents this shield at the Metal-3
level. Thus, the thickness of the SiO2 dielectric for these lines
is h = 3 μm for the first set, and h = 1 μm for the second
one. In all cases, the signal trace presents a nominal thickness
t = 925 nm, whereas the metal thickness of the ground shields
is tg = 665 nm and tg = 640 nm when implemented in the
Metal-1 (h = 3 μm) and Metal-3 (h = 1 μm), respec-
tively. Fig. 8 shows a photograph of the fabricated
lines.

The microstrip lines are terminated with ground–signal–
ground pads so that RF-coplanar probes presenting a pitch of
150 μm can be used to perform S-parameter measurements.
The measurements were performed in a frequency span rang-
ing from 0.01 to 40 GHz using a vector network analyzer
which was previously calibrated up to the probe tips by apply-
ing a line-reflect-match algorithm and an impedance-standard-
substrate provided by the probe manufacturer. Afterward, the
propagation constant γ and characteristic impedance Zc were
determined from the experimental data of each pair of mi-
crostrip lines, presenting identical cross section and varying
only in length. For this purpose, a line–line procedure was
applied to remove the parasitic effects associated with the
pads [23]. Thus, once the γ and Zc are obtained from mea-
sured data, the experimental series resistance and inductance
versus frequency curves are, respectively, determined as R =
Re(γ · Zc) and L = Im(γ · Zc)/2πf . This allows the direct in-
spection of these parameters to identify the different operation
regions.
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Fig. 9. Experimental R versus
√

f curves up to f = 40 GHz for the mi-
crostrip lines presenting the ground plane in Metal-1 level: (a) w = 2 μm, and
(b) w = 4 μm.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Since R approximately linearly increases with
√

f when the
current crowding and skin effects become apparent, it is con-
venient to plot the experimental R versus

√
f curve to identify

the previously analyzed regions. Fig. 9(a) and (b) shows these
data for microstrip lines presenting different widths for the sig-
nal trace and the ground plane in Metal-1 level (h = 3 μm).
Since the cross section of the metals forming these lines define
R at very low frequencies where region I takes place, the widest
line in Fig. 9 presents a smaller value for RI = Rs0 + Rg0 ob-
tained. It is important to remark the fact the sum of Rs0 and
Rg0 was obtained from extrapolation of experimental data since
direct determination of R = Re(γZc) at very low frequencies
is difficult. The consistency that the obtained values for these
parameters show for the different lines, however, verifies the
validity of the extrapolations. As f increases, region II can be
observed in the plots of Fig. 9 by noticing a linear increase of R
with

√
f . This region is observed in both lines within the same

frequency range. Moreover, k1 and k0 take approximately the
same value to represent RII for both lines, which means that
the lateral skin effect occurring in the ground plane increases R
roughly in the same proportion independently of the line width.
This behavior continues up until region III becomes apparent.

Fig. 10. Experimental R versus
√

f curves up to f = 40 GHz for the microstrip
lines presenting the ground plane in Metal-3 level: (a) w = 2 μm, and (b)
w = 4 μm.

In this case, a plateau is observed in the R versus
√

f curves,
meaning that the lateral skin effect in the ground plane reached
saturation since the current is confined below the signal trace.
This region remains until the skin depth equals the thickness of
the ground plane, where the resistance increases again propor-
tionally with

√
f in region IV. Notice that, similarly as k1 and

k0 in region II, k2 in both lines in Fig. 9 presents approximately
the same value. Besides, another interesting observation is that
in regions I, II, III, and IV, Rs remains constant (i.e., Rs = Rs0)
since the skin depth is not comparable with the thickness of the
signal trace. Thus, Rs becomes frequency dependent until the
skin depth is smaller than one half of the signal trace thickness
as explained in Section II. This occurs in region V, where R is
represented by a line that passes through the origin since Rs

and Rg are frequency dependent and there is no justification to
add a constant to the model of R. RV is typically the model
used to represent the frequency-dependent resistance of TLs.
Nonetheless, this model is only valid for on-chip interconnects
at considerably high frequencies.

Fig. 10 shows the R versus
√

f curves corresponding to two
additional lines presenting the same widths considered in Fig. 9
but now including the ground plane closer to the signal trace
this is the h = 1 μm case (i.e., at the Metal-3 level). As ex-
pected, at low frequencies, these lines present similar resistance
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Fig. 11. Simulations pointing out the change in current distribution at the
bottom of the ground plane within region III.

TABLE I
TRANSITION FREQUENCIES OBTAINED FOR THE FABRICATED LINES

Structure fg 1 (MHz) fg s a t (GHz) fg 2 (GHz) fs (GHz)

w = 2 μm, h = 3 μm 14.2 8 19 34
w = 4 μm, h = 3μm 13.7 8 19 34
w = 2 μm, h = 1 μm 9.8 8 20 34
w = 4 μm, h = 1 μm 8.2 8 17 34

RI that their counterparts in Fig. 9. However, since the fields
associated with the propagating signal are more confined in this
second case, the forces experienced transversally by the current
become stronger. This makes that small variations in the fields
impact in a more accentuated way the distribution of the current.
Notice, for instance, that the plateau that is expected to occur in
region III is barely observed in the data shown in Fig. 10, which
suggests an overlap between the different operation regions of
the TLs. This is explained using the full-wave simulation results
presented in Fig. 11. When the current distribution in the ground
plane reaches saturation [see Fig. 11(a)], it is expected that the
transversal section of ground plane presents no change with f.
In fact, at frequencies beyond fgsat but smaller than fg2 , the
inductance is expected to remain constant. However, notice in
Fig. 11(b) that even though no significant change in the effective
width of the ground plane is observed on top, the bottom part
presents a significant change, which explains the variation of L
with f within this region.

Table I summarizes the experimentally obtained transition
frequencies obtained for the fabricated lines. It is interesting to
observe that fgsat remains practically constant for all the mea-
sured structures. This is because wg min is almost the same for
all these cases, which implies that the effective width of the
ground plane reaches saturation at approximately the same fre-
quency for all these structures. Thus, even though the geometry
is different for the four structures, the corresponding w/h ratio
is not sufficiently different as to significantly modify the value
of wg min .

The following transition frequency is related to the ver-
tically skin effect in the ground plane (fg2), to determine
the frequency value at which this effect occurs, we observe
the transition graphically in Fig. 9. Finally, the skin effect in
the conductor strip (fs) occurs when the skin effect reaches half
the thickness of the strip, so the thickness for the strip is identi-
fied through the transition at higher frequencies. The transition
frequencies values are presented in Table I.

Fig. 12. Experimental L versus
√

f curves for the fabricated lines presenting
the ground plane at: (a) Metal-1 level, and (b) Metal-3 level.

When determining the parameters to represent R in the dif-
ferent operation regions, k1 , k2 , and k4 are the coefficients
that allow the representation of the corresponding frequency
dependence within different frequency ranges. Thus, as dis-
cussed in Section II, for the case of L these parameters are
the same since the skin effect impacts the series inductance
and resistance in the same proportion. Thus, when using these
coefficients together with the other parameters included in equa-
tions (13)–(16) (e.g., determined through simple linear regres-
sions of experimental data), it is possible to represent with
accuracy the inductance in a consistent way. Fig. 12 shows
the corresponding model-experiment correlation up to 40 GHz
for all the fabricated lines. In this case, the operation regions
are not as easily identified as in the case of the series resis-
tance since the external inductance, which presents a relatively
weak frequency dependence, presents a higher value than the
internal inductance at frequencies of gigahertz. Nevertheless,
even in this case, the extractions obtained for the case of R al-
low an adequate representation of the experimental inductance.
Table II summarizes the different parameters obtained for R
and L.
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TABLE II
PARAMETERS OBTAINED TO REPRESENT R AND L

Ground Plane→ Level Metal-1 h = 3 μm Level Metal-3 h = 1 μm
Trace width→ 2 μm 4 μm 2 μm 4 μm

RESISTANCE Rs 0 (kΩ ·m−1) 15.50 7.85 15.40 7.15
Rg 0 (kΩ ·m−1) 0.20 0.20 0.20 0.20
Rg s a t (kΩ ·m−1) 19.3 12.10 21.10 13.10
k0 (μHz−1/2) 5.2 5.1 3.5 3.1
k1 (Ω ·m−1·Hz−1/2) 0.072 0.076 0.080 0.083
k2 (Ω ·m−1·Hz−1/2) 0.029 0.034 0.063 0.073
k4 (Ω ·m−1·Hz−1/2) 0.110 0.078 0.147 0.110

INDUCTANCE Ls a t (nH·m−1) 595 500 485 389
L∞2 (nH·m−1) 525 410 375 273
L∞ (nH·m−1) 437 373 298 240
p 209 256 332 350
n (×10−9) 572 469 443 349

V. CONCLUSION

An exhaustive analysis for identifying the different operation
regions affecting the frequency dependence of the series resis-
tance and inductance of on-chip interconnects was carried out.
From this analysis, it was possible to associate physical phenom-
ena with the different variations occurring in these parameters
at frequencies of gigahertz. Moreover, the separate models for
the different regions allow the representation of experimental
resistance and inductance data in an accurate and consistent
way. This analysis then allows the implementation of physical
models for the accurate representation of the series parasitics
occurring in interconnects used in both analog and digital ICs.
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