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Abstract— Through-silicon-via (TSV)-to-TSV coupling is a new
phenomenon in 3-D ICs, and it becomes a significant source of
signal integrity problems. The existing studies on its extraction
and analysis, however, become inaccurate when handling more
than two TSVs on full-chip scale. In this paper, we investigate the
multiple TSV-to-TSV coupling issue and propose a model that
can be efficiently used for full-chip extraction. Then, we perform
an analysis on the impact of TSV parasitics on coupling and
delay. Unlike the common belief that only the closest neighboring
TSVs affect the victim, this paper shows that nonneighboring
aggressors also cause nonnegligible coupling noise. Based on these
observations, we propose an effective method of reducing the
overall coupling level.

Index Terms— 3-D IC, coupling, crosstalk, full chip, signal
integrity (SI), through-silicon via (TSV).

I. INTRODUCTION

THROUGH-SILICON-VIA (TSV) and 3-D integrated
circuits (3-D ICs) are expected to be the key technology

trend in high-performance and low-power systems [1].
In 3-D ICs, dies are stacked vertically, and transistors in
different dies are connected by TSVs. TSVs are smaller
than off-chip wires, thereby enabling ultrawide bandwidth
and high-speed communication between dies. Industries have
started designing 3-D DRAMs using TSVs [2], and academia
are reporting the impact of TSVs on 3-D ICs in [3] and [4].

One of the essential signal integrity (SI) characteristics
in studying TSVs is coupling. In 2-D ICs, metal-to-metal
is the main source of noise coupling. Two adjacent metal
wires form a parallel capacitor, and noise voltage travels
from an aggressor to a victim through close metal wires
(capacitive coupling). However, in 3-D ICs, two adjacent TSVs
form a complex coupling network due to its surroundings.
TSV-to-TSV coupling forms not only a capacitive coupling
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network but also other complex coupling networks. These
coupling networks cause significant coupling noise between
two adjacent TSVs. Therefore, a signal path that includes
TSVs can suffer from significant noise in 3-D ICs.

In this paper, therefore, we study the multiple TSV-to-TSV
coupling effect inside 3-D ICs on a full-chip level. We describe
the true phenomena that take place inside the ICs, and propose
a compact model that captures the coupling effect among
multiple TSVs. Then, we propose a methodology that performs
an analysis of multiple TSV coupling on a full-chip level.
Based on our methodology, we also study the critical factors
that affect noise coupling and delay in 3-D ICs.

The main contributions of this paper include the following.
1) Nonneighboring Aggressor Impact on TSV-to-TSV

Coupling: Unlike on-chip wires, we show that
TSV coupling is affected by both the closest and
nonneighboring aggressors.

2) A Compact Multiple TSV-to-TSV Coupling Model and
an Extraction Algorithm: To the best of our knowledge,
we propose the first compact multiple TSV-to-TSV
coupling model and an extraction algorithm that can be
applied on a full-chip level.

3) Impact of Process Parameters on Noise and Delay:
We show that the full-chip noise/delay does not increase
significantly as in single-net studies, and that 3-D net
delay is not sensitive to neighbor TSV distance as in
2-D net.

4) TSV Coupling Optimization: We propose a design
optimization methodology that reduces TSV-to-TSV
coupling in large-scale full-chip 3-D IC designs.

II. MOTIVATION

This section describes the motivation of this paper and
shows our findings. We also show why [5] is inaccurate.
In this paper, we use the TSVs with a diameter of 5 μm,
a height of 60 μm, a SiO2 liner of 0.5 μm, and a minimum
pitch of 15 μm.

A. Maximum Coupling Capacitance

Liu et al. [5] assumed that the silicon substrate capacitance
depends only on the distance between two TSVs. However,
when a victim TSV is surrounded by more than one aggressor,
the total coupling capacitance of the silicon substrate has
a maximum limit, and does not increase linearly. Many
TSV modeling papers [5], [6] claim that the silicon substrate
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Fig. 1. Illustration showing (a)–(f) nonlinear capacitance increase when the number of aggressors increases and (g) maximum limit of coupling capacitance
of a TSV.

capacitance follows (1), which is the capacitance between
two parallel, circular conducting wires:

Csi = πε0εsi L

ln[(P/2r) + √
(P/2r)2 − 1] (1)

where εsi, L, P , and r are the permittivity of the silicon
substrate, the height of the TSVs, the pitch between
the TSVs, and the radius of the TSVs, respectively. By (1),
when the coupling capacitance between an aggressor and a
victim in a certain pitch is 1×, the victim will see 8× coupling
capacitance when there are eight aggressors in every direction.

However, (1) is correct only when there are no other
neighbors near the two TSVs. When TSV aggressors are close
to another aggressor, the total substrate capacitance that a
victim sees will increase, but it will not increase linearly.
Fig. 1 illustrates this when the radius is 2 μm and the pitch
between the TSVs is 10 μm. We simulated the total coupling
capacitance using Synopsys Raphael when different numbers
of aggressors are near a victim TSV. Fig. 1 shows that,
although more TSVs are near the victim, the increase in the
total coupling capacitance is minor. For example, Fig. 1(d) has
two more aggressors than Fig. 1(c), but the total capacitance
increase is only 0.51×. For Fig. 1(e), four more aggressors
are added than Fig. 1(d), but the capacitance increase is
only 0.05×. From this paper, we show that (1) cannot be
used for a multiple TSV coupling analysis. We also emphasize
that, even when there are the same numbers of aggressors,
TSV coupling capacitance changes when aggressors are in
different locations. For example, Fig. 1(b) and (c) has the same
numbers of aggressors, but the total capacitance is different
by 0.1×. This is because the E-field that forms capacitance
changes due to the different locations of the TSVs. Thus,
we conclude that the coupling capacitance is a function of
aggressor locations, as well as a function of distance.

We show that a maximum substrate capacitance limit exists
for a TSV victim when the radius (r ) and the minimum
pitch (P) are given. Even when an infinite number of aggres-
sors are near a victim, the maximum substrate capacitance
cannot be larger than that of a coaxial TSV, whose inner
conductor radius is r , and the outer conductor’s inner radius
is P − r . We show this formula of a coaxial TSV in (2) [7]

Csi,max = 2πε0εsi L

ln((P − r)/r)
. (2)

Regardless of how many aggressors surround a victim TSV,
the total sum of TSV coupling capacitance will be smaller

Fig. 2. Neighbor effect. (a) Two-aggressor model in HFSS. (b) E-field
distribution between the TSVs.

than (2). In other words, no matter how many aggressors
surround a victim [as shown in Fig. 1(f)], the E-field
between the victim and the aggressors cannot be formed as
strongly as a coaxial TSV [Fig. 1(g)]. Although the values
of the maximum coupling capacitance will vary on different
TSV radii and pitches, when the radius is 2 μm and the
minimum pitch between the TSVs is 10 μm, the maximum
capacitance will be ∼2.26×.

B. Neighbor Effect on TSV Coupling

Unlike the common belief that only the nearest aggressors
impact TSV coupling, TSV coupling occurs even between
the nonneighboring aggressors. Assume that a simple layout
where a victim TSV is neighboring two aggressor TSVs
in a straight line [see Fig. 2(a)]. We performed model-
ing using the proposed model in Section III-A, and the
model was validated using the Ansys High Frequency Struc-
tural Simulator (HFSS). We intuitively think that the far
aggressor will not affect coupling, because a closer neigh-
bor is nearby. However, Fig. 3 shows that the far aggres-
sor affects as much coupling voltage (139.6 mV) as the
close aggressor (184.6 mV) when 1-GHz signal is applied
in 45-nm transistors. This is because the far aggressor also
has a nonnegligible amount of capacitance between the vic-
tims (close aggressor: 9.46 fF and far aggressor: 4.14 fF)
[see Fig. 4 (Case 3)]. Though the close aggressor shields some
of the E-field between the victim and the far aggressor, the
E-field detours the first aggressor and forms the capacitance
between the far aggressor and the victim [see Fig. 2(b)
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Fig. 3. Coupling voltage of the near (blue) and far (red) aggressors shown
in Fig. 2.

Fig. 4. Neighbor effect case study on how neighbor TSVs affect other
aggressors.

field distribution simulated using Ansys Q3D]. In addition,
despite the far aggressor has <50% capacitance of the close
aggressor, Vfar reduces by only 40 mV. This is because of
the complex coupling network that TSVs compose explained
in [8].

In addition, neighbor TSVs reduce the capacitance of
other TSVs. Fig. 4 describes the far aggressor impact
on capacitance. Assume that there are only two TSVs
as Case 1 and Case 2. Each capacitance is 12.4 fF
(near aggressor) and 8.5 fF (far aggressor). However, when
two aggressors are together (Case 3), the coupling capacitance
of both the aggressors decreases to 9.4 and 4.1 fF. This is
because the TSVs correlate to each other and create a new
E-field distribution. We call this the neighbor effect. Therefore,
we conclude that the coupling capacitance is a function of
distance, location, and also a function of neighbors [9], [10].

III. MULTI-TSV COUPLING EXTRACTION

In this section, we propose a multiple TSV-to-TSV coupling
model and an extraction algorithm for a full-chip analysis.

A. Compact Multi-TSV Coupling Model

Chang et al. [11] proposed a multiple TSV model that
can be used when performing a coupling analysis. However,
this model consists of many RLC components even when
modeling few TSVs. Thus, we propose a compact multiple
TSV-to-TSV coupling model that can be easily used on a
full-chip analysis. Fig. 5(a) and (b) shows the original model
and our proposed model, respectively. Since modern digital
systems operate in a clock frequency below 10 GHz, we target
our model to be valid in this range.

1) Silicon Substrate (Csi and Rsi ) and Model Simplification:
We explain the concepts used in [11] to describe the formulas
used in our model. Assume that three aggressors (N = 3)

Fig. 5. (a) Original model proposed in [11]. (b) Our proposed compact TSV
model for a full-chip analysis.

are near a victim. An N + 1 system considers to become
an N-conductor transmission line. Using the multiconductor
transmission line theory, a TSV must be assumed as the
reference. Thus, we will assume this to be the victim TSV (#0).
Therefore, the victim TSV does not have inductance, but it
only has resistance. A TSV is expressed as a resistor (RTSV)
and an inductor (LTSV) in series. A SiO2 liner surrounds
the TSV for isolation, and is expressed as a capacitor (Cox).
A silicon substrate can be expressed as a resistor (Rsi,ij) and
a capacitor (Csi,ij) in parallel, of which is the resistance and
the capacitance between aggressor i and aggressor j . When
i = j , it is the resistance and the capacitance of the substrate
between the victim and the aggressor.

For Rsi,ii and Csi,ii, we start by calculating Lsi,ij, which is
the substrate inductance between two TSVs. Lsi is expressed in
matrix ([Lsi]), and consists of self-loop inductance and mutual-
loop inductance. By definition, Lsi,ii indicates the substrate
inductance between the victim and the aggressor i . The
following equations describe how to calculate these values:

Lsi,ii = μL

π
ln

[
Pi0

r + tox

]
(3)

Lsi,ij = μL

2π
ln

[
Pi0 Pj0

Pij(r + tox)

]
(4)

where Pi0 is the pitch between the victim TSV (#0) and the
aggressor TSV(#i ), and Pij is the pitch between two aggressor
TSVs (#i and # j ). By the relation between the inductance
matrix and the capacitance matrix in a homogeneous
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Fig. 6. S-parameter comparison between our model and HFSS.
Red curve: HFSS. Blue curve: our model.

medium [12], we calculate matrix Csi

Csi = μ0ε0εsiL
2Lsi

−1 (5)

where Csi and its inner components Csi,ij are defined as

[Csi,ij] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

N∑

k=1
C1k −C12 . . . −C1N

−C21

N∑

k=1
C2k . . . −C2N

...
...

. . .
...

−CN1 CN2 . . .
N∑

k=1
CNk

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(6)

and the conductance matrix Gsi is defined

Gsi = σ

ε0εsi
Csi. (7)

In our model, we only use Csi,ii and Gsi,ii (R = 1/G).
The other RLC components are reduced. This is reasonable,
because we only consider the impact between a victim and an
aggressor and not the impact between two different aggressors.
Using our model, we reduce the RLC count by 60% when
N = 3. The RLC count reduces more as N increases. Despite
the RLC reduction, our model is shown accurate, as described
in Section III-A5.

2) Inductance Modeling (Lij): We remove self-inductance
and mutual inductance in our TSV model. This is reasonable
due to the following reasons. First, the TSV inductance, which
is in few tens of pH range, has a negligible impact on delay
and coupling noise on the frequency range of digital circuits
(<10 GHz). For example, the impact of TSV inductance
(self and mutual) on delay and coupling noise is <2% in
1-GHz clock. This means that, in digital circuits, capacitive
coupling is the dominant coupling factor, and inductive
coupling is almost negligible. This is shown in Fig. 6
that even though inductance is removed in our model, the
S-parameter comparison shows a good correlation between the
3-D EM simulator model and our simplified model. Despite
that TSV scaling leads to the possibilities of TSV inductance
increase due to pitch decrease, note that the TSV size also
scales as the TSV pitch reduces. Thus, TSV inductance

remains in the pH range despite the technology scaling. Due
to these reasons, since inductive coupling is almost negligible,
we remove inductance from our model.

3) Resistance of the TSV (RTSV ): In TSVs, a skin effect
occurs on theac current that flows inside. Thus, as frequency
increases, RTSV starts increasing from a certain frequency
point. Equation (8) describes the formula for RTSV

RTSV = L

2πr

√
π f μ0

σc
(8)

where μ0 denotes the permeability of free space, f is the
frequency, and σc is the conductivity of copper. For example,
in a 5-μm diameter TSV, the resistance starts increasing from
700 MHz due to the skin effect. As the TSV diameter scales,
the frequency that starts increasing RTSV due to the skin effect
will increase. This is because smaller TSVs (in diameter)
will approach the skin depth in a higher frequency than in
larger TSVs.

4) Capacitance of the Liner (Cox): For Cox, SiO2 liner
surrounding the TSV can be modeled as the capacitance of
the liner itself and the MOS capacitance [13] of the TSV in
parallel

Cox = CdepCliner

Cdep + Cliner
(9)

Cliner = 2πε0εox L

ln
( r + tox

r

) (10)

Cdep = 2πε0εsi L

ln
(

r + tox + tdep
r + tox

) (11)

where tdep is the thickness of the depletion region. In our
assumption, when the substrate doping is 1015/cm3, note that a
depletion region always exists around TSVs in digital systems
that operate between 0 V and VDD.

5) Model Validation: To validate our model, we first place
aggressor TSVs around the victim TSV randomly in a fixed
space. Then, we perform modeling using 3-D EM solver
HFSS, and also generate a SPICE netlist based on our compact
model. We generate ten layouts for each sample case, and
then compare the S-parameter of these two and report the
maximum error of insertion loss. Fig. 6 shows the S-parameter
comparison when N = 3, and Table I shows the validation
result. We show that our model is very accurate, even in a
multiple TSV structure, by reporting the maximum difference
in insertion loss less than 0.02 dB.

B. Extraction Algorithm

In our previous discussions (Sections II-A and II-B),
we showed that TSV coupling capacitance is a function
of distance, location, and neighbor aggressors. To extract
TSV-to-TSV coupling capacitance accurately, an approach
considering only the closest neighbor or limiting the maxi-
mum target distance to calculate coupling capacitance cannot
be used. Therefore, we propose an algorithm that considers
distance, direction, and neighbor effect all in a holistic manner
when extracting the coupling capacitance for all nets in the
layout for a full-chip analysis. Algorithm 1 describes this.
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Algorithm 1 Multiple TSV-to-TSV Capacitance Extraction

TABLE I

MODEL VALIDATION ON GENERAL LAYOUTS

In an actual layout, any TSV can become a victim from
noise. Therefore, our full-chip 3-D SI analysis flow described
in Section IV-A analyzes the coupling noise in every net of the
chip. Thus, our algorithm must be performed for every TSV.
From a given layout, we first extract the (x, y) coordinate of
each TSV. Starting from the very first TSV of the layout, we
assume this to be a victim and sort all neighbor aggressor
TSVs by the closest Euclidean distance to the victim. Then,
we choose N neighbor aggressor TSVs (N : a significantly
large number) from the sorted result that are closest from
the victim and calculate the capacitance between the victim
and the chosen aggressors. Once we calculate the capacitance
of the aggressors, we create a coupling network between the
victim and the aggressor that the capacitance is higher than a
certain value (e.g., C > 0.01 fF). This step is repeated for every
TSV in the layout, and we create the corresponding coupling
network for each victim TSV.

IV. FULL-CHIP ANALYSIS

Using our extraction flow, we perform a full-chip SI analysis
in this section, and compare our results with those in [5].

Fig. 7. Coupling analysis results. x-axis: noise voltage bins. y-axis: number
of nets contained in the specific bin.

A. Full-Chip 3-D SI Analysis Flow

Since the existing SI analysis tools cannot analyze
3-D circuits accurately, we modified the 3-D SI analysis
flow in [5] to implement our results. First, we extract the
standard parasitic exchange format (SPEF) file for each die
using an RC extraction tool. Then, we run our script that
implements the algorithm developed in Section III-B to create
the SPEF file of TSV parasitics. Then, we create a top-
level verilog file. Once these files are prepared, we use
Synopsys PrimeTime to read the verilog file, and create a
top-level stitched SPEF file that contains the RC information
of all dies and the TSVs. This step inserts the extracted
coupling network from Section III-B into the SPEF file. Then,
we analyze the stitched SPEF file and generate a SPICE
netlist for each individual net for performing coupling noise
simulation. The SPICE netlist has all the coupling information,
including wire coupling, TSV coupling network by the extrac-
tion algorithm, and the aggressor signal, and the victim driver
models. We run HSPICE on each net one by one, assuming
the aggressors are switching and reporting the peak noise at
each port.

B. Design and Analysis Results

We designed fast Fourier transform (FFT) 256-8, which
is a 256-point with 8-bit precision, real and imaginary, FFT
as a test circuit. The circuit has 140k gates and 211 TSVs.
The design is a two-tier 3-D IC based on the Nangate
45-nm technology. The designs were based on our Cadence
Encounter design flow to generate 3-D layouts [14]. In Fig. 7
and Table II, the coupling analysis results of top-hierarchy
nets, which are around 3k, are shown. We compare our results
with those in [5]. For example, in Fig. 7, without coupling
analysis shows ∼800 nets in the 0–100-mV bin, and [5] and
our results show ∼700 nets in the 0–100-mV bin.

Based on the results, we see the following impacts. First,
for coupling noise, both the approaches calculate higher
coupling noise than without TSV coupling (590 V). Total
coupling noise is the sum of coupling noise voltage that is
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TABLE II

TSV COUPLING IMPACT ON CROSSTALK AND TIMING. COUPLING NOISE

IN VOLT, LPD IN NANOSECOND, AND TNS IN NANOSECOND

Fig. 8. Why delay and noise trend is different. Left: analysis in [5].
Right: our analysis.

occurred on each net. Note that, when noise voltage occurring
on a particular net exceeds a certain threshold, the logic
value will be inverted leading to erroneous behaviors inside
circuits. More total coupling noise in a layout means that the
particular design is more prone to logic failures statistically.
Despite [5] overestimating the coupling capacitance by linear
superposition, our results show higher total noise voltage. The
total coupling noise is 732 V using the flow in [5] and 787
V in our results. This is because our model considers more
neighbor aggressors than [5] that should not be ignored. Note
that 196.65 V (787.42 V − 590.77 V) is the noise that has
been generated due to TSV coupling. In this paper, we will
define this TSV-induced noise as 3-D noise.

Second, for a timing analysis, because [5] overestimates the
total coupling capacitance, it also overestimates the timing
degradation by TSVs as well. We save a significant timing
margin using an accurate TSV model. Note that the longest
path delay (LPD) and the total negative slack (TNS) depend
on the total capacitance formed between the aggressor TSVs,
and the coupling noise depends on the number of aggressors
formed between the victims. TNS is the sum of the negative
slack for all the paths that fail any timing constraint. LPD tells
the designer what the maximum clock period could be, and
TNS shows how far the circuit is from reaching timing
closure. Fig. 8 shows how noise and delay trend is different
compared with [5]. In terms of timing, the most impor-
tant factor is the total capacitance. Despite [5] considering
less aggressors, it overestimates capacitance. Thus, the total
capacitance formed from aggressors are larger than that of
our analysis (18 fF > 11 fF). However, in terms of noise,

Fig. 9. S-parameter simulation of coupling coefficient with different
TSV heights (20–100 μm).

TABLE III

FULL-CHIP 3-D NOISE: IMPACT OF TSV PARAMETERS

the most important factor is the number of effective aggressors.
Note that a small capacitance formed between the aggressor
and the victim could lead to a big coupling voltage
(Section II-B). Since our analysis considers more effective
aggressors, we analyze more coupling noise than in [5].

V. IMPACT OF PROCESS PARAMETERS ON TSV COUPLING

This section studies the impact of process parameters on
TSV coupling in terms of coupling coefficient and full-chip
impact. For the full-chip results, we vary the TSV parameters
on the design performed on Section IV to gain understanding
of how these parameters impact the full-chip design.

A. TSV Height

We first study the impact of TSV height. TSV height is
determined by the die thickness. With a shorter TSV height,
the TSV resistance and capacitance reduce, which is good
for reducing TSV-induced coupling. Therefore, die thinning
is one of the keys to a good TSV technology. In this paper,
we analyze when the TSV height is from 20 to 100 μm.
We see that the coupling coefficient increases monotonically
with the TSV height as expected (Fig. 9). This is because
all TSV parasitics are linearly proportional to TSV height.
In terms of full-chip results (Table III), TSV height increase
leads to additional 3-D noise. Notice that the 5× TSV height
increase does not lead to the 5× coupling noise increase due
to the complicated TSV coupling network [8]. Comparing
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Fig. 10. S-parameter simulation of coupling coefficient with different liner
thickness (0.1–0.5 μm).

Fig. 11. S-parameter simulation of coupling coefficient with different
TSV diameters (2–10 μm).

20 and 100 μm TSVs, we see 27.1% 3-D noise increase due
to the TSV height increase.

B. Liner Thickness

TSV liner also has a significant impact on TSV capacitance.
The thickness of the TSV liner varies from 0.1 to 0.5 μm, and
we report the coupling coefficient. In Fig. 10, as we increase
the liner thickness, the coupling coefficient decreases in the
low-frequency region but not in the high-frequency region.
Liner capacitance contributes only in the low-frequency region
due to its size and geometry inside the coupling network.
Thus, coupling impact due to liner capacitance will reduce
as the operating frequency increases. In our full-chip study
(Table III), changing the liner thickness from 0.1 to 0.5 μm
leads to −11.7% 3-D coupling noise difference.

C. TSV Diameter

TSV diameter affects both the TSV capacitance and the
resistance. A bigger TSV diameter helps to reduce the
TSV resistance. However, due to the increased TSV oxide
area, the TSV capacitance will increase significantly. Usually,
the TSV resistance is very small (50 m�). Thus, the
TSV capacitance (50 fF) is usually the dominant factor of the
TSV parasitics. Since the TSV capacitance has a dominant role
in the TSV coupling, we predict that a bigger diameter will

Fig. 12. Single net-delay analysis model of a TSV having one neigh-
bor TSV.

increase the coupling noise. Fig. 11 shows the analysis results.
With a bigger TSV diameter, coupling coefficient increases
as expected. In full-chip results (Table III), the TSV radius
change showed the highest noise difference (42%) within the
given range of variation. In addition to the TSV capacitance
increase when the TSV diameter increases, note that
TSV-to-TSV distance also reduces, which further enhances the
TSV-to-TSV coupling.

VI. IMPACT OF PROCESS PARAMETERS ON DELAY

This section studies the impact of TSV process parameters
on timing and delay. To analyze the TSV impact on delay, we
propose an impedance load analysis method.

A. Analysis Structure for Single Net-Delay Study

Fig. 12 shows our structure for the single net-delay study
on 3-D TSV. In our model, Driver (standard cell) #1 on the
bottom-left drives the victim TSV, and we measure the delay
at the node on Receiver #1. We include a neighbor TSV and
its driver and a receiver on its right to see the impact of
neighbor TSVs on delay. Note that Driver #2 is not switching.
The Driver #1 size varies from the minimum (1×) to the
biggest (16×), and the receiver size is the same as the driver
size.

B. Impact of TSV Height, Liner Thickness, and TSV Radius

Fig. 13(a)–(c) shows the delay impact of TSV height,
liner thickness, and TSV radius, respectively. As described
in Section V, we see a similar trend in delay too. When
the TSV height increases, both the TSV resistance and the
TSV capacitance increase. Thus, the delay increases as the
TSV height increases, as shown in Fig. 13(a). When the SiO2
liner thickness increases, the TSV resistance remains the same,
but the TSV capacitance reduces. Thus, the delay decreases
as the liner thickness increases, as shown in Fig. 13(b).
When the TSV radius increases, despite that TSV resistance
reduces, the TSV capacitance increases significantly. Thus,
the delay increases as the TSV radius increases, as shown
in Fig. 13(c). Note that the delay in drivers stronger than 8× is
not significant from parameter changes. In other words, the
drivers must be strong enough to minimize the delay impact
on 3-D TSV nets.
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Fig. 13. Delay impact on various TSV parameter changes when the
driver (standard cell) size changes (1× to 16×). (a) TSV height. (b) Liner
thickness. (c) TSV radius.

C. Impact of TSV Pitch

We perform the same single-net experiment, changing the
pitch between TSVs from 10 to 50 μm. In Fig. 14(a), we see
that changing TSV pitch does not impact much on reducing the
delay of the victim receiver (−7.9% reduction in 1× driver).
However, this is different when a 2-D net is distanced from
an aggressor. To compare the impact of delay reduction in
2-D and 3-D due to neighbor pitch change, we perform an
experiment, where a 2-D wire has the same dimension as a
TSV, in which the permitivity of the dielectric is the same
as the silicon substrate. Fig. 14(b) shows our 3-D versus
2-D delay comparison. We use both 1× driver sizes in both
the experiments. In this experiment, we will define TSV delay
as 3-D delay, and 2-D wire delay that has the same dimen-
sions as the TSV as 2-D delay, respectively. Here, we report
two important findings. First, at the same pitch, 3-D delay is
always higher than 2-D delay. In 10-μm neighbor pitch, the
3-D delay is ∼2× of 2-D delay (242 ps > 110 ps), and this
difference increases as the pitch increase. In 50-μm pitch, this

Fig. 14. Delay impact when TSV pitch changes. (a) Driver sizes from
1× to 16×. (b) Comparison between 3-D (black boxed line) and
2-D (blue boxed line) nets when having the same dimensions.

delay difference is >4× (225 ps > 54 ps). Second, unlike
in 2-D delay, 3-D delay does not significantly reduce from
increasing the pitch. When the neighbor pitch increases from
10 to 50 μm, 3-D delay reduces by only 7.9%, but 2-D delay
reduces >50%. This means that 3-D delay is not sensitive to
neighbor TSVs, unlike in 2-D delay. Note that we see a trend
similar to this in various 2-D wire and 3-D TSV sizes:
3-D delay is always bigger than 2-D delay in the same size
and less sensitive to distance change. We discuss the reason
of this in Section VI-D3.

D. Impedance Load Analysis for Delay Estimation

Calculating the RC delay is a good approach when we
estimate the delay of a net in normal 2-D systems [15]. When
calculating the delay, a net is composed of the resistance
of the path and various capacitive loads. These loads are
the capacitance load of the receiver, capacitance formed
to the GND, and coupling capacitance between the paths,
as shown in Fig. 15(a). When excluding the resistance for
the path, we can think of these capacitive loads as the total
load that a driver sees in a net, as shown in (12), for delay
estimation

LoadDriver = Creceiver + CGND + Ccoup. (12)

The capacitive load concept is applicable in normal load
conditions, where the coupling neighbors are perfectly isolated
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Fig. 15. All loads (GND, receiver, and coupling) in (a) 2-D net and
(b) 3-D TSV net.

by a dielectric that its conductivity is almost negligible.
However, this cannot be applied to a 3-D net with TSVs.
In a 3-D net, a silicon substrate lies between the neighbor
TSVs that its conductivity is nonnegligible. Because of this,
the silicon substrate introduces an impedance path that is
modeled as a resistance [Rsi, see Fig. 15(b)]. Therefore,
we propose a method for analyzing the delay of a 3-D path
called the impedance load.

Using the impedance load, (12) changes to

ZLoadDriver1 = Zreceiver + ZGND + Zcoup (13)

where all the capacitance loads transform into the impedance
loads. When the loads are expressed as capacitances,
we cannot analyze the impact of Rsi, but now, we can analyze
using the impedance load analysis method.

1) Understanding the Impedance Load for Less Delay:
We describe a 2-D net example in Fig. 16 to understand how
the impedance load concept is used. As shown in Fig. 16(a),
we see that the driver sees a load of Cload. In the impedance
load analysis, this capacitive load becomes an impedance load
ZCload (Z = 1/sC), as shown in Fig. 16(b). For example,
at 1 GHz, the following holds.

1) Cload1 = 1/2π fF becomes ZCload1 = 1M�.
2) Cload2 = 10/2π fF becomes ZCload2 = 0.1M�.

Under the impedance load analysis, a 10× bigger capacitance
load (Cload2 = 10 × Cload1) becomes a 0.1× smaller
impedance load (ZCload2 = 0.1 × ZCload1) in magnitude.
To translate this into a physical meaning, we note that a
smaller Zload derives more delay. In the perspective of a
driver, the voltage swing is a function of the current driving

Fig. 16. Impedance load concept. (a) Capacitive load translates into
(b) impedance load. (c) Low-impedance load suffers from more delay than
(d) high-impedance load.

and the load that a driver sees (�V = �I Z ). This means
that it requires more current to drive (=change the voltage)
a smaller impedance (= higher capacitance) load than a higher
impedance (= less capacitance) load. However, since a driver
has a limited amount of current driving capability (�I ), it will
take more time to drive a small impedance load than a high
impedance load, at which small impedance load suffers from
more delay.

2) Impedance Load Analysis of a Timing Path: Using
the impedance load, we derive the equations for 2-D and
3-D coupling loads. As shown in (12), a coupling load Ccoup
now becomes Zcoup. For a 2-D wire, since Z2-D,coup is simply
the coupling capacitance between two wires isolated through
a dielectric, this can be expressed as

Z2-D,coup = ZCwire-to-wire. (14)

However, for a 3-D TSV, Z3-D,coup becomes a complicated
network considering the liner capacitance, substrate
capacitance, and substrate resistance, as shown in Fig. 15(b)

Z3-D,coup = ZCox + (Z Rsi//ZCsi) + ZCox (15)

Z3-D,coup = 2ZCox

(
Z Rsi + ZCsi

) + Z Rsi ZCsi

Z Rsi + ZCsi

. (16)

Using Agilent ADS, we compare Z3-D,coup and Z2-D,coup
when the pitch is 10 μm (when the 2-D wire and the
3-D TSV have the same dimensions), as shown in Fig. 17.
Red line denotes Z2-D, and blue line denotes Z3-D. We see that
Z2-D is a linear curve, since we only see the capacitive load.
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Fig. 17. Coupling load impedance Z2-D and Z3-D when TSV pitch
is 10 μm.

However, Z3-D shows a nonlinear curve in the GHz region
because of the conductive silicon substrate (Rsi). Rsi combined
with Csi and Cox forms a coupling network impacting in the
GHz region. From Fig. 17, we report the following.

1) Z3-D,coup is always lower than Z2-D,coup in all the fre-
quency regions. This means that the 3-D timing path will
suffer from more delay than in the 2-D path.

2) The impedance ratio between Z3-D,coup and Z2-D,coup
roughly leads to the delay ratio between 2-D and 3-D.

Note that the ratio between Z2-D and Z3-D is almost
the same in a broad range of frequencies. At 1 GHz,
Z3-D,coup = 5.02 K� and Z2−D,coup = 12.5 K�, and
Delay3-D = 242.0 ps and Delay2-D = 110.5 ps. Within this
broad spectrum, Z2−D,coup is 2.5× more than Z3-D,coup, and
this impedance difference roughly translates into the inverse
of delay ratio.

3) Why 3-D Delay Is Not Sensitive to Neighbor Distance:
We explain why 3-D delay is not sensitive to neighbor
TSV distance by analyzing the impedance curve. Fig. 18(a)
shows how Z2-D,coup changes when the pitch of a 2-D wire
changes. We see that the impedance curve of 2-D increases
monotonically as the pitch increases. Thus, as the pitch
increases, higher Z2-D leads to less timing delay. As the
TSV pitch increases, the coupling capacitance reduces. Lower
coupling capacitance leads to less delay, which has the same
meaning as the impedance analysis.

However, Z3-D,coup due to the pitch increase [see Fig. 18(b)]
is not as in 2-D. The Z3-D,coup curve only changes on the high-
frequency region and remains almost the same below 1 GHz.
That is why 3-D delay is not highly impacted by the increase in
the TSV pitch. In the equivalent model of TSVs in Fig. 15(b),
we see that the TSV pitch increase only changes the values
of Z Rsi and ZCsi . Since a high-capacitance Cox exists in
the impedance path of Z3-D,coup as in (16), the actual factor
increases ZCox and not ZCsi . We see that ZCsi and Z Rsi change
impacts on the high-frequency Z3-D, but this impact is not
significant to reducing much delay.

E. Full-Chip Impact on Timing and Power

As described in Section V, we vary the TSV parameters on
the design performed in Section IV to gain the understanding
of how TSV impacts the full-chip delay and powers when
using an accurate TSV model. Table IV shows our full-chip

Fig. 18. Zcoup change when TSV pitch changes from 10 to 50 μm.
(a) 2-D. (b) 3-D.

TABLE IV

FULL-CHIP TIMING REPORT: IMPACT OF TSV PARAMETERS

timing/power analysis results. From our full-chip results,
we emphasize the following important points.

1) As the TSV height increases, SiO2 liner thickness
decreases, and TSV radius increases, we see more
LPD and TNS. This is because, as these parameters
increase/decrease, the total capacitance increases and
leads to more timing delay.



1646 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 24, NO. 5, MAY 2016

Fig. 19. TSV path blocking in a layout. (a) Before TSV path blocking.
(b) After TSV path blocking.

2) Within the range of parameter change, the TSV radius
increase leads to the worst results in increasing the
LPD and TNS. This is a similar trend to what we
observed in Section V.

3) The power increase of 3-D nets due to the TSV parameter
change shows a similar trend to the LPD and TNS
increase trends. Since the power consumption of each net
is directly proportional to the capacitance increase, this
is reasonable. Note that the total 3-D net power increases
74% when the TSV radius changes from 2 to 10 μm.
Due to the TSV radius increase, not only does the TSV
capacitance increases, but also the number of effective
aggressors to a victim increases as well.

VII. TSV-TO-TSV COUPLING REDUCTION

Based on our findings, we propose a TSV-to-TSV coupling
reduction method in a block-level and wide-I/O design.

A. TSV Path Blocking

For a layout that has an aggressor and a victim,
both the capacitance of the aggressor and the additional
TSV decrease when an additional TSV is included in the
design (Section II-B). Thus, when a space between an aggres-
sor and a victim exists, we add GND TSVs. We name our
coupling reduction method TSV path blocking. By adding the
GND TSVs, we block the E-field path between the aggressor
and the victim, and thus, we reduce the coupling capacitance.
Fig. 19 shows how this is applied in the layout. We may think
that adding more TSVs will increase the total capacitance
significantly. However, in a layout, a TSV is sur-
rounded by many neighbors that the total coupling
capacitance will saturate in a range around 2× (when
Cone victim−one aggressor = 1×). Thus, adding the GND TSVs
near the neighbor does not have a big impact on increasing
the total coupling capacitance (Section II-A) of a victim. The
benefits of our method are as follows. First, it recycles any
empty design space in the layout, so that it does not require
extra silicon space just for shielding. Second, the neighbor
TSV does not need to be in between the aggressor and the vic-
tim for coupling reduction. For example, let us assume one of
the aggressors is a GND neighbor TSV, as shown in Fig. 1(b).
Comparing Fig. 1(a) and (b), notice that the capacitance
between a victim and an aggressor reduces by 23.5%
(0.765× capacitance each), because two neighbor TSVs share

TABLE V

IMPACT OF TSV PATH BLOCKING—BLOCK LEVEL DESIGN

TABLE VI

IMPACT OF TSV PATH BLOCKING—WIDE I/O DESIGN

Fig. 20. (a) Initial wide-I/O design. (b) Wide I/O design with spread TSVs.
(c) Wide-I/O design with TSV path blocking.

the E-field around the victim. Last, selective coupling reduc-
tion is possible. If a victim needs more coupling reduction
than other, placing more neighbor TSVs nearby helps.

Table V shows our results. By adding TSVs inside the empty
space, the total coupling noise reduces from 787 to 726 V.
Considering only the 3-D noise, we reduce the 3-D coupling
noise by 32% from 196 to 135 V. We report that the TSV path
blocking has a minor impact on timing. When the GND TSVs
are added, the total capacitance will slightly increase, since
more TSVs are placed near the victim. By the increased
capacitive load, the TNS increases, but the impact is minor,
since the total capacitance has a maximum limit, and it is
shared by the aggressor and the GND TSVs. We conclude
that the TSV path blocking is an effective way for reducing
TSV-to-TSV coupling that has a minor impact on timing
performance.

B. Optimization for Wide-I/O Design

We designed three wide-I/O layouts: 1) Fig. 20(a) is
our initial wide-I/O design (original); 2) Fig. 20(b) is the
wide-I/O design with an increased area (spread); and
3) Fig. 20(c) is the wide-I/O design with our technique
applied (blocking). Fig. 21 shows an actual layout applying
our technique. For a fair comparison, we did not modify the
placement of the modules, but we only increased the area used
by TSVs. If the total die size changes due to the increased
TSV area, the whole design will change. Thus, the die size is
the same for all the cases.
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Fig. 21. (a) TSV path blocking in wide-I/O layout. (b) Zoom-in photo
of (a). (c) Initial wide-I/O design. (d) Wide I/O with spread TSVs.

Table VI describes the impact of TSV blocking in wide
I/O design. By our technique, we see that the TSV-occupied
area doubles, but the total coupling noise reduces from
824 to 742 V. Considering only the 3-D noise, we reduce
the 3-D coupling noise by 45% from 193 to 105 V. Note that
just by spreading the wide I/O array, as shown in Fig. 21(d),
the total coupling noise reduces too. However, if we include
the GND TSVs, as shown in Fig. 21(b), we observe more
TSV coupling reduction. The 45% reduced 3-D coupling noise
would reduce the burden to the designers that requires putting
significant effort to reduce the 3-D coupling noise using circuit
techniques, e.g., wide-IO designs that consist of a complex
coding scheme [16] with extra circuitry may not be needed at
all due to the significant noise reduction from our technique.
Wide I/O with spread TSVs shows less TNS, because the
capacitance that a victim sees reduces due to the increased
distance.

VIII. CONCLUSION

In this paper, we presented a thorough analysis of the
TSV impact on full-chip SI. First, we showed that nonneigh-
boring aggressors cause significant impact in 3-D ICs, which
we call the neighbor effect. We developed a compact multiple
TSV-to-TSV coupling model and an algorithm that accurately
consider the impact of far-neighbors on a full-chip 3-D SI
analysis. Second, we reported the TSV impact on 3-D net
delay. We showed that 3-D net delay is not highly affected
by the neighbor TSV distance based on our impedance load
analysis method. To reduce the TSV-to-TSV coupling noise,
we proposed a technique: TSV path blocking on a block-level
and wide-I/O design. The experimental results show that, by
the TSV path blocking, we achieve 45% 3-D coupling noise
reduction.
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