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Abstract—The through-silicon-via (TSV) introduces new par-
asitic components into 3-D ICs. This paper presents a novel
method of extracting the parasitic capacitance between TSVs and
their surrounding wires. For the first time, we examine electrical
field (E-field) sharing effects from multiple TSVs and neighbor-
ing wires and their impact on timing, power, and noise with
full-chip sign-off analyses. For fast and accurate full-chip extrac-
tion, we propose a pattern-matching algorithm that accounts for
the physical dimensions of multiple TSVs and neighboring wires
and captures all E-field interactions. Compared with the aver-
age error of a field solver, that of our extraction method, which
requires only 2.4 s runtime and negligible memory for a full-chip
64-point fast Fourier transform (FFT64) design with 330 TSVs,
is 0.063fF. Upon extraction of TSV-related parasitics, we observe
that TSV-to-wire capacitance significantly increase average TSV
net noise and the longest path delay. To reduce TSV-to-wire
coupling, we implement two full-chip optimization methods and
show that increasing the minimum distance between TSVs and
neighboring wires reduces both coupling noise and the aggres-
sor count. Thanks to E-field sharing from grounded wire guard
rings, victim TSVs are more effectively shielded from aggressor
noise. A full-chip analysis shows that these methods are highly
effective in reducing noise with only slight impact on timing
and area.

Index Terms—3-D IC, full-chip, noise optimization, parasitic
extraction, signal integrity, through-silicon-via (TSV)-to-wire.

I. INTRODUCTION

NE promising solution to extend the Moore’s law is
O 3-D ICs. The through-silicon-via (TSV) is used for verti-
cal interconnection in 3-D ICs and provides wide connections
between the top and bottom dies. TSVs allow 3-D ICs to
have ultrahigh density and bandwidths but much lower power
consumption for data transmission. Fig. 1 shows a 3-D IC
structure in which two dies are bonded from face-to-back
with via-first technology [1]. Because of increased wire and
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Fig. 1. TSV-related coupling capacitance in a two-die 3-D IC structure.

TSV density, parasitic components between TSVs and wires
become important contributors to signal coupling in 3-D ICs.
One way to avoid heavy TSV-to-wire coupling is to leave
a large keep-out zone (KOZ) around the TSV or provide
additional shielding around critical signals. However, these
techniques are not cost efficient because the area and wire-
length increase dramatically. A smarter choice is to carefully
extract coupling elements from TSVs based on their physical
sizes as well as silicon substrate effects and perform signal
integrity analysis to ensure that timing and noise are under
control. This process is particularly critical for advanced tech-
nologies and mobile applications, in which the supply voltage
is low and the signal swing is reduced for low power opera-
tion, to obtain a good signal-to-noise ratio (SNR) and a low
bit error rate.

Many previous studies have analyzed TSV-related para-
sitic components and their impact on noise and timing. Since
TSVs are much larger than regular vias, and they are buried
inside the silicon substrate, which has a large relative per-
mittivity (11.9), TSVs have significantly larger capacitance
than regular vias. Also, since the substrate body contains no
other conductors, an unblocked electrical field (E-field) of the
TSV results in few but large capacitors inside the substrate.
A major portion of TSV capacitance comes from TSV MOS
capacitance, which can be modeled with a series connection
of an oxide capacitor and a depletion region capacitor [2].
TSV MOS capacitance can be calculated by analytical equa-
tions, though it is hard to predict residue charges inside the
oxide liner. Depending on the TSV dimension, the oxide thick-
ness, and substrate doping, MOS capacitance can reach more
than 50fF, and most coupling paths around TSVs are formed
through this capacitor.
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Previous studies on  TSV-to-TSV  [3]-[7] and
TSV-to-active [7]-[10] coupling focus on a single die.
Since TSVs penetrate the silicon substrate when multiple
dies are stacked in 3-D ICs, noise not only comes from
the same die that the TSV is located on but also from a
neighboring die through substrate coupling. Particularly in
the full-chip level, TSV farms in the bottom die may overlap
with congested routing regions in the top die. For interdie
coupling, a parasitic element often ignored in current analyses
is TSV-to-wire capacitance. Since TSVs are significantly
larger and longer than regular vias, their E-fields cannot be
captured with the traditional metal via handling. Because
of the geometric complexity of a cylindrical TSV shape,
the TSV extraction is more challenging than square vias. If
a tapered TSV is used, their unevenly-distributed E-fields
are even harder to extract. Moreover, unlike devices, TSVs
penetrate the substrate, and their E-fields interact with many
surrounding wires and components. Even for industry-
standard extraction tools such as Calibre, only TSV-to-TSV
coupling, not TSV-to-wire coupling, is extracted. Since
active regions are connected to the power or ground supply,
they form an E-field shield in the ac domain. Thus, only
weak coupling exists between TSV-to-M1 in the same die.
However, the other side of the substrate has no substrate
connection shielding TSV E-fields, resulting in large coupling
capacitance between TSVs and the top metal layer of the
neighboring die. Therefore, TSV-to-wire coupling needs
to be accurately extracted for timing, power, and noise
analyses.

Although interdie coupling is becoming more dominant with
advanced technologies in which a thinner substrate is used to
reduce the TSV dimension, few studies have addressed cou-
pling issues from the standpoint of interdie impact. Coupling
issues affect the signal gain and resonance frequency in com-
ponents such as TSV-based inductors [11] as well as perfor-
mance and signal integrity in full-chip designs. Measurement
results from [12] show that when the signal frequency is higher
than 1 GHz, intertier coupling is greater than intratier cou-
pling. Liu et al. [13] found that TS V-to-metal coupling impacts
analog devices and showed that TSV-to-metal coupling has
a non-negligible effect on the SNR. However, extraction is
limited to coupling between wires and TSV landing pads.
TSV-to-wire parasitic extraction using a field solver is dis-
cussed, and Salah [14] concluded that TS V-to-wire capacitance
is not negligible for TSVs with a low aspect ratio. Assuming
square-shaped TSVs, Kim et al. [15] derived an analytical
solution and extended the empirical wire coupling model to
handle TSV structures. Since this model is based on closed-
form formulas, calculations consume only negligible runtime.
However, the model is not scalable because empirical equa-
tions handle certain fabrication technology, and curve fitting
with various interconnect dimensions needs to be applied.
As TSVs are fabricated in cylindrical shapes, the square-
TSV assumption also introduces extra errors from geometric
approximations.

Another general solution for capacitance extraction is based
on a random-walk algorithm [16]. Commercial intercon-
nect extraction engines such as Raphael NXT also use this
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algorithm for extraction from general structures. Random-
walk-based extraction consumes shorter runtime than field
solver-based extraction. However, achieving comparable accu-
racy requires many random walks and hops to capture the
E-field distribution, especially with many conductors. As a
result, a long extraction time is still needed on the full-chip
level. Therefore, random-walk-based extraction is suitable for
small designs for the purpose of sign-off verifications, but
cannot be applied to fast parasitic extraction during place-
ment and routing stages for timing and noise optimization
purposes. Yu et al. [17] proposed a random-walk-based TSV-
to-wire extraction method with precalculated look-up tables
that closely matched a field solver. However, the performed
extraction is based on randomly-generated layouts, so the
full-chip impact from TSV-to-wire remained unknown.

To alleviate TSV coupling noise, several studies have pro-
posed noise reduction methods. Several shielding techniques
such as ground TSVs [18], [19] and ground plugs [20] are used
to protect TSVs from TSV-to-TSV coupling noise. Because
ground TSVs also similarly impact TSV-to-wire coupling, they
can also be used as a TSV-to-wire coupling reduction tech-
nique. Measurement results from [21] show that H-shaped
TSVs provide better shielding than guard rings. However,
these techniques either consume large silicon areas and reduce
placement utilization or require special fabrication technology
and increase the chip cost.

In this paper, Section II studies impact of E-field shar-
ing from multiple neighboring wires. Section III presents our
pattern-matching algorithm with verification against a field
solver. Section IV studies multi-TSV impact on TSV-to-wire
coupling with verification. Section V applies our pattern-
matching method to a 3-D IC layout and studies impact
of TSV-to-wire coupling on the full-chip level. Section VI
studies two full-chip optimization techniques that alleviate
TSV-to-wire coupling, and Section VII concludes this paper.

II. E-FIELD SHARING IMPACT
A. TSV Influence Region

Since capacitance is geometry dependent, the interconnect
dimension significantly affects coupling capacitance. A large
TSV results in stronger coupling as its E-field affects more
neighbor conductors. We define a TSV influence region for
TSV-to-wire extraction, and only wires within the influence
region have their coupling capacitance extracted. We build a
special structure, in which a TSV is surround by a wire ring,
to study the TSV influence region. The TSV radius is 2.5 um
and height is 15 um. The ring has the same width (0.14 pm)
and thickness (0.28 pum) as wires in M4-M6 layers of a 45 nm
technology. Low-K materials are used in the interlayer dielec-
tric layer with a relative permittivity of 2.2. This symmetrical
structure is used so that TSV-to-wire distances are the same
for all parts of a wire ring.

Single-ring-extraction results are shown in Fig. 2(a) with
various TSV dimensions. A short TSV does not heavily affect
faraway wires, and most of its E-field is restricted within
a 10 pum range. However, a tall TSV affects wires as far
as 20 pm. We use bump-less 3-D IC technology [22] and
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Fig. 3. Multiwire impact. (a) HFSS structure with a TSV and four rings.
(b) Cross section E-field around the TSV.

directly bond the TSV pads on the bottom die to the top metal
layer landing pads on the top die [23], because this technol-
ogy provides much higher TSV density. Fig. 2(b) shows the
coupling strength measured by the unit length capacitance,
which is calculated by dividing total ring capacitance by the
ring circumference. TSV-to-wire coupling is majorly within a
10 um influence region, and wires located farther than 20 um
from the TSV show negligible coupling capacitance.

B. Multiwire Impact

The traditional empirical TSV-to-wire model considers a
TSV and wire pair at one time [15] and ignores E-field sharing
from other interconnect components. Though careful curve fit-
ting can accurately model simple structures, extraction errors
on a complicated structure can be large. This is because mul-
tiple wires share the E-field around the TSV. We build a
structure with four metal rings in HFSS shown in Fig. 3(a),
and extract their E-field interactions with the TSV. Fig. 3(b)
shows the cross section E-field distribution map simulated with
TSV-to-ring coupling capacitance extracted. As results shown,
the strongest coupling E-field forms between the TSV and the
nearest wire, and their coupling capacitance is the largest. The
outer-most wire also shows large capacitance because no out-
side neighbor conductor shares the coupling E-field. However,
for middle rings having neighbor conductors on both inner
and outer sides, only small coupling capacitance is formed as
a result from strong E-field sharing. As results shown, without
considering E-field sharing, using a formula based on a TSV
and wire pair to extract all wire capacitance results in large
overestimation. It is also difficult to come up with a compact
model for various complicated geometries.

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 34, NO. 12, DECEMBER 2015

TABLE I
RAPHAEL EXTRACTION RESULTS OF MULTIRING STRUCTURES

Ring Ring radius Total Ring Capacitance (fF)

count (pm) Nearest ring Middle rings Furthest ring
3 5~9 4.21 1.29 3.21
4 5~11 4.16 1.05~1.41 2.59
5 5~13 4.14 0.86~1.05 2.11
5 6~7.12 3.50 2.08~2.09 3.16
9 6~8.24 3.12 1.99~2.02 3.12
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Fig. 4. Corner segment impact. (a) Simulation structure with wire segments
of 0.5 um in length. (b) Extraction results for each segment.

Another observation from the multiring structure is that if
the ring pitch is small, coupling capacitance of all middle rings
is close because of a similar E-field distribution in this region.
When more rings are simulated (e.g., from five rings to nine
rings), coupling capacitance differences are less than 5% for
middle rings. Table I shows total capacitance results based
on various multiring structures. Therefore, if the ring pitch
is small enough, we can use fewer rings to estimate the cases
with more rings and significantly reduce the library generation
time. This condition is often satisfied: if many wires locate
inside a TSV influence region, the wire pitch decreases which
results in a similar coupling E-field for all wires. In this paper,
we use up to five wires for TSV-to-wire library generation.
A larger library with more wires improves accuracy at the
cost of a longer library generation time.

C. Corner Segment Impact

The E-field sharing impact is observed even for a single
wire. If the wire is divided into several segments, coupling
E-fields are not the same for all segments. A regular seg-
ment has neighbors on both sides, while a corner segment has
only one neighbor. We build a single wire structure divided
into 0.5 um segments and extract capacitance for each seg-
ment using Raphael. Fig. 4 shows an unbalanced coupling
distribution between regular and corner segments. All regular
ones have similar coupling capacitance, but corner segments
show 80% larger capacitance to the TSV, even though they
are located farther from the TSV since sidewalls of cor-
ner segments also contribute to fringe capacitance, and no
outside neighbor shares the coupling E-field. Therefore, for
accurate extraction, corner segments need to be handled sepa-
rately. Treating corner segments as regular segments underesti-
mates the TSV-to-wire capacitance, especially for short wires.
For designs with mostly long wires, the corner segment impact
is small.
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D. Wire Coverage Impact

If multiple wires surround a TSV, another E-field sharing
impact is observed. As shown in Fig. 5(a), if the TSV is
only facing wires on one side with little E-field sharing, total
coupling capacitance for a single wire is 2.15fF. However,
if the TSV is facing to wires in more directions as shown
in Fig. 5(b) and (c), the single wire capacitance decreases
to 1.31fF. This is because TSV-to-wire coupling is evenly
distributed to all four neighbors. We use a wire coverage fac-
tor to represent how much a TSV is surrounded by wires.
A wire coverage calculation example is shown in Fig. 6(a)
and wire coverage factors for structures in Fig. 5(a)—(c) are
25%, 50%, and 100%, respectively. Larger wire coverage
results in stronger E-field sharing and smaller capacitance per
unit length. However, since more conductors are around the
TSV total, TSV-to-wire capacitance increases. Therefore, for
accurate TSV-to-wire capacitance extraction, the wire cover-
age effect needs to be considered carefully, especially when
routing is congested in the full-chip design.

ITII. TSV-TO-WIRE EXTRACTION TECHNIQUE
A. Pattern Matching Technique

To handle 3-D full-chip TS V-to-wire extraction, we propose
a pattern-matching technique. This technique is similar to tra-
ditional 2-D full-chip extraction tools which correlate closely
with silicon measurements. But our technique accounts for
every special TSV-related impact which traditional tools can-
not handle. The first stage of a pattern-matching extraction is
using a general extraction engine such as a field solver, to per-
form extraction on various predefined structures. Results are
saved into a database called library. Then during extraction
stage, full-chip interconnects are compared to the library and
extraction results of precalculated structures closest to the lay-
out are used for the capacitance calculation. Modern extraction
engines such as Calibre xRC are able to generate a series of
extraction rules based on library results. Curve-fitted equations
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and interpolation methods are used during structure matching
to provide a more accurate estimate.

Though generating the library and extraction rules takes
a long time as thousands of layout geometries need to be
simulated, a common library or a set of rules can be used
for certain technology on various designs. Therefore, these
extraction files are provided in the process design kit by the
foundry. Since only library look-up and math calculations are
performed during extraction, pattern-matching extraction can
extract parasitics of a large-scale circuit within minutes, and
they are suitable for extraction of next generation 3-D ICs
with billions of transistors and thousands of TSVs. Also,
the pattern-matching method is also a promising solution for
parasitic extraction of next generation monolithic 3-D ICs [24].

However, traditional pattern-matching engines can only han-
dle 2-D designs, where interconnect coupling is limited to
several neighboring wires. Vias in 2-D ICs does not have large
parasitics as their sizes are small and the via coupling capac-
itance is often ignored by the extraction engine by default.
Unlike metal vias, TSVs are hundreds of times larger and
they interact with many surrounding neighbors as a result
of their large influence regions. E-field sharing from multi-
ple conductors also introduces new challenges which must
be accounted for during extraction. Therefore, we focus on
the special impact from TSVs and propose a first-of-its-kind
3-D extraction method. Since it is compatible with the pattern-
matching-based 2-D extraction tools, our method can be easily
integrated into current computer-aided design (CAD) flow and
provide a smooth transition to the next generation of 3-D IC
designs. Also, it can be easily parallelized and has a great
potential for runtime improvement on a multicore system.

To handle all aforementioned effects, we build three special
libraries for TSV-to-wire coupling extraction. Two libraries
(i.e., a line library and a ring library) are used for regular
segments, while a third corner library is used specifically for
corner segments. These libraries enable detailed considera-
tion of E-field sharing among wires. In our libraries, the TSV
radius, TSV height, wire thickness, and wire width are used
as library indexes. This enable extraction of TSVs and wires
with various dimensions. To handle relative location between a
TSV and a wire, the nearest TSV-to-wire distance, wire pitch,
and wire location angle are included as indexes as well. To
handle multiple wires, we build libraries containing various
numbers of wire, and include the wire count as another library
index. During extraction, wires are divided into segments and
their capacitance is calculated for each segment. The geometry
information of the segment and its context is used to match
patterns in the library, and a linear interpolation of closest
structures is used when no pattern exactly matches the seg-
ment. Our libraries contain thousands of structures covering a
wide range of possible scenarios based on 45 nm technology.
TSV has a height of 15 um and a radius of 2.5 um with a
minimum placement KOZ of 0.5 um. Wire dimensions are
based on technology files.

Since Raphael does not handle the frequency-dependent sil-
icon substrate, we use a dielectric material with a relative
permittivity of 11.9 in our TSV-to-wire extraction. The sil-
icon conductivity is ignored because the top metal layer is
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Fig. 7.  Test structures for library generation. (a) Line library structure.
(b) Ring library structure.

not directly connected to the substrate of the neighboring die
and we assume a lightly-doped substrate on the backside. If
a highly-doped substrate is used, the substrate resistance can
be calculated based on the RC relationship of homogeneous
materials [3]. Moreover, as shown in Fig. 1, the active regions
are located near the M1 layer of the bottom die. Thus, their
E-field sharing only affects the coupling capacitance between
a TSV and its neighboring top metal wires on the top die. If a
silicon effect-aware field solver is used to handle these prop-
erties around TSVs, it can provide more accurate extraction
results. However, the semiconducting electrical properties of
the silicon substrate and the E-field sharing from active lay-
ers affect TSV-to-TSV coupling capacitance. These are major
E-fields inside the substrate. Therefore, the substrate resistive
path and the E-field sharing in the active layers cannot be
ignored in TSV-to-TSV coupling extraction [25]. Thus, in our
TSV-to-TSV coupling extraction, we model the silicon deple-
tion regions, substrate resistance, and E-field sharing from
active regions to improve the accuracy.

B. Line Library

We build the line library for TSVs with low wire cover-
age. As shown in Fig. 7(a), the line library is built by placing
straight wires on only one side of the TSV. All wires are seg-
mented and a single structure is able to produce results for
many segments with various locations. This increases extrac-
tion parallelism and reduces the library generation time. The
length of each wire segment depends on its relative location to
the TSV. Each segment always has a facing angle of 5° to the
TSV and wire segments far from the TSV are longer. This is
because that wires far from the TSV has weaker coupling and
smaller capacitance per unit length. A finer grid provides more
accurate results at the cost of longer runtime. Our segment-
ing method takes advantage of cylindrical shapes of TSVs so
that capacitance of each wire segment is in a similar range
to prevent accumulations of small errors. Similar to the finite
element analysis, finer segmenting is used on areas where the
E-field is strongest and rapidly changing while coarser seg-
menting is used on less critical areas. This enables a best
tradeoff between the simulation time and accuracy.

The line library assumes that only one side of a TSV is sur-
rounded by metal wires and only weak E-field sharing exists
around the TSV, thus unit length capacitance of a wire is high.
Therefore, this library is suitable for layouts where TSVs are
covered by a few wires around. For a general case where
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TABLE II
LIBRARY COMPARISON

Library Ring Line  Corner

Target segment regular regular  corner
E-field sharing strong  weak weak
Unit length capacitance small medium large
Geometry complexity high low low
Generation time long short short

the TSV is surrounded by wires on multiple sides, the line
library gives overestimated capacitance since the line library
always assumes a weak E-field sharing. In terms of the library
generation time, since the line library consists of less compli-
cated geometry structures such as straight wires, it is faster
to simulate.

C. Ring Library

To handle layouts where TSVs are surround by many wires
on all sides, another ring library is built. As shown in Fig. 7(b),
we duplicate wire segments with various locations to form a
ring around the TSV. In this structure, as the E-field of the
TSV is evenly distributed in all directions, we extract the total
capacitance of the ring and divide it by the total number of ring
segments. We place various numbers of rings around the TSV
to simulate multiple wires. As wire coverage for a ring struc-
ture is 100%, E-field sharing around the TSV is high while
unit length capacitance in the ring library is small. Unlike
the line library, the ring library always assumes strong E-field
sharing around TSVs, thus they are suitable for designs with
congested routing wires. For a general case where the TSV is
surrounded by few wires, and wire coverage is low, the ring
library underestimates TS V-to-wire capacitance. Thus, the ring
library is complementary to the line library to provide accurate
extraction for general cases. However, as the ring structure is
built with many segments, the complicated geometry needs a
longer extraction time for field solving.

D. Corner Library

As in previous discussions, wire segments with a sin-
gle neighbor have larger coupling capacitance due to side-
wall capacitance and less E-field sharing from neighbors.
Therefore, based on the line library, a special corner library
is built to extract corner segment capacitance at various loca-
tions. The corner library structure is similar to that of the line
library. However, only capacitance of the corner segment is
extracted and saved. Compared to line and ring libraries, the
unit length capacitance of surrounding wires is the highest and
geometry complexity for the corner library is low. However,
since there are not many corner segments in the full-chip level,
especially for top metal layers, its impact on system perfor-
mance and noise metrics is small. However, for short wires,
the extraction error is significantly reduced with corner seg-
ment effects resolved. Comparisons of all three libraries are
listed in Table II.

E. Pattern Matching Algorithm

Once all libraries are built, we divide surrounding wires
into segments and choose closest library structures to obtain
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Algorithm 1: Pattern-Matching Extraction Algorithm

Input : Ring, Line, and Corner libraries; Routed layout
Output: TSV-to-wire capacitance

1 foreach 7SV i do

foreach Wire j within the influence region of TSV i do

Divide j into segments;

foreach Segment k within the influence region of TSV i do

d<—sector index;

Append k to list S[d];

foreach Sector d do

foreach Segment k inside d do

t<— nearest wire distance;

p<— average wire pitch in S[d];

if k is a regular segment then
LookUp(d, k, S[d], t, p) in the line library;
LookUp(d, k, S[d], t, p) in the ring library;
Calculate the combined value based on wire
coverage;

15 else

16 | LookUp(d, k, S[d], t, p) in the corner library;

17 Export capacitance in SPEF format;

X NN R W N

e
W N =S

TSV-to-wire coupling capacitance. We develop an algorithm
shown in Algorithm 1 for pattern-matching-based TSV-to-wire
coupling capacitance extraction. Extraction is performed on
each TSV. Areas around the TSV is divided into 72 circular
sectors, each with 5° in central angle and the same radius as
the TSV influence region. These sectors are numbered clock-
wise. In this case, wires closer to the victim TSV have finer
segments and only segments within the TSV influence region
are handled. Similar to the line library structure, wires are
segmented at the sector boundary and all wire segments in
the same sector are gathered into a list. The wire dimension
and location, number of wires, and average pitch of wires
are used as indexes to search through the library. The lookup
procedure takes place on each list and compares the layout
structure to the pregenerated libraries. Linear interpolation is
used when the library structure does not exactly match the
extraction structure.

For corner segments, results from the corner library is used.
For regular segments, we combine both line library and ring
library based on wire coverage around the TSV. As shown in
Fig. 6(b), if wire coverage is above 80%, we only use the ring
library because coupling capacitance per unit length is small.
On the other hand, if coverage is below 20%, we only use the
line library assuming weak E-field sharing. Otherwise, results
from both libraries are combined and a weighted average is
calculated depending on wire coverage. This enables wire cov-
erage consideration during full-chip extraction. After all lists
are parsed, TSV-to-wire parasitics are exported into a standard
parasitic exchange format (SPEF) file which can be integrated
into the standard full-chip CAD flow for further timing and
noise analyses.

F. Single-TSV Validation

For library comparison and verification, we perform extrac-
tion on sample layouts with two TSVs and four wires shown
in Fig. 8. Table IIl compares our extraction results based
on single-TSV libraries with Raphael results. Using the line
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Fig. 8. Sample extraction layouts with a TSV and their surrounding wires.

(a) and (b) Areas around TSV S1 and S2, respectively. Lengths are in pm.

TABLE IIT
SAMPLE LAYOUT EXTRACTION RESULTS BASED ON THE SINGLE-TSV
LIBRARIES. CAPACITANCE IS REPORTED IN fF

. Raphael Our method
TSV Wire qinole- TSV Ring Lib Line Lib  Combined
S1 NIl 1.76 1.49 (-15%) 2.07 (+17%) 1.93 (+9.3%)
S1 N2 0.76 0.68 (-10%) 0.78 (+2.5%) 0.76 (-0.7%)
S1 N3 0.81 0.86 (+6.2%) 0.79 (-2.8%) 0.81 (-0.6%)
S2 Nl 0.31 0.29 (-7.9%) 0.34 (+6.9%) 0.31 (-0.3%)
S2 N2 1.38 1.28 (-6.6%) 1.37 (-0.7%) 1.33 (-3.6%)
S2 N4 1.62 1.49 (-7.8%) 1.57 (-2.9%) 1.53 (-5.3%)
(a) (b)
Fig. 9. Gate and TSV placement results of FFT64 design with a footprint

size of 380 x 380 pum. (a) Bottom die. (b) Top die.

library is accurate when wire coverage is low, while using the
ring library is accurate when wire coverage is high. But a com-
bined method accounted for wire coverage and E-field sharing,
always extracts capacitance more accurately. With single-TSV
libraries, the maximum error is 0.17fF and the average error
is 0.05fF.

To validate our extraction method in the full-chip level, we
implement a two-die 64-point fast Fourier transform (FFT64)
design and apply our method to all TSVs. The placement result
of this design is shown in Fig. 9. After reading the routing
results, for each TSV, we build a Raphael structure exactly as
the layout around it. We set the TSV influence region as 10 um
to save Raphael simulation time and capture most coupling
around the TSV. Extraction results from the field solver and
our pattern-matching algorithm are compared in Fig. 10(a),
where each dot represents a coupling capacitor between a
TSV and a neighboring wire. The error histogram is shown in
Fig. 10(b) for all extracted capacitors compared with Raphael.
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Fig. 10. Full-chip verification using combined method. (a) Extraction result
comparison. (b) Error distribution.

TABLE IV
SINGLE-TSV EXTRACTION COMPARISON WITH DIFFERENT LIBRARIES,
WHERE THE TOTAL CAPACITANCE FROM RAPHAEL
SIMULATION IS 568fF

Ring Lib Line Lib Combined
Total Cap (fF) 538 618 579

Total Cap error -8.3% +5.3% -1.9%

Correlation coefficient  0.971 0.966 0.981

Average error (fF) 0.171 0.163 0.112
TABLE V

FULL-CHIP SIMULATION RUNTIME AND
MEMORY SPACE COMPARISON

Extraction method Raphael Pattern-matching Improvement
Runtime 7.5h 2.4s 11250x
Memory space 615MB 21MB 29.29x

Results show that our pattern-matching extraction is highly
accurate in the full-chip level.

Table IV compares extraction results using different
libraries. Without resolving wire coverage impact, using a sin-
gle ring library gives 8.3% underestimated total capacitance,
while using a single line library gives 5.3% overestimated total
capacitance. However, if results from both libraries are com-
bined, the total capacitance error is only 1.9% and the average
error decreases to only 0.112fF. Compared with Raphael,
which needs significant runtime and memory, our pattern-
matching method achieves 11250 times speedup and 29.29
times smaller memory space as shown in Table V. This enables
it as a practical solution even for a large-scale 3-D IC with
many TSVs. Therefore, we conclude that our pattern-matching
method, which handles E-field sharing impact with ring, line
and corner libraries, is highly fast and accurate for full-chip
TSV-to-wire extraction.

IV. EXTRACTION WITH MULTI-TSV
A. E-Field Sharing With Multi-TSV

Previous studies [15], [26] are based on TS V-to-wire extrac-
tion with a single TSV. Because of fabrication yield and cost
issues, TSVs are usually placed regularly where a TSV can
only locate at a predefined grid point. However, modern TSV
fabrication technology allows much denser TSV placement,
where multiple TSVs are placed close to each other and their
E-fields interact with each other. A full-chip level study has
shown that ignoring multi-TSV impact results in an overes-
timation on TSV-to-TSV coupling [27]. Therefore, we need
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Fig. 12.
(b) Multi-TSV.

XY-plane E-field distribution comparison. (a) Single-TSV.

to handle the E-field interaction with multi-TSV for accurate
TSV-to-wire extraction.

Unlike TSV-to-wire coupling, TSVs even far away from
each other have non-negligible E-field interaction. As a result,
even though a TSV is located beyond the TSV-to-wire influ-
ence region of another TSV, it still affects extraction results.
We build a sample structure in HFSS to illustrate multi-TSV
impact. The single-TSV structure is shown in Fig. 11(a), where
three wires are placed around a victim TSV. The multi-TSV
structure is shown in Fig. 11(b) with two nearest neighboring
TSVs placed around the victim TSV. All TSVs and wires have
the same dimensions as those in Section II-A with a TSV pitch
of 18 um. Since our extraction is performed on each victim
TSV, the victim TSV is numbered at 0 while two neighboring
TSVs are numbered at 1 and 2. The origin of the coordinate
system is located at the center of TSV 0. The XY-plane E-field
distribution comparison between single-TSV and multi-TSV,
shown in Fig. 12, is based on HFSS simulations.

With the single-TSV structure, only areas where the victim
TSV is close to wires have a strong coupling E-field. This
results in large capacitance between the TSV and the near-
est wire. Also, as there is no other neighbor conductors, all
coupling fields of the furthest wire go to the victim TSV as
well. With multi-TSV structure, while the E-field distribution
around the victim TSV remains the same to single-TSV case,
the coupling E-field changes significantly around the neighbor-
ing TSVs. The neighboring TSV not only increases the total
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Fig. 13.

TABLE VI
COUPLING CAPACITANCE BETWEEN VICTIM TSV TO WIRES

Coupling capacitance (fF)

Target wire  g; 01e- TSV Multi-TSV A

Nearest wire 0.765 0.652 -0.113 (-14.8%)
Middle wire 0.448 0.339 -0.103 (-24.3%)
Furthest wire 0.476 0.309 -0.167 (-35.1%)

E-field strength but also alters the E-field direction around
wires. E-fields from wires are heavily shared by neighboring
TSVs thus the coupling between wires and the victim TSV is
reduced. For the furthest wire to the victim TSV 0, where most
of its coupling goes to the right neighboring TSV 2, its cou-
pling to the victim TSV is reduced significantly. For the nearest
wire, E-field sharing from the TSV 1 mostly affects areas that
are beyond the influence region of the victim TSV, and the
major portion of its coupling to the victim TSV remains the
same. For the middle wire, its coupling to the victim TSV is
also smaller compared to single-TSV model because of E-field
sharing from both TSVs 1 and 2.

To study of the multi-TSV impact on parasitic components,
we divide neighboring wires into small segments and per-
form extraction with Raphael. Fig. 13 shows the coupling
distribution comparison between single-TSV and multi-TSV
models and Table VI summaries extraction results. For all
wires, the coupling capacitance to the victim TSV is reduced
due to E-field sharing. For the nearest wire which has the
largest coupling capacitance to the victim TSV, its total cou-
pling capacitance to the victim TSV is reduced by 14.8%
compared with the single-TSV model since most E-field shar-
ing affects areas where the coupling to the victim TSV is
weak. E-field sharing from both TSVs results in a 24.3%
reduction for the middle wire, and a 35.1% reduction for
the furthest wire. In addition, with the single-TSV model,
total coupling capacitance of the furthest wire is larger than
the middle wire. However, it becomes the smallest with the
multi-TSV model. From victim TSV perspective, total TSV-
to-wire capacitance is 1.68fF with the single-TSV model but
it is only 1.30fF with the multi-TSV model. From results we
conclude that, for layouts where multiple neighboring TSVs
are located around, ignoring the E-field sharing from multi-
TSV results in an overestimation of TSV-to-wire coupling
capacitance. Therefore, for accurate TSV-to-wire coupling
extraction, E-field sharing from multi-TSV needs to handled
carefully.

Coupling capacitance extraction result of Fig. 11. (a) Nearest wire. (b) Middle wire. (c) Furthest wire.
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Fig. 14. Library structure comparison. (a) Single-TSV line library. Multi-TSV
(b) line library and (c) ring library.

B. Multi-TSV Libraries

To handle multi-TSV impact, we extend our patter-matching
algorithm with multi-TSV structures. To avoid a long library
generation time, four nearest neighboring TSVs are added
into multi-TSV library structures because they have largest
impact around the victim TSV and shield E-fields from further
TSVs. An illustrative comparison of different library structures
is shown in Fig. 14. With additional TSVs, the library con-
struction time is increased with more conductors, but E-field
interactions among TSVs are captured. All three libraries are
constructed with neighboring TSVs and are used in the full-
chip extraction. Compared with single-TSV libraries, coupling
capacitance is smaller, especially for wire segments which are
far from the victim TSV. However, since multi-TSV libraries
can only handle layouts with the same TSV pitch, we build
our multi-TSV libraries with a TSV pitch of 18 um which
is the same in our design layouts. This limitation is usually
not a concern because most TSV technologies such as the
one used in [28] require a regular TSV placement. For other
technologies which allow irregular TSV placement, multi-TSV
libraries with various TSV pitches are needed to provide more
accurate extraction. Also, if there is only a few TSVs which
are placed far away from each other, single-TSV extraction
can still provide accurate results in the full-chip level.

C. Multi-TSV Validation

To verify our multi-TSV extraction algorithm, we first
applied this method to sample layouts in Fig. 8. Instead of
comparing our extraction results with those extracted from
Raphael structures with a single TSV, we expanded the sim-
ulation window to cover influence regions of four nearest
neighboring TSVs as well. Thus, the Raphael simulation cap-
tures E-field interactions from all five TSVs. Extraction results
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TABLE VII
SAMPLE LAYOUT EXTRACTION RESULTS BASED ON THE MULTI-TSV
LIBRARIES. CAPACITANCE IS REPORTED IN fF

. Raphael Our method
TSV Wire \1ii-Tsv  Ring Lib Line Lib Combined
ST NI 141 123 (-13%) 1.61 (+14%) 1.50 (+6.1%)
S N2 0.57 0.50 (-12%) 0.58 (+2.3%) 0.56 (-1.9%)
SI N3 049 048 (-1.6%) 0.49 (+1.6%) 0.49 (-0.6%)
S2 NI 0.17  0.16 (-3.0%) 0.19 (+13%) 0.18 (+4.8%)
S2 N2 100 094 (-55%) 1.04 (+4.6%) 0.98 (-1.2%)
S2 N4 103 097 (-6.3%) 1.08 (+4.9%) 1.01 (-1.9%)
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Fig. 15. Multi-TSV extraction verification. (a) Correlation comparison
between our pattern-matching algorithm and Raphael simulations. (b) Error
histograms of different libraries.

are shown in Table VII. With all E-field interactions from
neighboring TSVs captured in our multi-TSV libraries, the
extraction accuracy improves. The maximum error is only
0.09fF with an average error of 0.023fF. We observe that,
with single-TSV extraction, coupling capacitance between
TSV S1 and wire N3 is larger than that between TSV Sl
and wire N2. This is because wire N3 is the furthest wire
around the TSV and E-field sharing from its outside neighbor-
ing TSV is not captured. With our multi-TSV libraries, this
inaccuracy is corrected and extraction results match well with
Raphael simulations. Compared with single-TSV extraction,
total capacitance decreases by 29.2% from 6.67fF to 4.72fF.

For full-chip verification, the same flow described in
Section III-F is used. For each TSV, Raphael structures with
four neighboring TSVs are used for comparison. Extraction
results with multi-TSV libraries are compared with field solver
extraction in Fig. 15(a), and the error histogram is shown
in Fig. 15(b). Table VIII compares extraction results using
different libraries. The line library still overestimates cou-
pling capacitance, and the ring library underestimates it, but
a combined method gives the most accurate results. The total
capacitance error is only -0.9% and the average error is only
0.063fF. Both numbers are significantly improved compared
with results using single-TSV libraries. Except for input library
changes, the pattern-matching algorithm remains the same,
thus the performance speedup and memory reduction are still
valid for multi-TSV extraction.

V. FULL-CHIP TSV-TO-WIRE IMPACT
A. Design Specification and Analysis Flow

As a case study of TSV-to-wire coupling impact in the full-
chip level, we use our FFT64 design. There are 47K gates
in this design, which is partitioned into two dies. TSVs are
15 pum in height and 2.5 pum in radius with a landing pad
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TABLE VIII
MULTI-TSV EXTRACTION COMPARISON WITH DIFFERENT LIBRARIES,
WHERE THE TOTAL CAPACITANCE FROM RAPHAEL
SIMULATION IS 423fF

Ring Lib Line Lib Combined

Total Cap (fF) 386 459 419
Total Cap error -8.7% +8.5% -0.9%
Correlation coefficient ~ 0.986 0.988 0.989
Average error (fF) 0.100 0.087 0.063

(b)

Fig. 16. Top metal routing comparison. Only top dies are shown. Design up
to (a) M4 and (b) M5.

size of 5 um. There are 330 signal TSVs in total which connect
the M1 of the bottom die with back end of line (BEOL) of
the top die. TSVs are placed regularly with a pitch of 18 um.
To provide a fair comparison, we use the same 18 pum as
the TSV influence region for extraction with both single-TSV
and multi-TSV libraries. The supply voltage is 1.1V as in
our 45 nm technology. In this paper, we focus on extraction
between TSVs and the top metal layer. This is because E-fields
of other metal layers are usually blocked by PDNs, and signal
routings on the top metal layer.

In our technology, metal dimensions are the same
from M4 to M6. Therefore, the same library can be used to
handle designs with top metal layer from M4 to M6. To pro-
vide wide coverage for this paper, we implement two design
variants. One uses up to M4 and the other uses up to M5, but
both of them shares the same placement of gates and TSVs.
The latter design has more routing resources than the other
one. Thus, the router can better choose routing tracks on multi-
ple metal layers to avoid heavy coupling between routed wires.
As a result, the routing congestion on the top metal layer and
the longest path delay (LPD) of the design up to M5 decrease,
compared with the other design. Fig. 16 compares top metal
layer routing between these designs.

We apply our pattern matching method to FFT designs for
TSV-to-wire extraction. For TSV-to-TSV coupling extraction,
a silicon-effect-aware multi-TSV coupling model [25] is used,
and 2-D parasitics are extracted using Encounter. The same
full-chip analysis flow is used where the full-chip static timing
and power analysis is performed with Primetime, and the worst
case noise analysis is performed with Hspice to measure TSV
noise with an accurate multi-TSV model.

B. Full-Chip TSV-to-Wire Impact

Since the target of our design partition is to mini-
mize the TSV count, and system performance is not taken
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TABLE IX
FULL-CHIP IMPACT OF TSV-TO-WIRE COUPLING ON TIMING, POWER, AND NOISE. BOTH DESIGNS HAVE 4.47pF
TOTAL TSV MOS CAPACITANCE AND 0.74pF TOTAL TSV-TO-TSV COUPLING CAPACITANCE

Design FFT64 design up to M4 FFT64 design up to M5
TSV-to-wire extraction method none single-TSV multi-TSV none single-TSV multi-TSV
Total TSV-to-wire capacitance (pF) 0 2.01 1.32 0 0.579 0.419

Longest path delay (ns) 4.48 5.08 (+13.4%) 4.83 (+7.81%) 4.43 4.58 (+3.39%) 4.50 (+1.58%)
Total TSV net power (mW) 0.303 0.356 (+17.6%) 0.335 (+10.6%) 0.302 0.316 (+4.64%) 0.310 (+2.65%)
Total net power (mW) 2.42 2.50 (+3.31%)  2.46 (+1.65%) 2.42 2.44 (+0.83%) 2.43 (+0.42%)

Total power (mW) 229 23.0 (+0.44%)  23.0 (+0.44%) 229 22.9 (+0%) 22.9 (+0%)
Average TSV noise (mV) 98.5 237 (+104%) 185 (+88.3%) 90.3 130 (+44.0%) 112 (+24.5%)

into consideration, critical paths of both designs are a same
3-D path. It starts from a register in the top die, goes through
the bottom die by TSV89 and TSV274, and ends on another
register of the top die. As a result, both TSV-related para-
sitics and top-metal parasitics affect full-chip timing results.
We apply the pattern matching technique to both designs
with both single-TSV and multi-TSV libraries. Table IX sum-
marizes full-chip TSV-to-wire impact on timing, power, and
noise. Note that the LPD change only comes from TSV nets
since we assume the clock network is ideal. If a real-clock tree
network is included, then the LPD is further affected since
the clock signal needs to be delivered to the top die using
TSVs as well, and TSV-to-wire parasitics affects the clock
skew. Therefore, it also calls for fast and accurate TS V-to-wire
coupling extraction for high quality clock tree synthesis.

For the design up to M4, if TSV-to-wire coupling capac-
itance is ignored, timing and noise analyses are inaccurate.
From the result, the LPD is only 4.48 ns without TSV-
to-wire coupling. This is underestimated since interconnect
capacitance is not fully captured. After TSV-to-wire capaci-
tance is annotated from the SPEF file, the LPD increases to
4.83 ns because of increased capacitance mostly on TSV89
and TSV274. Many other 3-D nets are affected by TSV-to-
wire coupling as well. Even if the critical path of the original
design is not a 3-D path, with TSV-to-wire coupling extracted,
the critical path may change and timing impact is noticeable.
Note that since 2-D routers and timing optimization engines
are not aware of the TSV-to-wire capacitance, not enough
buffers are inserted to TSVs and wires on the top metal layer.
This results in a large delay increase after TSV-to-wire extrac-
tion is applied. Pattern-matching-based extraction is preferred
in the full-chip level because it can support fast and incre-
mental estimation for timing and routing optimization. With
correct TSV-to-wire parasitic information, timing paths with
large interconnect capacitance can be effectively buffered so
that timing violations can be addressed.

Also, ignoring the TSV-to-wire coupling results in a sig-
nificant underestimation in TSV net noise. This is because
traditional 2-D extraction only extract parasitics from TSV
landing pads, thus TSV coupling capacitance is heavily under-
estimated. Moreover, the influence region of a TSV landing
pad is significantly smaller than that of a TSV. As a result,
many aggressors are ignored with 2-D extraction simply
because wires are too far away. Even though TSV-to-TSV
coupling contributes to TSV noise significantly, its impact
is large if the TSV is tall and TSVs are placed closely.
Without extracting TSV-to-wire coupling, average TSV noise

is underestimated. From full-chip analyses, it increases to
185 mV with multi-TSV extraction. In terms of power, though
there is a large increase in TSV net power, we only observe a
negligible increase in total power resulting from TSV-to-wire
coupling. This is because the major portion of total power is
consumed by transistors, and 3-D nets are only a small por-
tion of all nets. Note that the FFT64 design is a small circuit,
if a design has larger footprint with more TSVs and longer
wirelength, the TSV-to-wire impact on the power will increase.

With shorter wirelength on the top metal layer, the FFT64
design up to M5 shows much smaller impact from TSV-to-
wire coupling. Unlike the other design where the TSV-to-wire
coupling capacitance is larger than TSV-to-TSV coupling
capacitance, total TSV-to-wire coupling capacitance is reduced
to 0.419pF with multi-TSV libraries. However, TSV-to-wire
still has noticeable impact on timing as well as average TSV
noise results. With less routing congestion, the design up to
M35 has better performance than the other design. This provides
an example of design and cost tradeoff by changing number of
metal layers. With more metal layers and a higher cost, wires
are less congested, parasitic components are reduced, and
timing-aware routers can easily find better tracks to allocate
signal wires.

As discussed in Section IV, ignoring E-field sharing among
multiple TSVs and using single-TSV library overestimate
TSV-to-wire coupling. By using the single-TSV library, total
TSV-to-wire capacitance is 2.01pF, but it is reduced to 1.32pF
using our multi-TSV libraries. This 34.3% reduction in cou-
pling capacitance results in smaller TSV-to-wire impact on
full-chip timing, power, and noise. For the design up to M5,
TSV-to-wire coupling capacitance decreases by 36.0% with
multi-TSV libraries as well. Therefore, for accurate TSV-to-
wire coupling analyses, multi-TSV libraries are needed for
full-chip analyses. If only a few TSVs are placed far away,
single-TSV library can still provide accurate results.

VI. COUPLING MINIMIZATION

To alleviate TSV-to-wire coupling impact on timing and
noise in the full-chip level, we propose two physical design
approaches, i.e., increasing KOZ and guard ring protection.
In this paper, all TSV-to-wire coupling results are based
on multi-TSV extraction which accounts for four nearest
neighboring TSVs.

A. Increasing Keep-Out-Zone

Since TSV-to-wire coupling is majorally between TSVs and
the nearest metal layer. Therefore, a simple technique for
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Fig. 17. Top die layout and zoom-in shots of FFT64 designs up to M4.
(a) With 2.5 um KOZ. (b) With 0.5 um guard ring.
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Fig. 18. KOZ impact on wire length usage. Design up to (a) M4 and
(b) M5.

TSV-to-wire coupling reduction is increasing the minimum
distance between the TSV and its nearest routing wire. To
implement this method, we place a routing blockage on top
metal layer around each TSV. This blockage region is the rout-
ing KOZ. To study impact of various KOZ sizes, we implement
two designs with KOZ sizes of 2.5 and 5 pum, respectively.
Fig. 17(a) shows design layouts with KOZs. The original
design has KOZs of 0.5 um. With a larger KOZ, capacitance
between a TSV and its nearest wire further decreases because
of a weaker coupling E-field. In addition, a larger KOZ reduces
routing resources available on the top metal layer. This results
in a reduction in the top metal layer wirelength and the number
of aggressors around the TSV. Note that increasing the routing
KOZ does not have any silicon area overhead. Therefore, the
placement is the same as the original design placement, and
only incremental routing is performed to correct any routing
violations. Thus, layouts have minimum changes, and it is a
fair comparison among all designs.

However, one drawback for increasing the KOZ is that we
observe heavier routing congestion on other layer as a result
of the reduced number of routing tracks on the top metal layer.
Potentially, this may result in a degradation of design quality
and a increase in coupling noise between 2-D wires. Fig. 18
compares wirelength distribution with different KOZ sizes.
For the FFT64 design up to M4, since top metal wires are
reduced by 43.7% with 5 um KOZs, wire congestion on other
metal layers is more severe. Wirelength on M2 increases by
29.9% and total wirelength increases from 373.9 to 376.3 mm.
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TABLE X
KOZ ImpACT ON FFT64 DESIGN Up TO M4

KOZ size (um) 0.5 2.5 5
M4 wirelength (mm) 82.5 70.5 (-14.5%) 46.5 (-43.6%)
Total wirelength (mm) 374 375 (+0.19%) 376 (+0.64%)
Longest path delay (ns) 483 477 (-1.2%) 4.64 (-3.9%)
Total TSV net power (mW) 0.335 0.326 (-2.7%) 0.316 (-5.7%)
Total net power (mW) 246 245 (-04%) 243 (-1.2%)
Average TSV noise (mV) 185 165 (-11.1%) 139 (-25.0%)

On the contrary, since the design up to M5 has enough
routing resources and its top metal wirelength is small, increas-
ing the KOZ only has slight impact. Therefore, for some
designs which have limited routing resources, increasing the
KOZ size may not be beneficial because of increased routing
congestion.

We perform the full-chip analysis on designs with rout-
ing KOZs, and results are summarized in Table X. Since the
placement is the same, TSV-to-TSV coupling elements are
unchanged. With larger KOZs, top metal layer wirelength is
reduced, and their coupling capacitance is reduced. Therefore,
TSV-to-wire coupling also shows smaller impact on full-chip
timing and noise. Compared with the original design, the LPD
decreases by 1.2% and 3.9% for 2.5 and 5 um KOZs, respec-
tively. In terms of signal integrity, a larger KOZ also lowers
the TSV net noise by reducing the aggressor count and TSV-
to-wire coupling capacitance. The average worst-case noise
on TSV nets can be reduced by 11.1% and 25.1% for 2.5 and
5 um KOZs, respectively. On the other hand, KOZ impact on
the full-chip power result is much smaller since TSV-to-wire
capacitance decreases but wire-to-wire capacitance increases
on other layers. Overall, we conclude that increase top metal
layer KOZ is effective in reducing TSV-to-wire coupling at
the cost of higher routing congestion.

B. Guard Ring Protection

Another way to protect the victim TSV is to provide E-field
shielding using grounded conductors around TSVs. Similar
technologies are widely used to increase the SNR in communi-
cation applications. In this paper, we propose a physical design
optimization technique specifically designed to reduce TSV-
to-wire coupling. Unlike the previous work where grounded
guard rings in active layer are added around TSV [5], [25],
grounded wire guard rings on the top metal layer are inserted
around TSV. Therefore, there is no overhead on silicon areas
and standard fabrication technology is used. However, the
guard ring consumes some routing tracks on the top metal
layer and needs additional routing to connect the ring to the
ground. The grounded guard ring shields some E-fields around
TSV, and introduces a ground capacitor to the TSV net. As a
result, there are small delay and power overheads on TSV nets,
but it reduces TSV coupling noise. Moreover, the guard ring
now becomes the nearest wire around the TSV, thus all other
wires have neighbors on both sides. Therefore, coupling capac-
itance between the victim TSV and signal wires is reduced and
the TSV is better shielded with coupling noise.

To model guard ring impact, we build a guard ring model
shown in Fig. 19(a), where Crw, Ctg, and Cwg repre-
sent TSV-to-wire, TSV-to-ring, and wire-to-ring capacitance,
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Fig. 19. Guard ring capacitance model. (a) Simulated structure. (b) Raphael
extraction result.

Fig. 20. Sample multi-TSV line library structure with 1.5 um guard ring.

respectively. The ring is assumed to connect with ground
ideally, and a 10 um long wire on M4 is located 8 pum
far from the center of the TSV. We perform Raphael simula-
tions on guard ring structures with various guard ring widths,
and results are shown in Fig. 19(b). With a wider guard
ring, the TSV is better shielded from TSV-to-wire coupling,
thus TSV-to-wire coupling capacitance is smaller. However, a
wider guard ring increases ground capacitance on both TSV
and wire, which leads to small delay and power increases.
Therefore, it is better to protect TSVs which are not located
on the critical path so that additional ground capacitance has
no impact on design performance. In this paper, we insert wire
guard rings to every TSV so that we can observe performance
impact from guard rings.

To study full-chip impact of wire guard rings, we build
three libraries with multishielded TS Vs, i.e., line library, ring
library, and corner library, in which TSVs are surrounded by
grounded guard rings. To study the guard ring width impact,
libraries are built with both 0.5 and 1.5 pwm guard rings. Fig. 20
shows a sample structure from the line library, where each
TSV is surrounded by a 1.5 um guard ring. In addition, we
implement FFT64 designs with 0.5 and 1.5 pm guard rings on
the top metal layer. Fig. 17(b) shows die layouts with guard
rings. These two designs are based on our previous FFT64
design with 2.5 um KOZs. We insert the guard ring into the
KOZ so that placement and signal routing are kept the same.
Similarly to KOZ insertion, guard rings also consume routing
resources on the top metal layer. However, they provide better
protections to TSVs.

We perform TSV-to-wire extraction using these libraries
with multishielded TSVs and full-chip analysis results
are summarized in Table XI for the design up to M4.
Compared with the original design, the LPD increases
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TABLE XI
GUARD RING IMPACT ON FULL-CHIP DESIGNS

Guard ring width (pm) 0 0.5 1.5
KOZ size (um) 0.5 2.5 2.5
Longest path delay (ns) 4.83 4.84 (+0.21%) 4.90 (+1.45%)
Total TSV net power (mW) 0.335 0.340 (+1.49%) 0.349 (+4.18%)
Total net power (mW) 2.46 2.46 (+0%) 2.47 (+0.41%)
Average TSV noise (V) 185 146 (-21.4%) 138 (-25.6%)

by 0.21% and 1.45% for designs with 0.5 and 1.5 um guard
rings, respectively. This impact comes from two aspects.
Ground capacitance on TSV nets increases but TSV-to-wire
capacitance decreases. If they are compared with the design
with 2.5 pm KOZs, delay overheads from larger ground capac-
itance are shown clearly. The LPD increases 1.4% and 2.7%
for designs with 0.5 and 1.5 pm guard rings, respectively. Total
capacitance on TSV nets always increases with wider guard
rings since E-fields around TSVs are stronger, and we observe
a slight timing overhead from increased capacitance. Guard
ring impact on power is negligible, since TSV MOS capac-
itance is the major load on TSV nets and it is not changed.
From results, we find that the ground guard ring is very effec-
tive in TSV net noise reduction. Compared with the design
with 2.5 um KOZs, the average TSV net noise decreases by
11.6% and 16.4% with 0.5 and 1.5 pum guard ring, respec-
tively. Compared to the original design, the average TSV net
noise decreases by 21.4% and 25.6% with 0.5 and 1.5 pum
guard ring, respectively. Meanwhile, for the design up to M5,
we only observe a noticeable noise reduction and there is a
negligible timing and power overhead, since TSV-to-wire cou-
pling is much weaker on this design. Overall, we conclude
from our full-chip results that both increasing KOZ and insert-
ing guard rings are very effective for TSV-to-wire coupling
noise reduction with minimum overheads on design qualities.

VII. CONCLUSION

In this paper, we studied various factors affecting the TSV
influence region and TSV-to-wire coupling capacitance. For
fast and accurate full-chip TSV-to-wire capacitance extraction,
we built three libraries based on multi-TSV structures. We
proposed a pattern-matching algorithm which accounted for
various E-field sharing impact, i.e., multiple wire impact, cor-
ner segment impact, wire coverage impact, and multi-TSV
impact. We verified our method using a two-die 3-D FFT64
design against field solver simulations in the full-chip level.
We also studied multi-TSV impact on TSV-to-wire coupling.
Results showed that ignoring E-field sharing and using a
single-TSV model on multiple TSVs lead to an overestima-
tion on coupling capacitance. Applying our pattern-matching
algorithm, we studied full-chip TSV-to-wire impact on tim-
ing, power, and noise. Increasing metal layer usage reduced
impact of both top metal layer signal routing and TS V-to-wire
coupling. Analysis results showed that TSV-to-wire coupling
was none-negligible and had large impact on full-chip delay
and TSV net noise. To alleviate TS V-to-wire coupling, we pro-
posed two physical design solutions, i.e., increasing the KOZ
around TSV in top routing layer and adding a ground guard
ring. We showed that both methods were very effective in TSV
net noise reduction with small overheads on design qualities.



1976

REFERENCES

[1] V. Olmen et al., “3D stacked IC demonstration using a through sili-
con via first approach,” in Proc. IEEE Int. Electron Devices Meeting,
San Francisco, CA, USA, 2008, pp. 1-4.

[2] G. Katti, M. Stucchi, K. de Meyer, and W. Dehaene, “Electrical modeling
and characterization of through silicon via for three-dimensional ICs,”
IEEE Trans. Electron Devices, vol. 57, no. 1, pp. 256-262, Jan. 2010.

[3] J. Kim et al., “High-frequency scalable electrical model and analysis
of a through silicon via (TSV),” IEEE Trans. Compon. Packag. Manuf.
Technol., vol. 1, no. 2, pp. 181-195, Feb. 2011.

[4] C. Xu, H. Li, R. Suaya, and K. Banerjee, “Compact AC modeling and

performance analysis of through-silicon vias in 3-D ICs,” IEEE Trans.

Electron Devices, vol. 57, no. 12, pp. 3405-3417, Dec. 2010.

J. Cho et al., “Modeling and analysis of through-silicon via (TSV) noise

coupling and suppression using a guard ring,” IEEE Trans. Compon.

Packag. Manuf. Technol., vol. 1, no. 2, pp. 220-233, Feb. 2011.

[6] W. Yao, S. Pan, B. Achkir, J. Fan, and L. He, “Modeling and application
of multi-port TSV networks in 3-D IC,” IEEE Trans. Comput.-Aided
Design Integr. Circuits Syst., vol. 32, no. 4, pp. 487-496, Apr. 2013.

[7]1 J.-E. Lorival et al., “An efficient and simple compact modeling approach
for 3-D interconnects with IC’s stack global electrical context consider-
ation,” Microelectron. J., vol. 46, no. 2, pp. 153-165, 2015.

[8] X. Gu and K. Jenkins, “Mitigation of TSV-substrate noise coupling
in 3-D CMOS SOI technology,” in Proc. IEEE Conf. Electr. Perform.
Electron. Packag. Syst., San Jose, CA, USA, Oct. 2013, pp. 73-76.

[9] C. Xu, R. Suaya, and K. Banerjee, “Compact modeling and analysis of

coupling noise induced by through-Si-vias in 3-D ICs,” in Proc. IEEE

Int. Electron Devices Meeting, San Francisco, CA, USA, Dec. 2010,

pp. 8.1.1-8.1.4.

C. Bermond et al., “RF characterization of the substrate coupling

noise between TSV and active devices in 3D integrated circuits,”

Microelectron. Eng., vol. 130, pp. 74-81, Nov. 2014.

U. R. Tida, C. Zhuo, and Y. Shi, “Novel through-silicon-via inductor-

based on-chip DC-DC converter designs in 3D ICs,” ACM J. Emerg.

Technol. Comput. Syst., vol. 11, no. 2, pp. 1-14, Nov. 2014.

Y. Araga et al., “Measurements and analysis of substrate noise coupling

in TSV-based 3-D integrated circuits,” IEEE Trans. Compon. Packag.

Manuf. Technol., vol. 4, no. 6, pp. 1026—1037, Jun. 2014.

W. Liu et al., “Design methodologies for 3D mixed signal integrated

circuits: A practical 12-bit SAR ADC design case,” in Proc. ACM Design

Autom. Conf., San Francisco, CA, USA, Jun. 2014, pp. 1-6.

K. Salah, “Analysis of coupling capacitance between TSVs and metal

interconnects in 3D-ICs,” in Proc. IEEE Int. Conf. Electron. Circuits

Syst., Seville, Spain, 2012, pp. 745-748.

D. H. Kim, S. Mukhopadhyay, and S. K. Lim, “Fast and accurate analyt-

ical modeling of through-silicon-via capacitive coupling,” IEEE Trans.

Compon. Packag. Manuf. Technol., vol. 1, no. 2, pp. 168-180, Feb. 2011.

W. Yu, H. Zhuang, C. Zhang, G. Hu, and Z. Liu, “RWCap: A floating

random walk solver for 3-D capacitance extraction of very-large-scale

integration interconnects,” IEEE Trans. Comput.-Aided Design Integr.

Circuits Syst., vol. 32, no. 3, pp. 353-366, Mar. 2013.

W. Yu, C. Zhang, Q. Wang, and Y. Shi, “Random walk based capac-

itance extraction for 3D ICs with cylindrical inter-tier-vias,” in Proc.

IEEE Int. Conf. Comput. Aided Design, San Jose, CA, USA, Nov. 2014,

pp. 702-709.

C. Serafy, B. Shi, and A. Srivastava, “A geometric approach to chip-scale

TSV shield placement for the reduction of TSV coupling in 3D-ICs,”

Integr. VLSI J., vol. 47, no. 3, pp. 307-317, 2014.

C. Serafy and A. Srivastava, “TSV replacement and shield insertion for

TSV-TSV coupling reduction in 3-D global placement,” IEEE Trans.

Comput.-Aided Design Integr. Circuits Syst., vol. 34, no. 4, pp. 554-562,

Apr. 2015.

N. H. Khan, S. M. Alam, and S. Hassoun, “GND plugs: A superior tech-

nology to mitigate TSV-induced substrate noise,” IEEE Trans. Compon.

Packag. Manuf. Technol., vol. 3, no. 5, pp. 849-857, May 2013.

S. Uemura, Y. Hiraoka, T. Kai, and S. Dosho, “Isolation techniques

against substrate noise coupling utilizing through silicon via (TSV)

process for RF/mixed-signal SoCs,” IEEE J. Solid-State Circuits, vol. 47,

no. 4, pp. 810-816, Apr. 2012.

C. S. Tan and G. Y. Chong, “High throughput Cu-Cu bonding by non-

thermo-compression method,” in Proc. IEEE Electron. Compon. Technol.

Conf., Las Vegas, NV, USA, May 2013, pp. 1158-1164.

A.-Y. Park et al., “Thermo-mechanical simulations of a copper-to-

copper direct bonded 3D TSV chip package interaction test vehicle,”

in Proc. IEEE Electron. Compon. Technol. Conf., Las Vegas, NV, USA,

May 2013, pp. 2228-2234.

[5

—

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 34, NO. 12, DECEMBER 2015

[24] S. Panth, K. Samadi, Y. Du, and S. K. Lim, “Placement-driven partition-
ing for congestion mitigation in monolithic 3D IC designs,” IEEE Trans.
Comput.-Aided Design Integr. Circuits Syst., vol. 34, no. 4, pp. 540-553,
Apr. 2015.

Y. Peng, T. Song, D. Petranovic, and S. K. Lim, “Silicon effect-aware
full-chip extraction and mitigation of TSV-to-TSV coupling,” IEEE
Trans. Comput.-Aided Design Integr. Circuits Syst., vol. 33, no. 12,
pp. 1900-1913, Dec. 2014.

Y. Peng, D. Petranovic, and S. K. Lim, “Fast and accurate full-chip
extraction and optimization of TSV-to-wire coupling,” in Proc. ACM
Design Autom. Conf., San Francisco, CA, USA, Jun. 2014, pp. 1-6.

T. Song, C. Liu, Y. Peng, and S. K. Lim, “Full-chip multiple TSV-to-TSV
coupling extraction and optimization in 3D ICs,” in Proc. ACM Design
Autom. Conf., Austin, TX, USA, May 2013, pp. 1-7.

D. H. Kim er al, “3D-MAPS: 3D massively parallel processor
with stacked memory,” in Proc. IEEE Int. Solid-State Circuits Conf.,
San Francisco, CA, USA, Feb. 2012, pp. 188-190.

Yarui Peng (S’12) received the B.S. degree
in microelectronic engineering from Tsinghua
University, Beijing, China, in 2012, and the M.S.
degree in electrical and computer engineering from
the Georgia Institute of Technology, Atlanta, CA,
USA, in 2014, where he is currently pursuing the
Ph.D. degree in electrical and computer engineer-
ing with the School of Electrical and Computer
Engineering.

His current research interests include physical
design and analysis for 3-D ICs, including parasitic
extraction and optimization for signal integrity and thermal and power deliv-
ery issues.

Mr. Peng was a recipient of Best-In-Session Award in Semiconductor
Research Corporation TECHCON’ 14.

) Dusan Petranovi (M’92) received the B.S. degree
in electrical engineering from the University of
Belgrade, Belgrade, Serbia, the M.S. degree in
computer engineering from Worcester Polytechnic
Institute, Worcester, MA, USA, and the Ph.D. degree
in computer engineering from the University of
Montenegro, Podgorica, Montenegro,

He was a Professor and the Chairman with the

Department of Electrical Engineering, University
of Montenegro. He is an Interconnect Modeling
Technologist with the Design to Silicon Group,
Mentor Graphics Corporation, Fremont, CA, USA, researching on all aspects
of parasitic extraction. He has spent six years teaching at Harvey Mudd
College, Claremont, CA, USA. He was a Technical Staff Member with LSI
Logic Advanced Development Laboratory, researching on the interconnect
modeling. He was a Consultant for NASA, Washington, DC, USA, and NOVA
Management Inc., Monterey, CA, USA. He holds 15 U.S. patents and has
published numerous journal and conference papers.
Sung Kyu Lim (SM’05) received the B.S., M.S.,
and Ph.D. degrees from the Department of Computer
Science, University of California at Los Angeles,
Los Angeles, CA, USA, in 1994, 1997, and 2000,
respectively.

He is the Dan Fielder Professor with the School
of Electrical and Computer Engineering, Georgia
Institute of Technology, Atlanta, GA, USA, where
he joined the School in 2001 and is currently a
Full Professor. His current research interests include
architecture, design, test, and electronic design
automation solutions for 3-D ICs. His research is featured as Research
Highlight in the Communication of ACM in 2014. He has authored the books
entitled Practical Problems in VLSI Physical Design Automation (Springer,
2008) and Design for High Performance, Low Power, and Reliable 3D
Integrated Circuits (Springer, 2013).

Dr. Lim was a recipient of the National Science Foundation Faculty
Early Career Development (CAREER) Award in 2006, the ACM SIGDA
Distinguished Service Award in 2008, and the Best Paper Award from ATS’12
and his work was nominated for the Best Paper Award at ISPD’06, ICCAD’09,
CICC’10, DAC’11, DAC’12, ISLPED’ 12, ISPD’ 14, and DAC’14. He was on
the Advisory Board of ACM Special Interest Group on Design Automation
during 2003-2008. He was an Associate Editor of the IEEE TRANSACTIONS
ON VERY LARGE SCALE INTEGRATION SYSTEMS during 2007-2009 and
the IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED
CIRCUITS AND SYSTEMS since 2013. He led the Cross-Center Theme on
3-D Integration for the Focus Center Research Program of Semiconductor
Research Corporation during 2010-12.

[25]

[26]

[27]

(28]




