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Abstract—In this paper, we present analytical models for fast es-
timation of coupling capacitance of square-shaped through-silicon
vias (TSVs) in three-dimensional integrated circuits (3D ICs). Er-
rors between our model and Synopsys Raphael simulation on reg-
ular TSV structures remain less than 6.03% while the computa-
tion time of our model for capacitance estimation is negligible. We
also develop a simple capacitance estimation technique to extract
TSV-to-TSV coupling capacitance in general layouts. Average er-
rors between our model and Raphael simulation on random TSV
structures is 5.06%–8.24%, and maximum errors remain less than
18.91% which is tolerable for fast capacitance estimation in com-
puter-aided design area.

Index Terms—Capacitance, through-silicon via (TSV), timing
analysis, three-dimensional integrated circuits (3D IC).

I. INTRODUCTION

D RIVEN by the need for performance improvement, a
large number of universities and companies are actively

researching 3D IC, which is expected to lead to shorter total
wirelength, higher clock frequency, and lower power con-
sumption than 2D IC [1]–[3]. In 3D IC, multiple dies are
stacked, and vertical interconnections between dies are realized
by through-silicon vias (TSVs). These TSVs play a central
role in replacing long interconnects found in 2D ICs with
short vertical interconnects. Shortened wires will result in low
wire delay, thereby improving performance. In addition to
performance improvement, it is also possible with 3D hetero-
geneous integration to stack disparate technologies to provide
a 3D structure with heterogeneous functions including logic,
memory, MEMS, antennas, display, RF, analog/digital, sensors,
and power conversion and storage. Therefore, universities and
companies have been actively developing TSV manufacturing
and die-to-die bonding technologies [4]–[9]. Moreover, various
works on utilizing TSVs for physical design have also been
proposed recently [10], [11].
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The basic electrical characteristics of TSVs such as resis-
tance, capacitance, and inductance have also been investigated
in the literature to provide circuit designers with physical anal-
ysis and ranges of their values [12]–[16]. One of the results
to notice is that TSV coupling capacitance is very big (tens of
femto-farads) [13] so that it has huge impact on timing and in-
terconnect power [17], [18]. Therefore, computer-aided design
(CAD) tools are required to compute TSV coupling capacitance
quickly but accurately during placement, routing, and optimiza-
tion of timing and power in 3D ICs.

TSV-to-TSV (or TSV-to-wire) coupling capacitance is af-
fected by TSV-to-TSV (or TSV-to-wire) distance, TSV and
wire dimensions, the number of surrounding TSVs and wires,
and their spatial distribution. It is therefore almost impossible
to use lookup tables to compute TSV capacitance quickly
because too many variables exist. In addition, it is also almost
impossible to use field solvers for TSV capacitance computa-
tion during placement, routing, or optimization of timing and
power because field solvers require nonnegligible amount of
computation time.

In this paper, we present an accurate analytical model for the
coupling capacitance among square-shaped TSVs and wires. In
order to model layouts accurately, we consider various types
of coupling and fringe capacitances while taking neighboring
TSVs and wires into account. Our experiments show that errors
between our model and Synopsys Raphael simulation remain
less than 6.03% on regular TSV structures, and average errors
on random TSV structures remain less than 5.06%–8.24% while
our model requires a fraction of runtime for capacitance com-
putation.

This paper is organized as follows. In Section II, we briefly
discuss device structures in 3D ICs and review TSV coupling
models. Section III shows basic formulas for capacitance com-
putation. In Sections IV and V, we present our analytical models
for fast estimation of TSV coupling capacitance. Capacitance
estimation results on regular TSV structures and the impact of
TSV capacitance on signal delay are presented in Section VI.
We compare capacitances obtained from our model and Raphael
simulation on random TSV structures in Section VII, and con-
clude in Section VIII.

II. DEVICE STRUCTURE

A. TSV Formation and Die Bonding

Fig. 1 shows three types of die bonding and two types of
TSVs. Under the via-first technology, devices and TSVs are
fabricated first, metal layers are deposited, and then dies are
bonded. Therefore, TSVs in via-first technology are surrounded

2156-3950/$26.00 © 2011 IEEE



KIM et al.: FAST AND ACCURATE ANALYTICAL MODELING OF THROUGH-SILICON-VIA CAPACITIVE COUPLING 169

Fig. 1. Three types of die bonding (face-to-face, face-to-back, and back-to-back) and two types of TSVs (via-first and via-last). (a) Face-to-face. (b) Face-to-back.
(c) Back-to-back.

Fig. 2. Capacitive coupling in via-first TSV technology.

Fig. 3. Capacitive coupling in via-last TSV technology.

by other TSVs laterally and by wires vertically. In via-last tech-
nology, on the other hand, devices and metal layers are fabri-
cated first, TSVs are fabricated through all the layers from the
substrate to the topmost metal layer, and then dies are bonded.
Therefore, TSVs in via-last technology are surrounded by other
TSVs laterally and by wires laterally and vertically.

B. TSV Coupling Capacitance

TSV coupling capacitance consists mainly of two compo-
nents as follows.

• Capacitive coupling ( in Figs. 2 and 3) between a TSV
and wires surrounding the TSV. These wires exist on the
top or bottom of TSVs in via-first case as shown in Fig. 2.
In case of via-last TSVs, there exists capacitive coupling

Fig. 4. TSV RC model.

between a TSV and neighboring wires in metal layers as
shown in Fig. 3.

• Capacitive coupling ( in Figs. 2 and 3) between two
TSVs.

To analyze physical phenomena between two TSVs in the
substrate, we review previous models presented in the literature.
Fig. 4 shows a TSV RC model presented in [15] and [19].1 In the
model, two TSVs are connected by a series connection of ,
a parallel connection of and , and . The impedance
of the parallel connection of and is as follows:

(1)

where and are capacitance and resistance of the silicon
substrate respectively. If the substrate is pure silicon substrate
or high-resistivity substrate (HRS) so that is high, in (1)
is determined primarily by . In this case, we can simplify this
model by removing . The simplified model is shown in Fig. 5
which is our interest in this paper.2

In this simplified model, we also ignore the liner capacitance
between a TSV and the silison substrate. The reason is because
we assume that the liner is very thin so that the liner capacitance
is very high compared to the TSV-to-TSV coupling capacitance,
and we focus on high frequency ranges. If more accurate models

1We simplify the model by ignoring TSV inductance.
2If the substrate resistivity is low, we should not ignore substrate resistance

in (1) but this case is beyond the scope of this paper.
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Fig. 5. Simplified TSV RC model.

Fig. 6. Capacitance of multiple wires on ground plane.

Fig. 7. Various fringe capacitances.

are required, we can compute and include the liner capacitance
by capacitance formulas presented in [16].

III. BASIC FORMULAS FOR CAPACITANCE COMPUTATION

Our approach is to first figure out various capacitive compo-
nents among TSVs and wires, and then derive analytical equa-
tions to compute each capacitance. In this section, we review
existing capacitance formulas to handle various capacitive com-
ponents between TSVs and wires.

A. Multiple Wires on Ground Plane

In 3D IC layouts, multiple wires go over a TSV which can be
considered as a ground plane. Therefore, we first review capac-
itance formulas for multiple wires laid on a ground plane.

Fig. 6 shows the side view of wires and a ground plane, and
[20] shows capacitance formulas for multiple wires on a ground
plane as follows:

(2)

(3)

(4)

(5)

Fig. 8. Fringe capacitances when surrounding wires exist.

where is the wire width, is the wire thickness, is the
spacing between a wire and the ground plane, is the area
capacitance3 per unit length between the bottom surface of the
wire and the top surface of the ground plane, is the fringe
capacitance per unit length between a sidewall of the wire and
the top surface of the ground plane, and is the dielectric con-
stant of the dielectric material. , the coupling capacitance
per unit length between a wire and the ground plane, is the sum
of one area capacitance and two fringe capacitances as shown
in Fig. 6. is the final total coupling capacitance between
a wire and the ground plane when multiple wires exist.

B. Fringe Capacitance

Formulas of fringe capacitances between two wires are pre-
sented in [21] and we repeat the geometry and formulas in Fig. 7
and

(6)

(7)

(8)

(9)

(10)

where is the metal width, is the metal thickness, is the
vertical spacing, and is the horizontal spacing. is the
capacitance per unit length between the sidewall of the upper
wire and the top surface of the lower wire. is the capac-
itance per unit length between the top surfaces of the upper and
lower wire. is the capacitance per unit length between the
two corners. If there are surrounding wires as shown in Fig. 8, it
is necessary to multiply by shown in (10) to account
for new distribution of electric field [21].

3Area capacitance is the capacitance between two parallel plates.



KIM et al.: FAST AND ACCURATE ANALYTICAL MODELING OF THROUGH-SILICON-VIA CAPACITIVE COUPLING 171

Fig. 9. Multiple dielectric materials in a parallel plate capacitor.

Fig. 10. Capacitance between two surfaces.

C. Multiple Dielectric Materials

When multiple dielectric materials exist between two parallel
plates as shown in Fig. 9, its capacitance is computed by the
following equation:

(11)

(12)

where is the vacuum permittivity, is the relative permit-
tivity of the parallel plate capacitor, is the area of the parallel
plate, is the number of dielectric layers, is the thickness of
th dielectric layer, and is the dielectric constant of th di-

electric layer [22].

D. Capacitance Between Two Surfaces

in (6) is valid when two wires are in the geometric re-
lation shown in Fig. 7. If two surfaces are not in this geometric
relation, however, we should not apply directly to com-
pute the coupling capacitance of the two surfaces. Fig. 10 shows
an example where the geometric relation between the two sur-
faces F1 and F2 is different from the geometric relation in Fig. 7.

In this case, we use a simple approximation technique as fol-
lows. First, we find a flat equipotential plane between the two
metal surfaces. Then we compute the coupling capacitance be-
tween a metal surface and the equipotential plane ( and
in the figure). Finally the coupling capacitance between the two
metal surfaces is computed by the series connection of the two
coupling capacitances. In Fig. 10, for example, we compute the

coupling capacitance between two metal surfaces and by
assuming the equipotential plane and computing and

using . The final coupling capacitance between
and is the capacitance of the series connection of and

.
We generate several geometries, apply this technique, and

compare results against Raphael simulation in order to validate
this approximation technique. The error is around 10% but this
is tolerable because absolute values of this kind of fringe capac-
itance are much smaller than TSV-to-TSV coupling capacitance
or TSV-to-wire area capacitance.

IV. TSVS WITH TOP AND BOTTOM NEIGHBORS

One of major challenges in the computation of TSV-related
capacitances is in identifying different capacitive components.
In this section, we identify all the capacitive components in a
regular TSV structure in which a TSV is surrounded by eight
other TSVs and top (and bottom) wires as shown in Fig. 11(a).
Table I shows variables and constants used in this paper.

A. Modeling

is the capacitance between the top surface of a TSV
and the wires on top of the TSV as shown in Fig. 11(b). Table II
shows the variable settings for and . is com-
puted as follows:

(13)

where is the coupling capacitance between the bottom
surface of the wires and the top surface of the TSV, is the
coupling capacitance between the sidewalls of wires and the top
surface of the TSV. is computed by plugging , ,
and into , , and , respectively, in (2), and plugging

, 0, , , 0, and into , , , , , and , re-
spectively, in (6) and (10). Table II shows these substitution set-
tings.

B. Modeling

is the capacitance between a sidewall of the TSV and
the outside wire pieces which are actually connected to wires
on top of the TSV as shown in Fig. 11(c). is determined
empirically, and Table II shows the variable settings for
and . is computed as follows:

(14)

where is the coupling capacitance between the bottom side
of a wire and a sidewall of the TSV, and is the coupling
capacitance between sidewalls of wires and a sidewall of the
TSV.
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Fig. 11. Capacitive components of TSVs with top and bottom neighboring wires.

TABLE I
VARIABLES AND CONSTANTS USED IN CAPACITANCE EXTRACTION

C. Modeling

is the capacitance between a sidewall of the TSV and
side wires as shown in Fig. 11(d). Table II shows the variable
settings for . is computed as follows:

(15)

where is the coupling capacitance between the bottom
side of the th wire and the facing wall of the TSV, and

is the coupling capacitance between the sidewalls of
the th wire and the facing wall of the TSV.

D. Modeling

is the capacitance between a sidewall of the TSV and
side wires in nonoverlapped regions as shown in Fig. 11(e).
Table II shows the variable settings for . is com-
puted as follows:

(16)

where is the coupling capacitance between the bottom
side of the th wire and the facing sidewall of the TSV, and

is the coupling capacitance between sidewalls of the
th wire and the facing sidewall of the TSV.

E. Modeling

As mentioned in Section II, there exists capacitive coupling
between two adjacent TSVs. This coupling capacitance be-
tween two TSVs consists of two components. The first compo-
nent is the coupling capacitance [ in Fig. 11(f)] between the
sidewalls of the TSVs, and the second component is the cou-
pling capacitance ( in Fig. 11(f)) between the corners of the
TSVs. is computed as follows:

(17)

in (8) which will be used for the computation of
is dependent on . If and are constants, also
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TABLE II
VARIABLE SETTINGS. C.F. MEANS “CAPACITANCE FUNCTION.” SERIES MEANS THE COMPONENTS ARE CONNECTED IN SERIES

(E.G., � IS COMPUTED BY THE SERIES CONNECTION OF � AND � )

becomes a constant. In our case, however, the width, height,
and spacing of TSVs vary in a wide range. Therefore, we find a
proportional constant empirically and compute as
follows:

(18)

(19)

Lastly, is computed by the following equation:

(20)

F. Impact of TSV Liner

It is required to consider multiple dielectric materials when
we compute TSV-to-wire fringe capacitance or TSV-to-TSV
coupling capacitance because there exist multiple dielectric ma-
terials between two conductors. In this case, we use the capaci-
tance formula shown in (12) to take multiple dielectrics into ac-
count. In our simulation, we neglect the impact of TSV liner be-
cause we assume that TSV liner is very thin (approximately 0.1

) compared to TSV-to-wire or TSV-to-TSV distance, thus
in (12) is dominated mainly by ILD and substrate. If TSV

liner thickness is not negligible, however, we need to use (12)
and should consider multiple dielectric materials.

G. Metal Wires Connected to TSVs

If a metal wire on top of a TSV is connected to the TSV
in Fig. 11(a), we need to subtract the coupling capacitance be-
tween the wire and the TSV from the TSV capacitance. In this

case, however, we also need to add wire-to-wire coupling capac-
itances shown in Fig. 6 to the TSV capacitance. The
wire-to-wire coupling capacitance is computed by the following
formula [20]:

(21)

where is the wire width, is the wire thickness, is the
spacing between a wire and the ground plane, and is the
spacing between two adjacent wires.

V. TSVS WITH TOP, BOTTOM, AND SIDE NEIGHBORS

Fig. 12(a) shows capacitance components when a TSV is sur-
rounded by neighboring wires vertically and laterally. We again
assume a regular TSV structure in which one TSV is surrounded
by eight neighboring TSVs and metal wires go over and between
the TSVs.

A. Modeling

consists of three components , , and
as shown in Fig. 12(b). Table II shows the variable

settings for these three components. is computed as
follows:

(22)

where is the coupling capacitance between facing side-
walls of a wire and the TSV, and and are the cou-
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Fig. 12. Capacitive components of TSVs with top, bottom, and side neighboring wires.

pling capacitances between a sidewall of a wire and the facing
sidewall of the TSV.

B. Modeling

consists of two components and as
shown in Fig. 12(c). Table II shows the variable setting for
these two components. is computed as follows:

(23)

where is the coupling capacitance between a sidewall
of a wire and the facing sidewall of the TSV, and is the
coupling capacitance between the top surface of a wire and the
facing sidewall of the TSV.

C. Modeling

M1 layer has no additional metal layers below it, so we com-
pute the coupling capacitance between an M1 wire and a
sidewall of a TSV as follows:

(24)

(25)

(26)

where and are the coupling capacitances be-
tween the bottom side of wires and the facing sidewall of the

TSV, and is the coupling capacitance between a side-
wall of the th wire and the facing sidewall of the TSV as shown
in Fig. 12(d) and (e). We determine empirically.

D. Modeling

Lastly, we compute the as follows:

(27)

where is the coupling capacitance between two TSVs
placed in parallel, and is the coupling capacitance between
two TSVs placed diagonally.

E. Modeling of Misalignment

Misalignment between TSVs occurs due to imperfectness of
die aligning [23]. Therefore we also show TSV capacitance
modeling under misalignment. Fig. 12(f) shows our model for
misalignment. In this model, we assume that the capacitance
near the bonding layer is not affected by surrounding wires of
TSVs for simplification.

In Fig. 12(f), is computed by the area capacitance equa-
tion, and is computed by Table II and the following equa-
tion:

(28)

where is the coupling capacitance between the top surface
of a TSV and the facing sidewall of its neighboring TSV.

VI. TSV CAPACITANCE EXTRACTION AND SIMULATION

We use SUN UltraSPARC-II 400 MHz machine with 4 GB
main memory for Synopsys Raphael simulation [24]. Wire
width is 0.2 , wire thickness is 0.36 , wire-to-wire
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TABLE III
COMPARISON OF CAPACITANCES FOR TSVS WITH WIRES ABOVE AND BELOW THE TSVS UNDER PERFECT TSV-TO-TSV ALIGNMENT.

COMPUTATION TIME OF OUR MODEL IS NEGLIGIBLE FOR ALL THE CASES

TABLE IV
COMPARISON OF CAPACITANCES FOR TSVS WITH WIRES ABOVE, BELOW, AND IN THE SIDE OF THE TSVS UNDER PERFECT TSV-TO-TSV ALIGNMENT.

COMPUTATION TIME OF OUR MODEL IS NEGLIGIBLE FOR ALL THE CASES

spacing is 0.2 , and wire-to-TSV spacing is 0.3 . Liner
thickness is 0.1 .

A. TSVs With Top and Bottom Neighbors

Our Raphael simulation structure consists of nine TSVs
forming a 3 3 array and wires above and below the TSVs, as
shown in Fig. 11(f) and (a). We compute the capacitance of the
center TSV assuming all other TSVs and wires are grounded.
Table III shows capacitances for various TSV dimensions.

We observe that the relative difference between Raphael and
our modeling is less than 5.88% for all the cases and the av-
erage error is 2.51% which is very small. We also show the
breakdown of capacitive components to show that our model
for each capacitance component is accurate. In the table,
is the TSV-to-TSV coupling capacitance, is the coupling
capacitance between a TSV and wire pieces right above the

, and is the coupling capaci-
tance between a TSV and wire pieces outside the top surface of
the . The difference between Raphael
simulation and our model is again very small, which shows that
our model is highly accurate. Moreover, the result shows that

and are not negligible when TSV is relatively short
compared to the TSV width. Therefore we need to consider
TSV-to-wire capacitance for the computation of TSV capaci-
tance. Raphael runtime is much higher but the computation time
of our model is negligible.

B. TSVs With Top, Bottom, and Side Neighbors

Our Raphael simulation structure consists of nine TSVs
forming a 3 3 array and wires above, below, and in the
side of the TSVs as shown in Fig. 11(f) and Fig. 12(a). We
compute the capacitance values of the center TSV assuming
all other TSVs and wires are grounded. Table IV shows that
the difference between Raphael simulation and our model is
less than 6.03% for all cases and the average error is 4.39%
which is acceptable for fast estimation of TSV capacitances.
The breakdown of capacitive components also shows that our
model is highly accurate in computing individual capacitive
components as well. In Table IV, is the sum of ,

, and . Since there are many more wires in this
simulation structure than the case shown in Section VI-A,
Raphael runtime is excessively high. Moreover, we could not
run Raphael simulation on more complicated structures due to
huge memory requirement (more than 6–8 GB).

C. TSV Under Misalignment

Our Raphael simulation structure contains nine TSVs on a 3
3 array and another nine TSVs on top of those with misalign-

ment. The simulated values are the capacitances of the center
TSV. Table V shows the comparison. The result shows that the
capacitance change due to misalignment is not significant if the
misalignment ratio is less than 20%. The relative difference be-
tween Raphael simulation and our model is less than 3.59% for



176 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY, VOL. 1, NO. 2, FEBRUARY 2011

Fig. 13. Schematics for the delay simulation in Table VII.� is the total capacitance (the sum of TSV-to-wire coupling capacitances and TSV-to-TSV coupling
capacitances) of a TSV.

TABLE V
TSV CAPACITANCE UNDER MISALIGNMENT. � IS THE MISALIGNMENT

RATIO. CAPACITANCE VALUES ARE REPORTED IN fF. THE DIMENSION OF

WIDTH, SPACING, AND HEIGHT IS ��

TABLE VI
COMPARISON BETWEEN TSV CAPACITANCE AND WIRE CAPACITANCE. WE

REPORT THE RATIO OF TSV CAPACITANCE TO WIRE CAPACITANCE. WIRE

WIDTH IS 0.2 ��, WIRE THICKNESS IS 0.36 ��, HORIZONTAL WIRE SPACING

IS 0.2 ��, AND VERTICAL WIRE SPACING IS 0.3 ��. � IS THE WIRELENGTH

all the cases. If a rough approximation for misalignment is suffi-
cient, we do not need to consider . However, including
results in more accurate capacitance values.

TABLE VII
DELAY OF 3D INTERCONNECTS. SCHEMATICS FOR THIS SIMULATION

ARE SHOWN IN FIG. 13. WE SCALE ALL THE DELAY VALUES

TO THE BOLDFACE CASE

D. Impact of TSV Capacitance on Delay

In this experiment, we study the impact of TSV capacitance
on delay because TSV capacitance is not negligible. Table VI
shows ratios of TSV capacitance to wire capacitance. When
the wirelength is short (up to 100 ), TSV capacitance
is much bigger than wire capacitance. For instance, the capac-
itance of a TSV whose width is 5 , spacing is 5 , and
height is 50 is 8.5 bigger than the capacitance of a wire
whose length is 50 . Similarly, TSV capacitance is 22.82
bigger than wire capacitance when the TSV width is 20 ,
TSV-to-TSV spacing is 20 , the TSV height is 50 , and
the wirelength is 50 . As the wirelength goes up, on the other
hand, wire capacitance becomes much bigger than TSV capac-
itance.

Next, we show the impact of TSVs on 3D interconnect delay.
In our SPICE simulation, a signal goes through a wire, one TSV
(or three TSVs), and then another wire whose length is same as
that of the first wire as shown in Fig. 13. Table VII shows the
delay values for various TSV dimensions. When the wirelength
is short, the number of TSVs in the interconnect (1 versus 3
TSVs) affects the delay significantly. For instance, the delay of
“3 TSVs” case is 2.06 to 2.81 bigger than “1 TSV” case
when is 50 . However, the impact of TSVs decreases as
the wirelength increases because long wires have larger para-
sitic capacitance than TSVs so that wire capacitance becomes
dominant in long wires.
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TABLE VIII
TSV-TO-TSV COUPLING CAPACITANCE VERSUS TSV MOS CAPACITANCE.

THESE NUMBERS DO NOT INCLUDE TSV-TO-WIRE CAPACITANCE. � IS TSV
WIDTH, � IS TSV HEIGHT, AND � IS TSV-TO-TSV SPACING

Fig. 14. An example layout of a 3D IC designed by 3D IC design methodology
presented in [3]. We use via-first TSVs and stack two dies with face-to-back
bonding. Bright rectangles are TSV landing pads (TSVs exist inside landing
pads), and dark rectangles are standard cells.

Fig. 15. Zoom-in shot of Fig. 14. Bright big rectangles are TSV landing pads
(TSVs exist inside landing pads), and thin vertical lines above TSVs are metal
wires.

E. Comparison Between TSV Coupling and MOS Capacitance

In previous works such as [13], [16], TSV MOS capaci-
tance is used for TSV capacitance. Therefore, we compare
TSV coupling capacitance and TSV MOS capacitance in this

Fig. 16. A general layout where TSVs are placed irregularly. We compute the
capacitance of � .

section. Table VIII compares the TSV-to-TSV coupling capac-
itance with TSV MOS capacitance computed by capacitance
equations presented in [16].4 We observe in the table that the
coupling capacitance is smaller than MOS capacitance. For ex-
ample, when the TSV width is 10 and the TSV height is 50

, MOS capacitance is 74.3 fF but the coupling capacitance
is 21.1 fF when the TSV-to-TSV spacing is 20 . The results
indicate that using MOS capacitance is not accurate because it
does not take TSV-to-TSV capacitive coupling into account.

VII. ANALYZING MORE GENERAL LAYOUTS

In previous sections, we focused on two regular TSV struc-
tures, where a given TSV is surrounded by eight neighboring
TSVs and full of wires above, below, and in the side of the TSVs.
In real layouts, however, this kind of regular TSV arrangement
rarely happens unless we use highly regular TSV placement as
presented in [3]. Fig. 14 shows an example layout in which there
are 152 K cells and 428 TSVs, and Fig. 15 shows a zoom-in shot
of Fig. 14. We observe that regular TSV structures do not occur
in this layout. Rather, it is required to handle more general lay-
outs. In this section, therefore, we present a methodology for
the analysis of general layouts and compare the results against
Raphael simulation.

A. Methodology for General Layout Analysis

In this section, we show our algorithm for computation of
TSV capacitance in general layouts where TSVs are placed ir-
regularly.

1) Sorting TSVs: The first step used to compute TSV capaci-
tance is sorting TSVs as follows. We draw a horizontal line
passing through the center of and a line connecting the
centers of and as shown in Fig. 16. The TSVs are sorted
in the ascending order of the angle between and , denoted
by . The range of is greater than or equal to 0 (rad) and
less than (rad).

4We do not include TSV-to-wire coupling capacitance here.
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Fig. 17. Capacitance computation for a pair of TSVs. If there exists an �- or �-overlap, we apply � , � , and � as shown in (a). If there is no
overlap, we apply � and � as shown in (b) and (c).

2) Extracting Meaningful TSVs: After sorting TSVs, mean-
ingful TSVs for the given target TSV, , are extracted. A
meaningful TSV is a TSV, , satisfying the following two con-
ditions.

• Distance condition: The distance from to is less
than a distance predetermined empirically. For in-
stance, the area capacitance between the facing sidewalls
of two TSVs at a distance of is approximately 1 fF, we
set to be .

• Visibility condition: is visible from . is said to
be visible from if the following inequality is satisfied:

(29)

where is the TSV index, and is the predetermined
angle ( in our simulations). If two adjacent TSVs in
the sorted TSV list violate the visibility condition, the TSV
having shorter distance from is set to be a meaningful
TSV and the other TSV is eliminated from the list. The
sorted TSV list is circular. For instance, the angular differ-
ence between and in Fig. 16 is computed to deter-
mine if one of them is a meaningful TSV or not.

TSVs that do not satisfy the distance condition are excluded
during capacitance computation. The reason is that the coupling
capacitance between and becomes too small if they are
separated by a large distance. For instance, in Fig. 16 is ex-
cluded due to violation of the distance condition.

TSVs that do not satisfy the visibility condition are also ex-
cluded during capacitance computation. They are excluded be-
cause electric field diverging from does not reach if an-
other TSV exists in between and . For instance, in
Fig. 16 is excluded because is less than and
is farther away from than .

3) Capacitance Computation for Meaningful TSVs: After
extracting the list of meaningful TSVs, we compute the capaci-
tance of by summing the coupling capacitance between
and each meaningful TSV, . The computation step is as fol-
lows.

If there is an overlap in - or -coordinates of and as
shown in Fig. 17(a), we apply the parallel capacitance equation
for the overlapped region. For nonoverlapped regions, we apply

and .
On the other hand, if there is no overlap in - or -coordinates

of and as shown in Fig. 17(b), we apply and
. When we apply , we also compare the relative

position of and (or ) as shown in Fig. 17(c). If

Fig. 18. Two general (= nonregular) example layouts. The total number of
TSVs is eight. The electric potential of one of them (= red regular) is set to
� , while that of all others are set to 0.

(or ) blocks the path of the electrical field diverging
from to a sidewall of , we do not apply for the
sidewall of .

B. Simulation Results

We first distribute TSVs in a fixed-size window as shown in
Fig. 18. Then we choose one TSV out of the TSVs and set the
potential of the TSV to be while setting the potential of all
other TSVs to be zero. For a randomly-generated layout, 1) we
run our capacitance estimation program and obtain the capaci-
tance of the red TSV, 2) we convert the structure into Raphael
input format, run Raphael, and obtain the capacitance of the red
TSV, and 3) we compare those two values.

Fig. 18 shows two example layouts. Each square represents
a TSV, and the electric potential of green squares is set to zero
while that of red square is set to .

Table IX shows the average relative errors between Raphael
simulation and our model on random structures. For each simu-
lation set (e.g. 5 width and minimum spacing, 50 height,
and total six TSVs in the layout), we generate 20 random struc-
tures, compute errors for each structure, and obtain average and
maximum errors out of 20 errors. In all the cases, the errors are
less than 18.91% and the average error ranges between 8.18%
and 11.86%, which is acceptable for fast estimation for quick
full-chip timing analysis and layout optimization. The runtime
of Raphael simulation is negligible when there are few objects
and the layout boundary is small. However, it takes several sec-
onds to compute coupling capacitances when there are more
than ten objects and the layout boundary is large. Since this is
the extraction runtime for one TSV, the actual runtime becomes



KIM et al.: FAST AND ACCURATE ANALYTICAL MODELING OF THROUGH-SILICON-VIA CAPACITIVE COUPLING 179

TABLE IX
CAPACITANCE EXTRACTION ON GENERAL LAYOUTS

times longer when there exist TSVs. On the other hand,
our capacitance estimation is extremely fast. This clearly shows
the effectiveness of our model for the fast estimation of TSV
coupling capacitance.

VIII. CONCLUSION

In this paper, we analyze various parasitic coupling capac-
itive components of through-silicon vias (TSVs). Our model
considers coupling with surrounding wires in lateral and ver-
tical directions as well as neighboring TSVs. The error between
our model and Synopsys Raphael simulation on the two reg-
ular structures remains less than 6.03%, and the average error
on more general structures is around 11.86%. However, our an-
alytical model requires a fraction of Raphael simulation runtime
to compute the coupling capacitances. Therefore our quick but
relatively accurate analytical model will be helpful for CAD ap-
plications such as full-chip timing analysis and layout optimiza-
tion in 3D ICs.
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