
912 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 7, NO. 6, JUNE 2017

Parasitic Extraction for Heterogeneous
Face-to-Face Bonded 3-D ICs

Yarui Peng, Student Member, IEEE, Taigon Song, Member, IEEE, Dusan Petranovic, Member, IEEE,
and Sung Kyu Lim, Senior Member, IEEE

Abstract— Face-to-face (F2F)-bonded 3-D ICs provide higher
vertical interconnection densities and cost-effective solutions com-
pared to face-to-back-bonded 3-D ICs. With a bumpless direct-
copper-bonding process, the die-to-die distance is significantly
reduced to enable a finer F2F via pitch. Unfortunately, this
increases interdie parasitic components that require careful
extraction. Heterogeneous 3-D ICs are built using dies from
different design houses and foundries, potentially using differ-
ent technology nodes. They again require accurate parasitic
extraction across multiple dies and thus call for new computer-
aided design methodologies with intellectual property protec-
tion. We, for the first time, provide a comprehensive study
of three full-chip parasitic extraction methods for homoge-
neous and heterogeneous F2F 3-D ICs. The traditional die-
by-die extraction ignores any interdie coupling and underes-
timates the total coupling capacitance by 35%. The holistic
extraction that takes all dies into account provides the most
accurate results at the cost of high layout-versus-schematic (LVS)
complexity. The in-context extraction, taking only the inter-
face layers from the neighbor dies, offers tradeoffs between
accuracy and complexity. Our study shows that with only
two interface layers, in-context extraction offers highly accurate
and efficient extraction results with 0.9% error for the total
ground capacitance and 0.8% for the total coupling capacitance.

Index Terms— 3-D IC, capacitance extraction, die-by-die,
face-to-face (F2F), heterogeneous integration, holistic, in-context.

I. INTRODUCTION

TRADITIONAL technology scaling in sub-20-nm nodes
is expensive. To lower cost, reduce power consumption,

and increase signal bandwidth on a smaller footprint, 3-D ICs
are promising solutions to extend Moore’s law. A common
3-D IC technology uses face-to-back (F2B) bonding, which
builds through-silicon vias (TSVs) in the silicon substrate as
vertical interconnects. With this technology, however, increas-
ing 3-D via density is difficult because TSVs penetrate a thick
silicon substrate, and fabricating TSVs with high aspect ratio
is prohibitively expensive and complex. Unlike F2B bonding,
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in which the vertical interconnection density is limited by the
TSV size, face-to-face (F2F) bonding technology connects top
metal layers from both dies with F2F vias [1]. F2F designs
achieve much higher 3-D connection density with F2F vias in
a few microns [2].

F2F bonding with copper microbumps can achieve a die-
to-die (D2D) distance of 8.4 µm [3]. This distance is com-
parable to the thickness of a regular redistribution layer [4],
which results in large coupling capacitance. Advanced In–Au
microbumps can reach a size of 1.6 µm [5], and the gap
between tiers can be reduced to 1.5 µm [6], which increases
interdie parasitics significantly. Also, larger bonding pressure
is required for better connection yields and lower resistance,
which results in an even smaller D2D distance [7] and stronger
interdie coupling. Moreover, with a direct copper-to-copper
bonding process [8], the thickness of the bonding interface
layer and copper pads can be reduced to less than 1 µm [9].
This technology is commercialized by various foundries and
packaging house [10]. Such a close distance is similar to
the thickness of interlayer dielectrics of the top metal layers,
which makes parasitic extraction inaccurate without consider-
ing the electrical fields (E-fields) from the neighboring die.

Since the top metal layers are often used for some critical
nets, such as clocks, power, and other global signals, any
inaccurate parasitics translate into inaccurate timing, power,
and noise analysis. Also, because F2F bonding provides a
close coupling distance between multiple dies, it is extremely
suitable for signal [11] or power transmission [12] with con-
tactless transceivers in 3-D ICs with high efficiency. For these
designs, any parasitics on the 3-D vias significantly varies the
resonance frequency and characteristics of the transmission
channel [13]. Therefore, accurate interdie coupling extraction
is critical to designs, such as the transceiver implemented with
F2F coupling capacitance [14] or inductance coupling [15].
As shown in Fig. 1, interdie coupling capacitance becomes
increasingly significant with a closer D2D distance [16]. In
future generation with monolithic 3-D ICs, the tier-to-tier dis-
tance is reduced smaller than 100 nm, and even devices from
the bottom die can be affected by E-field from metal wires of
the neighboring die [17]. Therefore, with future technologies,
E-fields from multiple dies will heavily interact with each
other [18], and interdie coupling parasitics will increase. All
these new technologies require accurate extraction of interdie
coupling elements aware of layers from all dies.

There are many existing works on parasitic extraction
methodologies for interconnects in traditional 2-D ICs.
These standard extraction techniques can be divided into
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Fig. 1. Cross-sectional view of an F2F-bonded 3-D IC structure with
interconnect parasitics.

deterministic methods, such as finite-element method [19] and
boundary-element method [20], as well as statistic meth-
ods, such as floating random walk [21]. Though techniques
based on field solving or random walk can be accelerated
further with a hierarchical approach with lookup tables and
macromodels [22], they require significant runtime on the full-
chip level especially in advanced technology nodes with very
fine pitch structures. Therefore, for efficiency reasons, pattern-
matching-based extraction is still widely used for large-scale
designs, while critical nets are often extracted using field
solving.

Some recent works also demonstrate significant parasitic
coupling in F2B-bonded packages in both signal [23] and
power distribution networks [24]. However, there are few
existing works focusing on parasitic impacts on F2F-bonded
3-D IC designs, and all previous works assume a full knowl-
edge of interconnection on both sides. The direct Cu–Cu bond-
ing enables two dies to be tightly connected, thus the close
D2D distance requires considering both dies simultaneously
for signal and power integrity issues [25]. To enable next gen-
eration of heterogeneous F2F integration, it is also critical to
define an interconnection interface to ensure that designs from
multiple sources can be integrated without violating signal
integrity constraints. Though it is always possible to minimize
parasitic impacts by inserting large IO drivers with ESD
protection circuits, only interdie signal pins can be protected.
For intradie signal routing close to the die surface, parasitic
components still have large impacts on the delay and noise.

In this paper, we provide a comprehensive study on vari-
ous extraction methodologies, runtime–accuracy tradeoffs, and
full-chip parasitic impacts for heterogeneous F2F integration,
and define a practical interconnection interface to enable inter-
die coupling consideration with intellectual property protec-
tion among collaborative companies. We start by introducing
various methodologies for F2F interdie coupling extraction
and comparing their pros and cons using GDS-level full-chip
benchmarks. Then, we analyze full-chip impacts from F2F
interdie coupling elements with our path-finding study into
future heterogeneous 3-D ICs.

II. PROPOSED F2F EXTRACTION METHODOLOGIES

A. Die-by-Die Extraction

In order to handle various F2F technologies and config-
urations, we propose and evaluate three extraction methods
in this paper. First, die-by-die extraction extracts the bottom

Fig. 2. Comparison of F2F extraction methods. (a) Die-by-die, (b) holistic,
and (c) in-context extraction.

and top dies individually similar to current 2-D IC extrac-
tion, as shown in Fig. 2(a). It ignores coupling capacitance
between dies and can be implemented easily using traditional
2-D extraction engines such as Calibre xACT. Presuming
extractions for each die, the only requirement is a method
that can stitch together these individual die netlists with
parasitics. The die-by-die extraction is accurate as long as
the D2D distance is large and the E-fields from both dies
do not couple to each other. On the other hand, the die-
by-die extraction is also considered as “LVS-friendly,” since
layout versus scheme can be done without knowing any
geometries from the neighbor die. Since any sign-off parasitic
extraction needs to be performed after LVS check and all
layer patterns are properly netlisted, die-by-die extraction
completely decouples designs of each dies, allowing for a
faster time-to-market and easier industrial collaboration, which
are critical to enable parasitic extraction of heterogeneous
3-D ICs.

B. Holistic Extraction

The second method is the holistic extraction, where all
layers from both dies are taken into account during technology
calibration and parasitic extraction. As shown in Fig. 2(b),
this extraction requires a full knowledge of both dies, from
device layer all the way to the top metal layer. By performing
a holistic LVS of all dies, the geometry connectivity can be
fully netlisted. It can achieve maximum accuracy by capturing
all E-fields from both dies; therefore, this paper uses holistic
extraction as a reference in our F2F extraction, and compares
other extraction methods to it. However, holistic extraction is
extremely challenging computationally both during precalibra-
tion and runtime. First, considering all layers requires many
more library structures to be built, and there are more combi-
nations of possible structures. This can significantly increase
calibration time. Ideally, it is upon the system designer to
choose vendors for each components.

For heterogeneous integration, it is difficult to consider all
possible combinations of different technologies from multiple
foundries beforehand, especially with various metal stack
configurations. Moreover, it requires coding holistic LVS and
extraction rule decks that can properly recognize all devices,
connect two dies, and perform extraction for all layers. As dies
may be from different technologies, foundries need to share
all information of their technologies, including critical layers,
such as devices and local interconnects, which are needed for
holistic rule decks. For homogeneous 3-D ICs, where both dies
are from the same foundry, it is not impossible, but it takes
time to regenerate rules for both dies and carefully resolve
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Fig. 3. Technology configurations with 1-µm F2F via thickness. Num-
bers show the width/spacing/thickness of each metal layer in micrometers.
(a) and (b) Homogeneous technology in 45- and 28-nm nodes, respectively.
(c) Heterogeneous technology, where bottom die uses 45 nm and top
die 28 nm.

any conflicts. However, if multiple foundry technologies are
used, it requires foundries to share their critical trade secrets
to the public and their competitors. Either one master foundry
is responsible to incorporate layers from the neighboring die,
and maintain the holistic rule deck, or a third party, likely a
packaging house for F2F bonding, is required to combine rule
decks, which are generally encrypted by owner foundries. Not
only is it time-consuming to resolve conflicts and combine
LVS and extraction rules, but also it threatens intellectual
property protection of design houses. Designers for both dies
need to reveal all of their layouts and netlists, which open
doors to backengineering. Therefore, though holistic extraction
may be possible with homogeneous 3-D ICs, it may not
be efficient and realistic for commercial use, especially with
heterogeneous 3-D ICs.

C. In-Context Extraction

To improve parasitic extraction accuracy without imposing
the need for detailed information from the neighboring die,
in-context extraction is proposed to take advantage of die-
by-die extraction without losing much accuracy compared to
holistic extraction. Previous study has shown that most of the
coupling E-field is formed within limited depth into the other
die [26], and we define this as the “coupling depth.” Therefore,
to efficiently perform extraction without sacrificing accuracy,
in-context extraction only takes a few layers, called “interface
layers,” from the neighboring die into account during both
technology calibration and parasitic extraction. As shown in
Fig. 2(c), similar to die-by-die extraction, top and bottom
dies are extracted separately, but both are extracted with the
knowledge of interface layers. Dies with interface layers from
the neighbor are called “in-context dies.” Though extra layers
are still needed, in-context extraction significantly reduces the
number of precalibrated structures required since structures
with small dimensions, such as devices and local metals, are
not included.

Also, for advanced technologies nodes, thousands of design
rules strictly applying to those small structures can also be
avoided, and it is much easier to handle top metals with

Fig. 4. Raphael structure for capacitance extraction. Both the top and bottom
dies contain repeated layout patterns. D denotes the D2D distance, while
w, s, and t denote wire width, spacing, and thickness, respectively.

larger dimensions. On the other hand, in-context extraction
still remains LVS-friendly because only a few top metal
layers are needed to code an LVS deck for in-context dies.
New rule decks can be calibrated incrementally by reusing
existing rule decks. Note that by revealing the noncritical
properties, such metal dimensions and dielectric properties
are not critical issues, and calibration of heterogeneous 3-D
IC technologies need only extend the existing 2-D rule files.
Therefore, this approach reduces the complexity of handling
all layers simultaneously and can be carried out independent
of device fabrication process. Previous work [27] implemented
the in-context extraction with homogeneous technology, and
in this paper, we are focused on heterogeneous 3-D IC
integration.

III. FIELD SHARING ANALYSIS

To find out how two E-fields from both dies interact
with each other, we build a test structure shown in Fig. 4.
The ground planes are located 3 µm away from wires,
and wire width (w) and thickness (t) are fixed as 0.8 and
1.2 µm, which are the same as top metal layer dimensions in
a 45-nm technology. We duplicate patterns of Nets A and B
on the top die, and Nets C and D on the bottom die. In this
structure, the coupling capacitance can be divided into three
groups: intradie coupling capacitance, interdie overlapping
capacitance, and interdie fringe capacitance. The repeated
patterns ensure that any capacitors of the same kind have the
same value. Therefore, intradie coupling, interdie overlapping,
and interdie fringe capacitance can be represented by Cap AB
(or Cap CD), Cap AC, and Cap AD (or Cap BC), respectively.
Note that because of the symmetric structure, total intradie
capacitance can be represented by 2× Cap AB, while total
interdie capacitance can be represented by 1× Cap AC plus
2× Cap AD. Capacitance is extracted assuming an infinite
wire length with a 2-D extraction with a unit of fF/µm.

First, we vary the D2D distance (d) from 0.5 to 8 µm
and find out its impact on the coupling capacitance. Field
solver extraction results are shown in Fig. 5, where capacitance
values are measured by the average of ten wires on each
die. The wire spacing (s) is fixed as 0.9 µm, which is
the minimum spacing of M4–M6 in the target technology.
With a closer D2D distance, interdie coupling capacitance
(represented by Cap AC) increases significantly, while interdie
fringe capacitance (represented by Cap AD) increases slightly.
Also, because of the E-field sharing from the neighbor die,
with a closer D2D distance, intradie coupling capacitance
decreases. It only changes slightly when dies are far from
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Fig. 5. D2D distance (=d in Fig. 4) impact. (a) Single capacitor extraction,
A–D are nets in Fig. 4. (b) Total capacitance extraction.

each other, but it decreases significantly when D2D dis-
tance is less than 5 µm since the E-field sharing from the
other die is much stronger. With a D2D distance smaller
than 1 µm, interdie coupling capacitance becomes compa-
rable to intradie coupling capacitance even with minimum
wire spacing. Therefore, interdie coupling can no longer be
ignored with a close D2D distance. Shown in [16], if the
D2D distance is similar to the top metal dimensions, interdie
coupling becomes comparable to the intradie coupling of the
top wires. Note that the total capacitance always increases with
a closer D2D distance, and the portion of interdie coupling
keeps increasing as well. Therefore, die-by-die extraction,
which is unaware of the neighboring die and ignores interdie
E-field sharing, cannot extract the interdie coupling capaci-
tance accurately when D2D distance is smaller than 5 µm in
this technology.

Then, we vary the wire spacing while keeping the D2D
distance to be 1 µm. Raphael extraction results are shown
in Fig. 6. With a large wire spacing, both intradie coupling
and total coupling capacitance decrease. However, the interdie
coupling capacitance percentage increases with a larger wire
pitch. Also, E-field sharing from neighboring wires within the
same die is weaker, thus stronger coupling is formed between
overlapped wires across dies, which is the major portion in
the interdie capacitance. As a result, total interdie capacitance
increases with a wire spacing up to 3 µm. However, if wire
spacing increases further, intradie E-field sharing is very weak,
and the increase of overlap capacitance (Cap AC) saturates.
Therefore, total interdie capacitance slightly decreases with
smaller fringe capacitance (Cap AD). Overall, interdie capac-
itance becomes comparable to intradie capacitance with wire
spacing larger than 1 µm. From these results, interdie coupling
cannot be ignored in designs with sparsely routed top metal
layers, while intradie E-field sharing cannot be ignored with
densely routed wires during parasitic extraction.

IV. DIE-BY-DIE AND HOLISTIC EXTRACTION FLOWS

In this section, we demonstrate our computer-aided design
(CAD) flows of all three extraction methods discussed in
Section II.

A. Die-by-Die Extraction

The CAD flow of homogeneous die-by-die extraction is
shown in Fig. 7. If a heterogeneous technology is used,
two sets of extraction rules can be calibrated independently.

Fig. 6. Wire-to-wire spacing (=s in Fig. 4) impact. (a) Single capacitor
extraction, A–D are nets in Fig. 4. (b) Total capacitance extraction.

Fig. 7. CAD flowchart of our die-by-die extraction.

Since currently no commercial design tool is able to handle
timing and power optimization of 3-D designs, commercial
3-D ICs have their dies designed separately only with pre-
defined 3-D vias as interface to the neighboring dies, which
reduces CAD complexity and accelerates the design process.
LVS can be done similarly as a 2-D design to match the layouts
or extract a netlist for parasitic extraction. After parasitics are
obtained from both top and bottom dies, designers need to
include a top-level netlist, which describes 3-D connections
and I/O interfaces between dies, as well as a top-level parasitic
file, which includes capacitance of 3-D vias. The full-chip
analysis can be easily performed by merging of all the para-
sitics with a connected netlist for the whole system. Ignoring
interdie capacitance, this flow is widely adopted for both F2F
and F2B designs, and it is the fastest approach and the only
feasible way nowadays.

B. Holistic Extraction

Compared to the die-by-die approach, holistic extraction
requires considering all layers simultaneously. The metal
layers located in the bottom die are denoted with a postfix
of “B,” while the metal layers in the top die are with “ T.”
With F2F bonding, top metal layers from both dies are heavily
coupled. Especially when only a few metal layers are used,
the interdie coupling capacitance consumes a large portion
of total coupling capacitance. However, there is currently no
commercial full-chip extraction engine, which is able to handle
two device layers simultaneously. Therefore, we implement
the holistic extraction flow shown in Fig. 8 by considering the
top die device layer as a conducting layer. This will introduce
some errors mostly on the M1T layer in holistic extraction.
However, it still gives reasonable results since parasitics inside
standard cells should be extracted separately and included in
the post-layout cell netlist, and its timing and power impacts
should be considered by cell characterization. Since most M1
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Fig. 8. CAD flowchart of our holistic extraction.

Fig. 9. 3-D holistic design generation.

areas are used for intracell connections, and we perform full-
chip top-level extraction with very few M1 wires for intercell
connections, only a small portion of coupling capacitance is
extracted on M1 layers of both dies.

First, to generate a holistic technology, a technology gen-
erator reads the 2-D technology and library and duplicates
metal layers and cells in the F2F fashion. The generated
3-D technology and library contain all metal layers as well
as the bottom die substrate and device layer. With all lay-
ers calibrated, holistic extraction is able to fully cover all
E-field interactions inside the F2F bonding layer as well as any
E-field sharing impacts from metal layers. Since current phys-
ical design flow implements each die in 3-D ICs separately,
we implement a CAD flow to generate the 3-D holistic design
from die-by-die designs. A 3-D design converter takes in both
designs and converts each design according to the output of
the 3-D technology generator. Then, by taking the LEFs of
both dies, our top-design generator creates a top-level layout,
which has the same footprint as the 3-D chip, but only contains
dies and F2F via connections. Note that cells from both dies
overlap on the floorplan, thus it cannot pass the geometry
check. Luckily, all major extraction tools are able to handle
this routed layout. Fig. 9 shows our design merging process.

V. IN-CONTEXT EXTRACTION FLOW

A. Technology and Design Generation

Unlike holistic extraction, which handles multiple substrate
and device layers simultaneously, in-context extraction does
not require creating new extraction engines for multiple dies.
For naming convenience, we use “In-C:N” to denote in-context
extraction with N interface layers per die. Note that holistic
extraction can be considered as a special case of in-context
extraction, where all metal layers become interface layers.
Also, our flow is able to handle heterogeneous 3-D ICs even

Fig. 10. CAD flowchart of our in-context extraction.

Fig. 11. Sample in-context interconnect technology with four metal layers.
(a) Bottom in-context die. (b) Top in-context die.

with mismatched die footprint or unsymmetrical F2F-bonded
designs in which the number of metal layers or interface layers
from top and bottom dies is not the same.

To enable such extraction, for each in-context die, we must
include enough data about connectivity and geometries from
its neighboring die. Our in-context flow for homogeneous
3-D ICs is shown in Fig. 10. If a heterogeneous design is used,
in-context extraction rules for bottom and top in-context dies
require being calibrated separately. For technology generation,
we simply extend the basic 2-D technology and library to
create in-context technology files so that there are minimum
changes to the technology description files. Also, incremen-
tal calibration can be applied to reuse existing rule decks
and ensure the silicon-validated 2-D extraction rules are
unchanged.

An example with four metal layers and one interface layer
per die is shown in Fig. 11. We call the outmost metal layer
in our in-context technology “surface layer,” though no metal
layer is physically located at the surface of the chip in real
F2F technology. For example, with the metal stack (In-C:1)
shown in Fig. 11, M4B and M4T layers are surface layers
of top and bottom in-context dies, respectively. Similarly for
In-C:2 extraction, M3B and M3T become surface layers of
top and bottom dies. The surface layer is special since it
has one missing neighbor layer in the in-context technology.
Since each in-context technology only includes one substrate
and device layer, it can be calibrated similarly as a traditional
2-D technology.

Similar to holistic extraction, our generator takes in design
files from both dies and renames the cells and layers. However,
only interface layers are included during design layout merg-
ing, and other layers as well as cells from the neighbor-
ing die are discarded. Fig. 12 shows an in-context design
generation process for technology shown in Fig. 11. After
in-context designs are generated, they are extracted similarly
as the die-by-die flow. Since most of the interdie E-fields are
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Fig. 12. 3-D in-context design generation.

formed within neighbor layers, in-context extraction provides
a close-to-optimum solution with easy implementations. Also,
it is much easier to avoid intellectual property issues with
heterogeneous designs.

B. Double Counting Correction

Though in-context extraction provides a way to stay com-
patible with current CAD tools and extract dies separately,
the interface layers need to be handled with extra care to
avoid any inaccuracy. First is to avoid double-counting the
capacitance formed between the interface layers. If we directly
add parasitics from both dies together, the capacitance will be
significantly overestimated since interface layers are extracted
both in the top and bottom in-context designs.

To solve the double-counting problem, we extract capaci-
tance with their geometry information annotated into the SPEF
file. Then, we implement a parasitic analyzer, which reads the
extended SPEF file and looks up the capacitance layer connec-
tion one-by-one. An intuitive way to solve the double-counting
is to divide every double-counted capacitance by half. It is
effectively calculating the average between top and bottom in-
context parasitics. We call this method “In-C halved,” and the
method by simply merging both in-context parasitics as “In-
C original.” With an In-C halved extraction, overestimation
of interdie coupling can be corrected. However, this is still
not fully accurate since the overestimated capacitance is not
exactly twice as large as their correct value. Neither bottom
die nor top die has the full information of the whole design,
and even for the same capacitor, its value is different in two
dies because the extraction environment is not the same in
both dies.

C. Surface Layer Correction

Another issue, which also affects the in-context extraction
accuracy, is the surface layer handling. Shown in Fig. 11,
surface layers of both in-context dies are outmost metal
layers missing one neighbor layer in the metal stack. How-
ever, with in-context designs, E-field sharing impacts are
not fully considered since a few metal layers are missing
during the technology calibration. Most E-field interactions
are between neighboring metal layers, and surface layers are
mostly affected by inaccurate extraction. Unlike other metal
layers where E-field sharing from both sides is taken care
of, the capacitance extracted on the surface layer only con-
siders the E-field sharing from one of its neighboring layers.
The In-C halved method is able to correct the double-counting
but unable to fix the inaccurate surface layer capacitance.

Fig. 13. Correction weight for top in-context die in a two-tier 3-D IC with
two interface layers per die. (a) Ground cap scaling factor. (b) Coupling cap
scaling factor.

To solve this issue, we propose an “In-C weighted” method.
The motivation is simple, as we observe that a surface layer
in one in-context die is not the surface layer in the other
in-context die. For example, as in Fig. 11, ground capacitance
on M4T cannot be extracted accurately with bottom in-context
die because layers from M1T to M3T are missing. However, it
is accurate in the top die, where M4T is not the surface layer
and has both its neighboring layers. Therefore, when stitching
together capacitance of both dies, imbalanced weights should
be used depending on how close a layer is to the surface.

To implement this, we use a parameter D for each metal
layer as the distance to surface. In any in-context technology,
the surface layer has a D value of zero, while D increments by
one for each metal layer below the surface layer. For example,
in Fig. 11, D value of M2B is 3 in the bottom in-context
technology, while D value of M3T is 2 in the top in-context
die. Generally, with a larger distance to surface, more E-field
sharing can be considered for that layer. We define an R ratio
for each interface layer as the ratio between its D values in
the bottom in-context die and the top in-context die. It is
used as a weight to merge capacitance extracted from both
dies. To combine calculation of both ground capacitance and
coupling capacitance, we define the R ratio of the ground layer
as 1:1.

Then, we can calculate the capacitance from interface layers
based on a weighted average from both dies. Note that we do
not need to handle capacitance, which is not double-counted.
As long as the total weight of both dies is equal to 1, there is no
overestimation in interdie coupling. Therefore, for a double-
counted capacitor connecting two layers, we normalize the
product of R ratios of these layers to 1, and use it as the weight
between the bottom in-context die and the top in-context die.
Fig. 13 shows an example with four metal layers and two
interface layers. Our in-context extraction gives larger weights
to layers far from the surface so that the inaccuracy from
E-field sharing impact is mitigated. As in the example, larger
weight is given to ground capacitance in M3T in the top die,
but M3B in the bottom die. Also, we use half from bottom die
and half from top die for coupling between M4T and M4B.

VI. FULL-CHIP EXTRACTION RESULTS

In this section, we build a 64-point FFT (FFT64) circuit in
a 45-nm technology shown in Fig. 3(a) and apply all three
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Fig. 14. Layouts of FFT64 benchmark using four metal layers. (a) Holistic
and (b) in-context with one metal layer from the other die for the interface.

TABLE I

HOLISTIC EXTRACTION OF F2F COUPLING CAPACITANCE.
CAPACITANCE VALUE IS IN FF

extraction methods on it for comparison. The F2F via has a
size of 1 × 1 µm 2, and the F2F bonding layer is 1 µm in
thickness and filled by SiO2 with a relative permittivity of 3.9.
We implement the flows described in Section IV and generate
design layouts in all three styles: die-by-die, holistic, and
in-context. Fig. 14 shows FFT64 design shots. This design is
routed up to M4 and has a footprint of 380× 380 µm 2 with
38 K gates, which is similar to a digital block in a modern
system. The F2F via resistance is assumed as 1 � connecting
between M4B and M4T.

A. Interdie Versus Intradie Breakdown

First, we analyze how much coupling in an F2F design
is contributed by interdie coupling using holistic extraction
shown in Table I. In our extraction, both ground capacitance
and coupling capacitance are extracted. Table I is symmetric,
thus only the lower triangle is shown. It can be divided into
three parts: intrabottom-die coupling, intratop-die coupling,
and interdie coupling. As results show, intradie coupling
is still the most dominant portion in total capacitance, and
most interdie coupling is between top metal layers of both
dies. The M4B-to-M4T coupling contributes to 83% of
all interdie coupling. The interdie coupling contributes to
34% of the total coupling capacitance on M4B and 39%
of the total coupling capacitance on M4T layer. We also
observe a noticeable contribution from interdie coupling on
total coupling capacitance of second-topmost layers
(8.4% and 9.1% for M3B and M3T, respectively). For
lower metal layers, the contribution from interdie coupling is
negligible. Overall, interdie coupling contributes to 23% in
total coupling capacitance in the F2F-bonded FFT64 design.

The results validate two of our motivations: 1) interdie
coupling is not negligible especially for the top metal layers;

TABLE II

DIE-BY-DIE EXTRACTION ERROR ANALYSIS AGAINST HOLISTIC
EXTRACTION. CAPACITANCE IS IN FF

therefore, die-by-die extraction is not sufficient for accurate
extraction of F2F designs and 2) interdie coupling E-fields
are mostly limited between a few metal layers because of
E-field shielding from metal wires. In this configuration, the
coupling depth is around two metal layers. Therefore, it is safe
to ignore a few metal layers in our in-context extraction, which
still captures most interdie coupling E-fields. From the results,
we conclude that our holistic extraction is highly accurate to
capture all E-field interactions inside F2F designs.

B. Die-by-Die Versus Holistic Extraction

Then, we analyze how much error is introduced with die-by-
die extraction. The total extracted ground capacitance is very
similar between die-by-die extraction (39476fF) and holistic
extraction (39247fF) with only a 0.58% difference. This is
because the substrate, which serves as the ground plane, is
far from interface layers. Most differences between these
two methods come from coupling capacitance. As shown
in Table II, die-by-die extraction underestimates total coupling
capacitance by 35% compared to holistic extraction. Though
with more metal layers in each die, percentage difference
between die-by-die and holistic extraction will be smaller, but
accurate extraction is still essential for critical nets on the top
metal layer. Therefore, we conclude that die-by-die extraction
cannot accurately capture all coupling capacitance and E-field
interactions inside the F2F designs, especially for technologies
with a close D2D distance.

C. In-Context Versus Holistic Extraction

To validate our in-context extraction, we compare extrac-
tion results to holistic extraction, which is assumed as our
golden model. However, there is no extraction tool available
that handles two device layers and substrates simultaneously.
Therefore, we build the holistic technology with the bottom
die as the device substrate, while we use a ground plane as
boundary conditions to replace top die substrate. On the other
hand, in-context extraction does not have this limitation with
a single device substrate for each in-context die. Therefore,
the in-context extraction can be more accurate on layers close
to the top die substrate. Note that since only the top die
grounded substrate is replaced, only ground capacitance of
layers close to the top die substrate is affected. Targeting
a coupling depth of two layers, Table III shows extraction
results of in-context extraction with two interface layers per
die (In-C:2). Since M1 and M2 are not interface layers,
interdie coupling capacitance on those layers is zero with
in-context extraction. However, the in-context extraction still
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TABLE III

IN-CONTEXT EXTRACTION OF F2F COUPLING CAPACITANCE. WE USE
TOP TWO METAL LAYERS FOR THE INTERFACE.

CAPACITANCE IS IN FF

TABLE IV

IN-CONTEXT EXTRACTION ERROR ANALYSIS AGAINST HOLISTIC
EXTRACTION. CAPACITANCE IS IN FF

remains as highly accurate since the interdie coupling contri-
butions from M1 and M2 are small, and negligible errors are
introduced. If higher accuracy is desired, more interface layers
can be added into in-context extraction, and LVS complexity
is still much lower than holistic extraction since adding a few
interconnect layers with large dimensions is still much easier
than analyzing multiple device layers or local interconnection
layers.

Table IV summarizes the extraction comparison between
in-context and holistic extraction. As results show, for all
layers, our in-context extraction is highly accurate in both
ground capacitance and coupling capacitance. Since our
in-context extraction ignores a few interdie coupling ele-
ments on M1 and M2, total capacitance extracted with our
in-context flow is underestimated slightly. As results show,
total ground capacitance is underestimated only by 0.9%, and
total coupling capacitance is underestimated only by 0.8%.
Note that coupling capacitance errors on M4B and M4T
are only 0.7% and 1.0%, respectively. These two interdie
coupling elements are largest in absolute value, indicating
that almost all interdie coupling capacitors are captured with
our in-context extraction. Therefore, we can conclude that our
in-context extraction is highly accurate and efficient to capture
most E-field interactions inside the F2F designs without
adding too much CAD complexity.

D. Impact of Interface-Layer Handling

Previous results are extracted based on the In-C weighted
method, which corrects both double-counting and surface
layer errors. We compare various interface-layer handling

TABLE V

COMPARISON OF INTERFACE-LAYER HANDLING METHODS. UNIT OF
TOTAL COUPLING CAPACITANCE OF EACH LAYER IS FF

TABLE VI

IMPACT OF THE INTERFACE-LAYER COUNT ON EXTRACTION ACCURACY.
“IN-C:N” DENOTES IN-CONTEXT EXTRACTION WITH N INTERFACE

LAYERS PER DIE. CAPACITANCE IS IN FF

methods discussed in Section V-C. Table V summarizes
full-chip extraction results with three handling methods on
M3B and M3T. As results show, interface-layer handling
significantly affects extraction accuracy. If the coupling capac-
itance is simply added up from both dies, the In-C original
method overestimates coupling capacitance in the interface
layer significantly. The total coupling capacitance errors for
M3B and M3T are 77% and 112%, respectively. Total coupling
capacitance is also overestimated for M4B and M4T as well.
Note that even for the same capacitor, its capacitance value is
different when extracted with bottom and top in-context dies
because its context and the E-shield sharing from neighbor
layers differ.

By dividing every capacitance in half, extraction errors are
significantly reduced to −12% and −5.8% for M3B and M3T,
respectively. However, the extraction accuracy is still not
high enough because E-field sharing impacts are not han-
dled well for surface layers as discussed in Section V-C.
With our proposed method using a weighted average, our
in-context extraction is highly accurate compared to holistic
extraction. Total coupling capacitance errors for M3B and
M3T are reduced to −0.3% and −1.4%, respectively, which
is almost negligible for full-chip analyses. Our interface-layer
capacitance handling does not affect the number of coupling
capacitance, thus the number of aggressors is the same, but it
affects the coupling strengths of the aggressors. Overall, we
can conclude that our in-context extraction algorithm using
weighted average to handle interface layers is highly effective
and accurate.

Previous in-context extraction results are based on two
interface layers per die. Table VI summarizes results with
various numbers of interface layers. Interestingly, even with
only one interface layer per die, in-context extraction is
quite accurate. Total coupling capacitance has only a 2.9%
error compared to holistic extraction, which can actually be
regarded as In-C:4 for a technology with four metal layers.
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TABLE VII

F2F EXTRACTION FOR 28-nm LDPC BENCHMARK WITH TWO DIES,
EACH ROUTED UP TO M6. CAPACITANCE IS IN PF

With more interface layers, accuracy increases. Total cou-
pling capacitance errors of In-C:2 and In-C:3 are −0.76%
and −0.68%, respectively, compared to holistic extraction.
Note that since in-context extraction still ignores some interdie
coupling, it generally extracts less coupling capacitance than
holistic extraction. From these results, we conclude that most
interdie coupling capacitance can be extracted even with one
interface layer from each die. If higher accuracy is required,
more interface layers can be included in the in-context extrac-
tion to provide detailed consideration of the neighboring die
and metal layers.

E. Extraction With 28-nm LDPC

To extend our study into advanced technology nodes, we
also design an low-density parity-check (LDPC) benchmark
in a 28-nm technology with routing up to M6. Table VII
summarizes the extraction results of all three methods. Tech-
nology characterization is performed on a Linux server using
12 cores in parallel. As expected, the interdie coupling portion
reduces in 28-nm technology. This is because M4–M6 wire
dimensions (0.112 µm in width and 0.19 µm in thickness)
decrease compared to those in 45-nm technology (0.14 µm
in width and 0.28 µm in thickness). Also, the wire pitch
in the 28-nm technology is smaller than that in the 45-nm
technology, which makes the routing denser and increases
intradie coupling. However, we still observe noticeable under-
estimation of −8.8% in total coupling capacitance from die-
by-die extraction, as a result of ignoring interdie coupling. As
results show, our in-context extraction methods using one to
three interface layers per die are highly accurate compared to
holistic extraction. Therefore, we conclude that our extraction
methods are highly flexible and can handle various metal
structures in different technology nodes.

VII. FULL-CHIP ANALYSIS

In this section, we present our full-chip timing, power, and
signal integrity analysis results of our FFT64 benchmark using
Primetime.

A. Impact of Interdie Coupling on 3-D Nets

Since interdie coupling is mostly between top metal layers
of both dies, we focus on 3-D nets, which connect between
bottom and top dies. Except for the clock net, which is
assumed to be an ideal network, the rest of the 329 F2F vias
are measured. Other 2-D nets have fewer routing wires on the
top metal layers and are less affected by interdie coupling. The
results are shown in Fig. 15, where each dot represents one

Fig. 15. Full-chip comparison of die-by-die (D-D) and in-context (In-C)
against holistic extraction (Holi) on 3-D nets, each of which is represented
by one dot. (a) Aggressor count. (b) Wire capacitance.

TABLE VIII

FULL-CHIP COMPARISON OF DIE-BY-DIE (D-D), HOLISTIC (HOLI),
AND IN-CONTEXT (IN-C) EXTRACTION WITH ONE

INTERFACE LAYER PER DIE

3-D net, and its X value is the result with holistic extraction.
As results show, using die-by-die extraction, the number
of aggressors is significantly underestimated for 3-D nets
because aggressors from the neighbor die are ignored.
However, with our in-context extraction, most aggressors are
correctly captured even with one interface layer per die.

B. Full-Chip Power, Performance, and Noise

To find out how large interdie coupling impacts are on the
full-chip metrics, we compare three extraction methods with
full-chip analyses as shown in Table VIII. The longest path
reported by Primetime is a 3-D path, which starts from a
register in the top die, goes to the bottom die through an F2F
via, and ends on another register in the top die. Since parasitics
of interdie coupling mainly affect wires on the top metal
layer, 3-D paths are heavily affected by interdie coupling. As
results show, without interdie coupling, die-by-die extraction
underestimates the longest path delay by 6.2%. Also, total wire
capacitance on 3-D nets is underestimated by 13%. Therefore,
die-by-die extraction is not enough for accurate full-chip
analysis. Note that although interdie coupling capacitance is a
large portion of total coupling capacitance, ground capacitance
and pin capacitance are major contributors to the capacitive
load of a net. Therefore, interdie coupling only slightly affects
the switching power consumption of F2F designs. From our
results, ignoring interdie coupling and the F2F bonding inter-
face layers, die-by-die extraction underestimates 3.5% of total
switching power on 3-D nets, while we only observe 1.7%
underestimation on the switching power.

However, in terms of signal integrity, interdie cou-
pling shows much larger impacts, especially on top metal
layer wires. Total coupling capacitance reported on 3-D nets
is underestimated significantly by 32%. Similarly, average
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number of aggressors for 3-D nets is also underestimated
by 30%. Because of fewer aggressors and a weaker coupling,
the maximum noise on 3-D nets is underestimated by 26%
with die-by-die extraction as well. Therefore, for sign-off
verification and post-silicon analysis, where highly accurate
parasitic extraction is required, die-by-die extraction intro-
duces significant errors, and interdie coupling needs to be
handled carefully.

With our in-context extraction, most of the interdie coupling
and E-field interaction are captured accurately. As results
show, the timing error is only 1.8% even using our in-context
extraction with one interface layer per die, and total switching
power is underestimated by only 0.8%. For signal integrity
analyses, in-context extraction is also able to capture most
coupling aggressors. For 3-D nets, only 3.7% and 1.1% under-
estimation is observed on total coupling capacitance and total
wire cap, respectively. The max noise underestimation is only
6.1% with in-context extraction. Note that only one interface
layer per die is included, and more coupling aggressors will
be captured using in-context extraction with more interface
layers. However, their coupling strengths are relatively weak,
thus their impacts are much smaller.

VIII. EXTRACTION FOR HETEROGENEOUS 3-D ICs

Previous designs are still based on the homogeneous tech-
nology where the fabrication processes of both bottom and
top dies are the same and designers have a full knowledge of
the connectivity and geometry of the system. As discussed
in Section II, though in-context extraction provides a fast
and accurate approximation and is easier for implementa-
tion, holistic extraction is still the most accurate solution
and can be implemented without problem. Once CAD tools
are completely migrated to handle multiple dies, holistic
extraction provides a straightforward solution. However, when
multiple vendors are responsible for design and fabricating
different dies, in-context extraction is preferred to protect
intellectual property and decouple the design process with
multiple companies. In this section, we discuss several issues
in heterogeneous integration and the tradeoffs with in-context
extraction. We also implement a heterogeneous design and
perform full-chip extraction to validate our in-context flow.

A. Methodology

For accurate parasitic extraction, the connectivity
(or netlists) information of both dies is required. However,
with heterogeneous integration, it may not be possible
because of intellectual property protection. This results in
tradeoffs between extraction accuracy and CAD complexity.
An example is shown in Fig. 16 with two nets. Net A is in the
top die, and net B is in the bottom die. Both nets span across
two layers with multiple wire segments. For an in-context
extraction with one interface layer, various handling methods
can be applied for heterogeneous integration. If the extraction
engine has a full knowledge of the connectivity, as shown
in Fig. 16(a), the extraction can be performed with correct
E-field distribution, and all extracted capacitance can be
netlisted correctly. In this case, capacitances C1 and C2 can

Fig. 16. Three cases of in-context extraction with one interface layer: (a)
with connectivity information of the interface layer, (b) assumes signal nets,
and (c) assumes ground nets.

be further reduced into one. However, if only the layout
geometry is known, as shown in Fig. 16(b) and (c), there are
two ways of handling the interface layer. Note that current
analysis engine generally ignores floating nets, so either it can
assume that all wires on the neighboring die are independent
signal nets or they are grounded wires.

However, both methods have to sacrifice the extraction
accuracy. In Fig. 16(b), since wires A1 and A3 belong
to different nets, it introduces an extra coupling capaci-
tor C4 between them. Because of the E-field sharing rep-
resented by C4, some E-fields are redistributed to coupling
between wires A1 and A3. This results in smaller capaci-
tance from C1 to C3. On the other hand, wires A1 and A3
become two independent signal nets, which also differ from
Fig. 16(a). As for Fig. 16(c), all the capacitance can be
extracted as ground capacitance, but parasitics between two
dies are completly decoupled. This results in some errors in
noise and delay analyses as well. If net B is a victim, since
both wires A1 and A3 are aggressors in Fig. 16(a), they
generate noises through capacitors C1–C3 when switching.
However, these capacitors become grounded in Fig. 16(c). Not
only interdie aggressors are missing, but also the total ground
capacitance on net B increases, which makes net B become
more difficult to switch. Therefore, the coupling noise on net
B is underestimated. On the other hand, the impact on the
timing comes from Miller effects. In Fig. 16(a), the worse case
delay is when net A and net B are switching to the opposite
directions. Because of the Miller capacitor C1–C3, the delay
of both nets is larger. However, Fig. 16(c) can only provide
an average estimation for the delay after interdie capacitance
is decoupled.

Since Primetime does not consider Miller effects on timing
and power, we rebuild the environment of each 3-D net
and perform Hspice simulation one-by-one for worst-case
timing and noise analysis. All aggressors are assumed to have
the same waveform switching in the opposite direction to
victim nets, and we measure the delay and noise on each
victim net between coupled capacitance as in Fig. 16(a) and
decoupled capacitance as in Fig. 16(c). The results are shown
in Fig. 17. As results show, with decoupled capacitance,
the worst-case delay and noise are underestimated by 4.7%
and 17.3% on average. Note that for a full timing path, the
difference is small since most 2-D nets are not affected much.
However, if the signal integrity is critical, designers need to
provide both layout geometries as well as netlist connectivity
for the interface layer to allow maximum accuracy with



922 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 7, NO. 6, JUNE 2017

Fig. 17. Interdie decoupling impact on 3-D nets. (a) Worst-case delay.
(b) Worst-case noise.

in-context extraction. This can be done by providing an anno-
tated GDS file for the interface layers, where wire geometries
are labeled with their connectivity information.

B. Routing Direction Impact

Another issue with heterogeneous integration lies in routing
directions of metal layers. If wires on the neighboring layers
are routed in the same direction, it is more likely that several
wires are routed along in a long range. This will significantly
increase the coupling between wires on the neighboring layers.
Therefore, in common modern designs, wires on the neighbor-
ing layers are routed in orthogonal directions to avoid large
coupling capacitance, except for M1, which may be routed in
the same direction of its neighboring layer for manufacturing
alignment issues. Previous design assumes a homogeneous
technology such that metal stack configurations of both dies
are the same. Therefore, the coupling capacitance is mainly
formed between two top metal layers, which are routed in the
same direction. This helps the in-context extraction to achieve
high accuracy when only one interface layer is included.

However, in a heterogeneous design, where the designer
and manufacturer of both dies are different and dies are
designed separately, routing directions of top metal layers
are likely to be orthogonal. This significantly changes the
interdie coupling E-field distribution in the interface layers.
Intuitively, interdie coupling may reduce because smaller
coupling capacitance is formed between top layers of both
dies. However, nonneighboring interface layers are routed with
the same direction, which significantly increases the interdie
coupling between them. For example, if M4B and M4T are
routed in the orthogonal direction, the coupling between them
will reduce. However, the coupling between M4B and M3T
as well as the coupling between M3B and M4T increases
since they are routed in the parallel direction. Therefore, if
top metal layers are changed from parallel routing direction
to orthogonal routing direction, its impact on interdie cou-
pling depends on the technology configuration, such as metal
dimensions and dielectric properties, as well as design layouts,
which determine the wirelength distribution of each layers.
Interdie coupling may increase or decrease depending on
E-field distribution.

To illustrate this, we design our FFT circuit with top metal
layers routed in orthogonal directions for comparison. To avoid
changing the wirelength distribution, we redesign the top die
by keeping its cell placement and F2F via locations the same,

TABLE IX

HOLISTIC EXTRACTION OF FFT WITH ORTHOGONAL TOP METAL
LAYERS. CAPACITANCE IS IN FF

TABLE X

IN-CONTEXT EXTRACTION ERRORS. NUMBER OF INTERFACE LAYERS IS
ATTACHED AFTER THE DIE. CAPACITANCE IS IN FF

while rotating the routing directions of all its layers 90°.
Then, we perform an incremental routing on the top die to
fix any design violations. After the designs are generated, we
perform holistic and in-context extraction on the new design
and compare it to the original one. However, since we focus on
heterogeneous designs, which are unaware of its neighboring
die before bonding, in-context extraction results are divided
into two parts, one for bottom die and one for top.

Table IX shows the holistic extraction of the redesigned
FFT. As results show, unlike the original design where the
maximum interdie capacitance is between M4B and M4T,
in this design with orthogonal top metal layers, the maxi-
mum interdie coupling is between nonneighboring layers. The
interdie coupling between M4 layers significantly decreases to
214 fF because of the routing direction change. Therefore, the
coupling depth of this design increases to around two metal
layers. This also changes the in-context extraction accuracy,
as shown in Table X. As results indicate, because the interdie
coupling increases significantly, in-context extraction on each
individual die with only one interface layer is no longer
accurate enough. The coupling depth is not fully covered
by one interface layer, so adding more interface layers is
necessary. By including two interface layers, it is guaranteed
that at least one layer with horizontal routing direction and
one layer with vertical routing direction will be included.
The extraction error is significantly decreased. Furthermore,
benefits of including three interface layers are small since it
is out of the coupling depth. Therefore, we conclude that in-
context extraction of heterogeneous 3-D IC needs to include
at least enough interface layers covering the coupling depth:
most likely, one interface layer if top layers of both die are
routed in with parallel direction, and two layers if routed in
orthogonal directions. Note that orthogonal top-layer routing
is not a problem if designers have full knowledge to both dies,
including layouts and connectivity as in homogeneous designs.
This is because weighted interface-layer handling methods are
able to correct the extraction error by combining both dies.
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Fig. 18. Layout shots of the FFT design, whose top die is in 28 nm and
bottom die in 45 nm. (a) Placement. (b) Routing.

TABLE XI

HOLISTIC EXTRACTION AND IN-CONTEXT EXTRACTION OF FFT SHOWN

IN FIG. 18. CAPACITANCE IS IN FF

C. Full-Chip Extraction of Heterogeneous Technologies

With heterogeneous integration, it is possible that top and
bottom dies are designed and fabricated in different technology
nodes. To illustrate this, we redesign our FFT circuits with
heterogeneous integration shown in Fig. 3(c). The top die is
designed in 28 nm, and the die footprint size is measured
at 300 µm square. As shown in Fig. 18, the bottom die is
still in a 45-nm node, and the cell placement is the same as
previous designs with a footprint size of 380 µm. However,
in order to fit F2F vias into the top die footprint, F2F via
placement is scaled while the F2F via dimensions are the same.
Bottom and top dies are still bonded with a 1-µm dielectric
layer in between. We perform holistic extraction and in-context
extraction with two interface layers on this design, and results
are shown in Table XI. For the bottom die, the coupling
capacitance is smaller for its top layers since the top die is
shrunk, which leaves an empty region to its boundary. This
also results in a reduction in total interdie coupling since the
D2D distance is unchanged. However, if bonding technology
improvement is considered, which requires a thinner interdie
dielectric layer, the interdie coupling is still comparable to
previous designs. As results show, our in-context extraction is
still accurate for designs with heterogeneous integration and
remains LVS-friendly. However, if extraction of each die is
conducted independently, including layers at least covering
interdie coupling depth is required for high accuracy.

As a summary, die-by-die extraction is cost-efficient and
does not require new CAD tools. It is accurate on designs
with thick die interface layers and small interdie coupling
capacitance. Holistic extraction, in contrast, is the most com-
plex and time-consuming procedure, but provides the highest
accuracy across various technologies. It is more suitable for
homogeneous integration or designs in which informa-
tion about both designs is provided beforehand. How-
ever, it requires updating current CAD infrastructures with

multiple-die handling, which will take some time before it
is widely adopted. In-context extraction entails fewer layers,
and does not require the simultaneous extraction of two device
layers, which introduces significant difficulties for LVS check-
ing. Foundries need only to reveal their interface layers, but
they do not need to share important device fabrication details
with in-context extraction. This can further accelerate the com-
mercial adoption of in-context extraction on heterogeneous
F2F 3-D ICs.

IX. CONCLUSION

In this paper, we compared three extraction methods in
F2F 3-D ICs. We demonstrated the impact of E-field sharing
and determined that interdie coupling cannot be ignored in
F2F-bonded 3-D ICs. We implemented a holistic extraction
method for homogeneous integration and found that it is
the most accurate at capturing all interdie coupling. We also
proposed an in-context extraction method for heterogeneous
integration that is compatible with traditional CAD tools,
but includes interface layers from a neighboring die during
extraction. While die-by-die extraction underestimates total
coupling capacitance, holistic extraction more accurately esti-
mates coupling capacitance by capturing all interdie coupling
but with higher complexity. Our in-context extraction is highly
accurate and captures most E-field interactions across dies.
In addition, being LVS-friendly, it can be easily implemented
to simplify collaboration across multiple companies.
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