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Abstract—3D multiple-stacked IC has been proposed to
support energy efficiency for data center operations as DRAM
scaling improves annually. A 3D multiple-stacked IC is a single
package containing multiple dies, stacked together, using
Through-Silicon Via (TSV) technology. Despite the advantages
of 3D design, fault occurrence rate increases with feature
size reduction of logic devices, which gets worse for 3D
stacked designs. TSV coupling is one of the main reliability
issues for 3D multiple-stacked IC data TSVs. It has large
disruptive effects on signal integrity and transmission delay.
In this paper, we first characterize the inductance parasitics
in contemporary TSVs, then we analyze and present a classification for inductive coupling cases. Next we devise a coding
algorithm to mitigate the TSV-to-TSV inductive coupling. The
coding method controls the current flow direction in TSVs by
adjusting the data bit streams at run-time to minimize the
inductive coupling effects. After performing formal analyses
on the efficiency scalability of devised algorithm, an enhanced
approach supporting larger bus sizes is proposed. Our experimental results show that the proposed coding algorithm yields
significant improvements while its hardware-implemented encoder results tangible latency, power consumption, and area.
Index Terms—Reliability, 3D multiple-stacked IC, TSV,
Coupling, Signal Integrity.

I. I NTRODUCTION

E

XASCALE systems are expected to have approximately one billion processing elements by 2020 [1],
[2]. Three Dimensional (3D) IC designs is considered as
a viable solution for integrating more cores on a chip,
while imposing smaller footprint area and better timing
performance than 2D architecture [3].
Wire-bonding and flip-chip stacking have made their
ways into mainstream semiconductor manufacturing in
recent years, but they are not considered anymore for
new generation of 3D integrations [4]. Through-Silicon
Via (TSV) is currently more attractive, supporting better performance and integrated functionality. With 3D integration technology employing TSVs, the average and
maximum distance among components on different dies
will be substantially reduced, savings delay, power, and
area factors [5]. Fault occurrence rate increases with the
emergence of nano-scale circuits and designing more complex circuits on a chip, which will be more critical for
3D multiple-stacked IC designs. Reliable TSVs, as one of
the major components in 3D multiple-stacked IC, are in
demand. Many research groups have studied and proposed
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reliable TSVs [6]–[8]. The reliability of TSV interconnects
is analyzed in [6]. The reliability aware TSV planning for
the 3D multiple-stacked IChas been proposed in [7]. The
key design for reliability challenges and possible solutions
for TSV-based 3D IC integration are discussed in [8].
TSV coupling is one of the major issues in 3D multiplestacked IC designs because of increased parasitic signals
as compared to 2D ICs, which may result in delay or
even mutual coupling between adjacent TSVs [9], [10].
The term TSV coupling refers to capacitive and inductive
couplings among neighbor TSVs, which the latter is more
critical in higher frequency data transmissions [11]. Electric
field results in capacitance coupling and magnetic field is
a source of inductive coupling. The impact of TSVs on SI
in 3D ICs has been investigated in several articles [12],
[13]. TSV-to-TSV inductive coupling is one of the fault
sources exacerbating the Signal Integrity (SI) effect which
causes two major issues. First, it increases the path delay
due to Miller effect. Second, the coupling noise can result
in logic function failure. An analytical model for the
coupling capacitance between pairs of TSVs is presented
in [12]. The TSV resiliency during manufacturing steps by
investigating resistive open defects has been studied [14]. A
complete set of self-consistent equations including self and
coupling terms for resistance, capacitance and inductance of
various TSV structures are presented in [13]. As a solution
to TSV-to-TSV coupling issue increasing TSV distances,
shielding the victim TSVs, inserting buffers at the victim
net, decreasing the driver size at the aggressor net, and
increasing the load at both victim and aggressor net have
been suggested [10]. However, the last two suggestions
have negative implications on timing performance, and
others need high effort at post-design time.
In [15], a coding scheme has been suggested for a matrix
of TSVs, reducing the maximum capacitive crosstalk by
25% in a mesh of TSV with size of 3 × n. However, the
impact of inductive coupling on SI has not been evaluated
yet. The goal of this paper is to investigate the reliability of
3D multiple-stacked IC against the inductive TSV-to-TSV
coupling and to propose a scalable inductive coupling aware
coding. The proposed algorithm in this paper is intended
to support two major 3D device categories. The devised
baseline algorithm [16] targets the first 3D device category
which consists of designs with low TSV concentration (less
than 100 TSVs) such as 3D NoC [17]–[19]. An enhanced
scheme is proposed to support architectures with high
TSV concentration (around 500 TSVs) such as 3D DRAM
memories (Hybrid Cube Memory (HMC) [20]–[22]), as
shown in Fig. 1. Our experimental results show that the
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3D multiple-stacked IC vault, vertically interconnected by TSV bus in 3D integration technology

proposed coding algorithm yields significant improvements
while its hardware-implemented encoder depicts tangible
latency, power consumption, and area.
The major contributions of this article are:
To analyze the reliability issue of inductive TSV-to-TSV
coupling fault effect within a 3D multiple-stacked IC. Also
providing an analytical failure (data corruption) estimation
of TSV links caused by inductive TSV coupling effect.
• To devise a method to minimize the effect of magnetic
field caused by TSVs, including an analytical analysis to
demonstrate the strength of proposed technique.
• To present a scalable coding approach with modest information redundancy overhead for implementing the proposed technique in large-scale 3D multiple-stacked ICs.
• To prove the efficiency in mitigating TSV-to-TSV inductive coupling and justify the scalability and practicality of
our proposed schemes through concrete experiments and
hardware implementation and synthesis.
•

The rest of this article is organized as follows: A
brief introduction of 3D multiple-stacked IC architecture is
provided in Section II. Inductive TSV-to-TSV coupling is
investigated in Section III. Section IV presents an inductive
coupling analysis. The baseline algorithm coding and its
improvement evaluation are discussed in Sections V and VI,
respectively. The enhanced algorithm coding scheme and its
coupling mitigation efficiency and hardware implementation are provided in Section VII. Section VIII overviews the
related work. Finally, Section IX delivers some conclusion
remarks.
II. 3D

MULTIPLE - STACKED

IC A RCHITECTURE

The advent of 3D or vertical integration is a promising
path to boost scalability and power/performance characteristics to extend capabilities of modern integrated circuits [23]–[25]. These capabilities are inherent to 3D ICs,
resulting in considerably shorter interconnecting wires in
the vertical direction. 3D integration supports new opportunities by providing feasible and cost effective approaches
for integrating heterogeneous cores to realize future computer systems. It supports heterogeneous stacking because
different types of components can be fabricated separately,

and silicon layers can be implemented with different technologies. One of the most promising technologies for 3D IC
integration is the notion of TSVs [26], pillars manufactured
across thinned silicon substrates to establish inter-die connectivity after die bonding. Salient TSV features include:
fine pitches, high densities, and high compatibility with
the standard CMOS process. 3D ICs are interconnected
with high-density short and thin TSVs, supporting lowlevel integration and superior to existing solutions. Multiple
layers of 2D planar designs are stacked on each other and
are vertically interconnected by high-density short and thin
TSVs in 3D integration technologies.
Micro-bumps are the interfaces between TSVs and 2D
designs. The minimum TSV depth normally is about 40100µm which is projected to reach 30-40µm by 2018. A
copper TSV in standard Si-bulk technology is expected
to have minimum via diameter of 2-4µm, 1:20 minimum
aspect ratio, 4-7µm minimum via pitch, 0.5µm oxide thickness (tox ), and there can be up to 2-8 dies per stack [27].
It is important to note that the TSV process is independent
from the technology node used for the 2D chip and it does
not scale. TSV diameters and pitches are two to three orders
larger than transistor channel gate lengths. Furthermore, in
order to reach a high yield rate, manufacturers typically
impose a minimum TSV density policy to maintain the
planarity of the wafer during chemical and mechanical
polishing [28]. For example, Tezzaron requires that at least
one TSV in every 250µm × 250µm area [29].
III. I NDUCTIVE TSV- TO -TSV C OUPLING
The impact of TSVs on future 3D ICs is still unknown [30]. However, chip warpage, TSV coupling, and
thermal stress are known as main causes of TSV failure [9],
[26].
The term TSV coupling refers to capacitive and inductive
couplings among neighboring TSVs. Electric field results
in capacitance coupling and magnetic field is a source
of inductive coupling. The capacitance coupling between
TSVs depends on the permittivity of the oxide, TSV
geometry, the arrangement of surrounding TSVs and body
contacts places. The capacitance coupling is influenced by
the arrangement of the TSVs while the inductive coupling
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is slightly dependent on the distance of neighbor TSVs
as inductive coupling has longer range of effect than
capacitance coupling noises [31]. Inductive coupling among
neighboring TSVs is more critical in higher frequency data
transmissions [32], and long TSVs which is considered in
this article. Processors with higher operating frequency are
emerging as the process technology is scaling down; an
example is the IBM 5.2GHz multiprocessor [33].
A. Inductive Coupling Characteristics
To characterize the effect of inductive coupling, a 3x3
matrix of TSVs is modeled at circuit-level with Synopsys
HSPICE. The middle TSV is assumed to be the victim
and the other 8 are the aggressors. In simulations, the top
end of each TSV is connected to the output of an inverter,
which drives the input of another inverter connected to the
bottom of the TSV. The coupled TSV structure is modeled
based on [10], [34] as a lumped RLC circuit. The circuit is
composed of a series TSV resistance RT SV and inductance
LT SV , parallel silicon substrate resistance Rsi and capacitance Csi , and silicon dioxide capacitance Cox around the
TSV. These components describe the relationship between
the signal TSVs. The values of circuit elements are obtained
using analytic equations based on the dimensions of the
structure, such as oxide thickness tox , silicon substrate
height hsi , TSV radius rT SV , and TSV pitch PT SV and by
material properties like dielectric constant ǫ and resistivity
ρ.
i
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where µ0 is the permeability of free space given by
4π· 10−7 .
Predictive Technology Model (PTM) [36] FinFET transistor models are employed to implement inverters in this
experiment. The worst-case induced voltage on the victim
TSV is reported for different TSV pitches (Fig. 2(a)),
process technologies (Fig. 2(b)), and TSV aspect ratio
(Fig. 2(c)) over different frequencies. The simulation parameter values are chosen according to ITRS [27] interconnect report, as shown in Table I.
Table I
S IMULATION CONFIGURATIONS IN F IG . 2
Figure
2(a)
2(b)
2(c)

Technology
14nm
20, 16, 14, 10, 7nm
14nm

Length
100µm
100µm
10 − 500µm

Pitch
8µm
8µm
9 − 29µm

Diameter
4µm
4µm
5 − 25µm

(1)

πhsi

and

TSV inductance [35] is also derived through partial selfinductance and mutual inductance. Partial self-inductance
depends on the diameter and length of TSV and is expressed as:

(5)

Based on Fig. 2(c), it is observed that as TSVs become
longer (even with the same aspect ratio) the magnetic flux
linking the two TSVs increases proportionally. Therefore,
as the length of TSVs grow, mutual coupling between
aggressors and victim increases almost linearly and the
coupled voltage rises proportionally.
Although the linkage flux between two TSVs is a strong
function of the length, its dependence on TSV-to-TSV pitch
is weak. Changing the pitch between cylindrical TSVs
affects mutual inductance in two ways. First, it changes
the magnetic field created by the aggressor. Secondly,
considering Faraday’s law, it alters the surface on which the
magnetic field is integrated to calculate the linkage flux. As
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long as the proximity effect and other high order magnetic
effects are trivial, current distribution in a TSV remains
almost symmetrical regardless of the pitch size. Therefore,
the magnetic field created by an aggressor does not vary by
the pitch size, making the first effect to be negligible. Since
the pitch between the TSVs is at least an order of magnitude
smaller than their lengths, the second effect is small, but the
linkage flux and consequently mutual coupling decreases
slightly as pitch increases, shown in Fig. 2(a).
As shown in Fig. 2(b), induced voltage is a function of process technology. As processes advance, gate
capacitance gets smaller and voltage rise/fall time becomes shorter. These two effects have opposite impacts on
charging/discharging current of gate capacitance. The same
current that charges (or discharges) the gate capacitance
passes through TSV and causes inductive coupling to its
neighboring TSVs. Thus, inductively coupled voltage varies
for different technologies.
As technology advances and supply voltage shrinks, the
coupled voltage becomes a greater portion of Vdd , resulting
in higher probability of error. Among all the physical
parameters, the length of the TSVs has the major impact on
inductive coupling, specifically for global TSVs connecting
more number of layers.
B. Current Flow in TSVs
The current flow direction of a TSV is data-dependent,
based on charging and discharging of the intermediate
capacitor between each pair of transistors of stacked planar.
The behavior of the intermediate capacitor relies on the
previous and current data bit values. Fig. 3 illustrates six
possible cases depending on the data bit values and location
of the sender, resulting in three possible current flows in
TSVs. There is a downward current flow when the input
data bit of sender changes from ’0’ to ’1’ and ’1’ to ’0’

if the sender is in lower and upper level, respectively as
shown in Fig. 3(a) and Fig. 3(d). Similarly, there is an
upward current flow direction, if the data bit of the sender
changes from ’1’ to ’0’ and ’0’ to ’1’ if the sender is in
lower and upper level, respectively as shown in Fig. 3(b)
and Fig. 3(c). TSV does not carry any current, if there is no
switching between the previous and next data bit values, as
showed in Fig. 3(e) and Fig. 3(f). In the rest of this article
such a TSV is called an inactive TSV, which does not have
any current flow.
IV. I NDUCTIVE C OUPLING A NALYSIS
A. Problem Definition
An accurate analysis of coupling-induced failure requires
a complex electromagnetic analysis of neighboring TSVs.
Since such an analysis is outside the scope of this article,
an approximate form of the problem is considered.
Assuming the electromagnetic proximity effect and other
high order effects can be neglected, the coupling-induced
voltage βtot is simply the sum of voltages induced on
the victim TSV by the neighboring TSVs. Faraday’s law
implied that:
βtot =

N
X
i=1

Vcoupl,i =

N
X
i=1

Mv,i

dIi
dt

(8)

where
• N is the total number of aggressors.
th
• Vcoupl,i is the voltage coupled on the victim by i
aggressor, assuming all other aggressors have constant
current.
th
• Mv,i is the mutual inductance between i
aggressor
and victim TSVs. Mv,i is calculated from Equation 9 [35].
"
#
!
p
q
l + di 2 + l 2
µ0
2
lln
+ di − di + l 2
Mv,i =
2π
di
(9)
where di is the distance of ith aggressor from the
victim TSV and l is the length of a TSV.
th
• Ii is the current of i
aggressor TSV.
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The representation of βtot can be further simplified as
follows. Assume that the inductive coupling voltage caused
by a single horizontal or vertical neighboring TSV is βtot ,
then βtot is equal to α × β, where the parameter α depends
on the current flow direction and arrangement of active
neighboring TSVs.
Each victim TSV has four neighbors in horizontal or
vertical directions. Fig. 4 shows a top view of different
geometrical possibilities of neighbor configurations. Only
4 neighbors are considered to simplify the analysis. The
parameter α equals the algebraic sum of current values
in neighbors of the victim TSV. With only 4 neighbors,
α assumes a values in {−4, · · · , 4}. Clearly, the severity
of inductive coupling is higher for larger absolute values
of α and the goal of this article is to reduce current
configurations that lead to high values of |α|. In other
words, the higher the sum of neighboring currents, the
higher is the inductively coupled voltage.
With the cross section view of TSVs, the current of
horizontal and vertical neighbors of a victim TSV are
examined to measure the severity of inductive TSV-to-TSV
coupling. The effect of diagonal neighboring TSVs, which
causes less mutual coupling effect than adjacent TSVs, is
not considered in our work.
B. Coding Scheme
The main contribution of this article is to propose a
coding scheme to mitigate inductive coupling occurrence by
adjusting the sequence of data flits1 . The suggested coding
technique replaces larger α values by smaller ones. While
the baseline algorithm is intended to show the mitigation
gain obtained by using our method, a variation of the
baseline algorithm called “enhanced algorithm” introduces
scalability into the baseline approach.
One possible approach to data modification is to perform
inversion on a properly-selected set of input bit streams.
For this method, decoding of the received signal requires
knowledge of the location of the bits that have been
inverted, inflicting serious overhead. One workaround for
this overhead is to perform inversion on rows of TSV data
rather than individual TSV bits. Clearly, this reduction in
overhead comes at the cost of inferior performance.
The outline of baseline algorithm is explained as a twophase algorithm:
1) In the first phase, each cell decides whether or not
to submit inversion requests to its vertical neighbors (above and below) with the goal of decreasing
the sum of its neighboring currents. Submitting the
requests to only two neighbors, rather than four
neighbors, is chosen for the sake of simplicity of
the design. These requests are stored in for future
processing.
2) Once all requests have been submitted, cells process
their received requests and decide whether or not to
accept inversion. Finally based on these individual
1 flit

stands for “flow control unit”

5

decisions, each row decides whether or not to accept
inversion.
C. System Model
Assume that the number of bits to be transmitted over
TSVs is denoted by LD at each time slot. The encoded data
block is sent over a matrix of TSVs with NR rows and NC
columns, with NR and NC satisfying NR × NC = LD .
With this convention, the original data to be transmitted
at time slot t is represented by Dt matrix. Similarly, the
encoded data that has already been sent at time t − 1 is
represented by D̂t−1 .
The current flow direction of each TSV is specified by
the modified data already sent over the TSV, namely dˆt−1
(dˆt−1 is a cell of D̂t−1 matrix). Similarly, dˆt represents
the encoded data bit to be transmitted, while dt means
the original bit to be transmitted at time slot t. With
this convention and the proposed inversion mechanism, dˆt
will be either dt or d¯t . A simple analysis of the circuitry
connected to a TSV reveals that:
1) If the dˆt−1 = 0 and dˆt = 0, the TSV current will be
0 (#).
2) If the dˆt−1 = 0 and dˆt = 1, the TSV current will be
1 (⊙).
3) If the dˆt−1 = 1 and dˆt = 0, the TSV current will be
-1 (⊗).
4) If the dˆt−1 = 1 and dˆt = 1, the TSV current will be
0 (#).
with ⊙, #, and ⊗ representing current values of 1, 0, and -1
respectively. Consequently, the direction of current can be
calculated, if dˆt−1 and dˆt are known. From the preceding
discussion, it is easy to see that the NR × NC matrix C
representing the current of TSVs is equal to:
C(D1, D2) = D2 − D1

(10)

The key parameter in baseline algorithm is the sum of
neighboring TSV current. Therefore, it is helpful to define
an NR ×NC matrix P , where the (i, j)th element of P (Pij )
is equal to algebraic sum of neighboring TSV currents.
From this definition, the elements of P can take any values
in the set {−4, · · · , 4}.
V. BASELINE C ODING A LGORITHM
In the proposed coding each cell (corresponding to each
TSV) will send/receive an inversion request to the cell
above or below itself based on its neighborhood condition.
These neighbor cells then decide, based on the received
requests, whether or not to honor the requests. Before
delving into the details, the effect of bit inversion on TSV
current should be examined.
A. Effect of bit inversion on TSV current
The direction of current passing through a TSV is
specified by the previous data bit already sent over TSV
and the data bit to be sent over the TSV as discussed
in Section III-B. In the coding algorithm, dˆt = d¯t if the
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inversion decision is taken, otherwise dˆt = dt . The change
of current is summarized as follows:
1) In case of no inversion, (dˆt−1 , dˆt = dt ) = (0, 0)
results in #. If an inversion is performed, i.e.
(dˆt−1 , dˆt = d¯t ) = (0, 1), the current will be ⊙.
2) In case of no inversion, (dˆt−1 , dˆt = dt ) = (0, 1)
results in ⊙. If an inversion is performed, i.e.
(dˆt−1 , dˆt = d¯t ) = (0, 0), the current will be #.
3) In case of no inversion, (dˆt−1 , dˆt = dt ) = (1, 0)
results in ⊗. If an inversion is performed, i.e.
(dˆt−1 , dˆt = d¯t ) = (1, 1), the current will be #.
4) In case of no inversion, (dˆt−1 , dˆt = dt ) = (1, 1)
results in #. If an inversion is performed, i.e.
(dˆt−1 , dˆt = d¯t ) = (1, 0), the current will be ⊗.
It is concluded that # can be changed to both ⊗ and ⊙ (If
dt =1 or 0 respectively) by the inversion of dt , while ⊙ and
⊗ are only changed to #.

Table II
R EDUCING THE SUM OF NEIGHBOR CURRENTS BY INVERTING
VERTICAL NEIGHBORS

|α|

1

2

B. Reducing the sum of neighbor currents by inversion
The proposed coding consists of two phases as follows.
1) Submitting inversion requests: As mentioned previously, the goal of each cell is to see how it can reduce
the sum of its neighbor currents by inverting the data on
neighbor TSVs above and below itself. Table II lists all
possible forms of requests that can be submitted by a victim
TSV ⊕ to its neighbors to reduce |α|. The classification is
based on various scenarios that happen for the neighbors
above and below of a victim TSV. The proposed actions
in Table II are based on two factors; first the upward
current flow (⊙) conversion to downward one (⊗) is not
possible. Second, the current change, achieved by inversion
of corresponding neighbor, should be adjusted in such a
way that the magnitude of the sum of neighbor currents
decreases. It is easy to verify that the proposed actions in
the table follows these guidelines.
In some of the configurations of Table II, requests are
sent to only one of the vertical neighbors, while in others
requests will be sent to both neighbors. The former is
identified by the word ’only’ in the third column of Table II.
The following example illustrates the necessity of sending
a single request to only one of the neighbors. Consider the
following TSV current configuration:
⊙
#⊕#
#
If the neighbor above is changed as ⊙ → #, the sum of
currents will be 0 which is the ideal situation. On the other
hand, the same situation results if only the neighbor below
is changed as # → ⊗.
It is desirable to have a simple decision rule rather than
a lookup table in order to figure out when to submit an
inversion request. The entire set of proposed requests in
Table II is summarized in a very simple form.
1) For a cell (i, j) with P [i][j] > 0, if the data of target
neighbor is 1 and current of that neighbor is not -1
(⊗), send an inversion request to that neighbor.

6

3

4

Typical
patterns
#
⊙⊕#
#
⊙
#⊕#
#
⊗
⊙⊕⊙
#
⊙
⊗⊕⊙
#
⊙
⊙⊕#
⊗
⊙
⊗⊕#
⊙
⊙
#⊕#
⊙
⊙
⊙⊕#
#
#
⊙⊕⊙
#
⊙
⊙⊕⊗
⊙
⊙
⊙⊕⊙
⊗
⊙
⊙⊕#
⊙
⊙
⊙⊕⊙
#
⊙
⊙⊕⊙
⊙

Inversion request to vertical neighbors
only one # → ⊗
only one of these: # → ⊗ or ⊙ → #
#→⊗
only one of these: # → ⊗ or ⊙ → #
⊙→#
only one ⊙ → #
⊙→#
⊙ → # and # → ⊗
#→⊗
⊙→#
⊙→#
⊙→#
⊙ → # and # → ⊗
⊙→#

2) For a cell (i, j) with P [i][j] < 0, if the data of target
neighbor is 0 and current of that neighbor is not 1
(⊙), send an inversion request to that neighbor.
The result of such decision is stored in two NR × NC
matrices, called Request From Above (RF A) and Request
From Below (RF B). The elements of these matrices are
either 0 or 1. If RF A[i][j] is 1, it means that the cell at (i, j)
has received an inversion request from the cell above itself.
RF B is defined similarly. RF A and RF B are initialized
to 0 before any operation. Also, note that the first (last) row
does not receive any requests from above (below).
2) Processing inversion requests: Once all inversion
requests are submitted and cells with mutually exclusive
requests are marked, the inversion decision is made. One
possible technique for cell (i, j) is to grant such an inversion request only if RF A[i][j] = 1 and RF B[i][j] = 1.
Since the top row and bottom row do not have any
neighbors above and below them respectively, the first row
of RF A and the last row of RF B are set to 1 in order to
avoid decision conflicts with the proposed approach.
Once RF A and RF B are finalized, they are combined
as an intention matrix I mat = AND(RF A, RF B). If
I mat [i][j] = 1, the data bit of cell (i, j) is marked for
inversion. Since the final inversion is row-based rather than
cell based, an intention vector I vec (of size NR × 1) is
constructed from I mat .
If the number of 1’s are greater than the number of 0’s,
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Algorithm 1 Summary of baseline algorithm
1:
2:
3:

4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:

16:

Take D̂t and Dt as inputs
Construct C by C = Dt − D̂t−1
Construct matrix P by setting its (i, j)th element
P [i][j] equal to the algebraic sum of the currents of
neighbors of TSV (i, j)
Initialize RF A and RF B to 0. Then set the first row
of RF A and the last row of RF B to 1
for all i and j, i 6= NR , set RF B[i][j] = 1 if the OR
of following conditions are true do
P [i + 1][j] < 0 and Dt [i][j] == 0
P [i + 1][j] > 0 and Dt [i][j] == 1
end for
for all i and j, i 6= 1, set RF A[i][j] = 1 if at least one
of the following conditions holds do
P [i − 1][j] < 0 and Dt [i][j] == 0
P [i − 1][j] > 0 and Dt [i][j] == 1
end for
I mat = AND(RF
A, RF B)
PNC mat
I [i][j] for all i ∈ {1, · · · , NR }.
I vec [i] = j=1
I vec [i] = 1(I vec [i] ≥ NC /2), where the identity
function 1 returns 1 when its argument is true, and
returns 0 otherwise.

D̂t [i][1...NC ] = XOR I vec [i], Dt [i][1...NC ] for all i’s

row i is selected to be inverted, and I vec [i] is set to 1. I vec
is initialized to zero.
C. An Example of baseline algorithm
Suppose that the previously transmitted data and the
unmodified current data are:

D̂t−1



0
1
=
0
1

1
0
1
0



1
1
1
0
,D = 
0 t  0
0
1

1
0
0
0

0
0
1
1


0
1

0
1

0
1
0
1

If Dt is transmitted, the current matrix and the corresponding P matrix will be:

C

=

P =



1
 0

 0
−1

−1
1

−1
1

 
−1
⊙
#
1
=
0  #
⊗
0

0
0

1
1

⊗
#
#
⊙



1
0
0
1
 , RF A = 
0
0
1
1

1
0
0
1

−1 −1
0
1
0
0
1
1
0 −1
0 0
1 2
0 1

⊗
⊙
#
⊙


⊗
⊙

#
#

In this case, the number of cells with P = 0 through
P = 4 is 6, 9, 1, 0, and 0 respectively. Now, suppose that
the baseline algorithm is applied to (Dt , D̂t−1 ). RF A and
RF B will hold the following values:


1
0
RF B = 
0
1

0
0
0
1

0
1
0
1

1
0
0
1

Then, the I mat and the corresponding I vec are:


1
0

0
1

I mat



0
0
=
0
1

0
0
0
1

 

0
0


0
 , I vec = 0
0
0
1
1

0
0
0
1

Which results in the inversion of last row of Dt :


1
1
D̂t = 
0
1

0
0
1
0

0
1
0
0


0
1

0
0

With this inversion, the new current and P matrix will
be:


1 −1
0 0
C=
0 0
0 0

−1
1
0
0



−1
−1
 1
1
,P = 
 0
0
0
−1

0 −1
0 0
0 1
0 −1


0
0

0
0

Note that after inversion, the count of cells with P = 0
through P = 4 is 11, 5, 0, 0, and 0 respectively: While the
number of cells with P = 0 has grown from 6 to 11, the
number of cells with P = 1 and P = 2 has dropped from
9 to 5 and from 1 to 0.

VI.

BASELINE ALGORITHM

E VALUATION

In order to evaluate the efficiency of the proposed code,
a long random sequence of bits is input into two systems:
one with encoder, and the other without encoder. Also to
have a more robust evaluation of the baseline algorithm,
PARSEC [37] benchmark memory traces captured using
PIN [38] are utilized as a real-world data traffic. Denote the
class of cells with |Pij | = 0, · · · , 4 by ψk for k = 0, · · · , 4.
Then, the relative occurrence frequency (denoting by F (i))
of all ψi ’s are counted for different i’s. Comparing the
occurrence frequency diagrams of the two systems shows
whether the proposed coding lowers the occurrence of ψi ’s
with larger i. If such a decline is observed, the result
is a decrease in inductive coupling as discussed before.
Fig. 5(a) and Fig. 5(c) show the relative occurrence of
different ψi s for an 8×8 TSV bus in both uncoded (left bar)
and coded (right bar) system with random and PARSEC
benchmark data traffic, respectively. In Fig. 5(a), there are
5 pairs of columns, where the left column of each column
pair belongs to the uncoded system and the right column
belongs to the coded system. As is evident from this figure,
the relative frequency of occurrence of ψi ’s with large
i ≥ 2 has decreased. Furthermore, the relative frequency
of occurrence of ψi remains almost the same. Importantly,
the relative frequency of occurrence of ψ0 has increased.
Fig. 5(b) is the ratio of right columns to the left column
of column pairs of Fig. 5(a) to emphasize the change of
relative frequency of occurrence of different ψi s.
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Fig. 5. Evaluating the efficiency of baseline algorithm for an 8 × 8 TSV bus with both random (5(a) and 5(b)) and PARSEC (5(c)) data traffic. In
5(c), for each workload the left bar represents the uncoded and the right bar shows the coded approach results.
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A. Evaluation Metrics
Apart from the visual conclusion, it is possible to define a
scalar measure to quantify the effectiveness of the proposed
coding. One possibility is to form a weighted sum of relative frequencies, where the weight of the relative frequency
of ψi is taken to be i to impose a penalty on high values
of i. Consequently, the lower the value of this measure,
the better is the efficiency. We define Inductive Coupling
Mitigation (ICM) metric, as indicated by µ in Equation 11,
to evaluate the efficiency of the proposed algorithm.
4
X

i.F (i)

(11)

i=0

The “ICM gain” of the coding algorithm is also quantified
as the ratio of “change in µ due to coding” to the “µ of
uncoded system”:
ν=

|µuncoded − µcoded |
µuncoded

8

12

16

20

24

28

32

35

Number of rows

ICM gain versus number of columns

µ=

4

(12)

Applying this measure to the result of Fig. 5 shows that the
ICM measure changes from 0.99 to 0.78, which amounts
to a 21% ICM gain.
Finally, the proposed coding imposes an overhead for
data transmission. In order to transmit LD bits over an
NR × NC TSV matrix (LD = NR × NC ), an additional

ICM gain versus number of rows

NR bits are required to transmit I vec alongside the modified
data. Thus, the overhead is written as:
NR
1
η=
=
(13)
N = NR NC
NC
B. Scalability of baseline algorithm
It is of interest to analyze the variation of ICM gain
ν with TSV bus dimensions NR and NC . This analysis
provides an efficient physical distribution and placement of
TSVs within a vault. For a given bus size (NR × NC ) and
under certain constraints on ν and η, this information is
used to decide on the values of NR and NC .
Fig. 6 and Fig. 7 show the gain improvement for the
fixed number of rows (columns) as the number of columns
(rows) grows. It is observed that increasing both NR and
NC decreases ν; however, the negative effect of increasing
NC is more severe than the effect of increasing NR . Fig. 8
illustrates an instance of this fact by comparing ν for the
two cases of NR = 4 and NC = 4. It is observed that at
each fixed bus size, the ICM gain is better when the number
of columns has a fixed value.
In the following, the observed variation of ν with NC and
NR are justified. A rigorous justification of the variation
of ν with NC and NR requires calculating the values
of F (i) f or i = 0, · · · , 4 for the coded system. However, this calculation requires analyzing a very large scale
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Fig. 8. ICM gain and corresponding information redundancy for the same
number of bits in a bus with column or row growth

Markov chain which is outside the scope of this paper.
Consequently, the indirect methods are used to justify the
observed behavior.
1) Justification of NC effect on ICM gain: An indirect
approach for examining the impact of NC on ν is to calculate the probability of row inversion. Given the algorithm,
it is reasonable to assume that adjacent cells in a row are
marked independently for inversion, i.e.:
mat
mat
mat
P(Ii,j
= 1 | {Ii,n
, n ∈ {1, · · · , NC }\{j}}) ≈ P(Ii,j
= 1)

where P represents probability of its argument, “\” stands
mat
for set complement operator, and Ii,j
denotes the element
mat
of I at row i and column j . With the assumption of same
inversion probability for all cells (data bits) Pinv,cell , and
given the fact that a row is inverted only when more than
half of its cells are marked for inversion, the probability of
row inversion is represented by Equation 14.

Pinv,row =

Nc
X

i=⌈Nc /2⌉

Probability of row inversion versus number of cells in a row

 
Nc
(Pinv,cell )i (1 − Pinv,cell )Nc −i (14)
i

Fig. 9 shows Pinv,row as a function of NC for different
values of Pinv,cell as plot parameters. It is observed that when
Pinv,cell < 0.5, Pinv,row decreases with NC . Combining this
observation with the fact that Pinv,cell < 0.5 for baseline
algorithm (as shown in Appendix A), it is concluded
that increasing NC decreases Pinv,row within the proposed
algorithm. As Pinv,row decreases, the code is less frequently
employed, and this reluctance for engaging the inversion
mechanism deprives the system of the ICM gain promised
by coding. Consequently, the observed descending trend of
ICM gain with the increase of NC is justified.
In practice, those cells that are closer to the border and
corners have higher probability of inversion, as discussed
in Appendix A. To elaborate, Pinv,cell is a function of
probability of 0’s and 1’s in the input bit stream and the

location of the cell. Consequently, the calculation of row
inversion probability in Equation 14 is not accurate enough.
However, as long as the maximum cell inversion probability
of the cells in a row is less than 0.5, the same descending
trend of row inversion probability with NC is observed (see
Fig. 9).
2) Justification of NR effect on ICM gain: The effect
of NR on ν is examined in a similar fashion. To see this,
first note that based on the calculations of Appendix A,
the highest probability of row inversion belongs to rows 1
and NR , while rows 2 and NR − 1 have lower probability
of inversion, and the lowest probability belongs to rows
(1,N )
3, 4, · · · , (NR − 2). Denote these probabilities by Pinv,rowR ,
(3···N −2)
(2,N −1)
Pinv,rowR , and Pinv,row R . Assuming that rows are inverted independently, the average of the ratio of inverted
rows (for NR ≥ 4) to NR is shown in Equation 15.
2 (1,NR ) 2 (2,NR −1)
4
(3···NR −2)
P
+
P
+(1−
)P
NR inv,row NR inv,row
NR inv,row
(15)
By calculating the sensitivity of Ninv to NR , i.e.
(dNinv /dNR )/(Ninv ), it is possible to indirectly justify the
effect of NR on ν:
Ninv =

dNinv /dNR
Ninv

(1,N )
(2,N −1)
(3···N −2)
−2
Pinv,rowR + −2
Pinv,rowR
+ 42 Pinv,row R
N2
N2
N
R
R
R
(1,NR )
(2,N −1)
(3···N −2)
2
+ N2 Pinv,rowR
+(1− N4 )Pinv,row R
NR Pinv,row
R
R

=

1
NR O(1)

(16)
where O(1) represents a scalar of order 1. For NR > 10,
this ratio is very small and keeps getting smaller for large
NR . This reduction in sensitivity means that the average
fraction of inverted rows remains almost constant and the
ICM gain does not decrease significantly. This justifies why
increasing the number of rows does not have a noticeable
impact on the ICM gain.
While the discussion so far suggests that a minimal value
of NC is beneficial as long as the only parameter of interest
is the ICM gain ν, low values of NC lead to a higher value
of overhead, since the overhead is given by 1/NC .
VII. E NHANCED C ODING A LGORITHM
In some 3D IC devices, a large bus size and high ICM
gain are required simultaneously. 3D stacked-DRAM is
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an example, in which the size of TSV data bus typically
exceeds hundred bits. As discussed before, the ICM gain
drops as NR or NC increases. This means that the proposed
coding is not scalable and may not be able to provide
sufficient ICM gain for applications such as 3D stackedDRAM with large bus sizes. A partitioning scheme is
proposed in the following subsection to make the ICM gain
of our coding scalable for larger bus size.
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Fig. 11. Information redundancy overhead rate for the same bus size
with different partitions (P) vs row (NR ) growth
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A. Partitioning Approach
0

Given that the ICM gain of baseline algorithm is significant for a small bus size, we propose an approach to
make a large bus size gain-scalable by partitioning the large
NR × NC matrix of TSVs into q × p sub matrices of size
NR /q and NC /p and apply the coding on all sub matrices
independently, resulting in an enhanced algorithm. With
this method, the ICM gain of NR × NC network equal the
ICM gain of an (NR /q) × (NC /p) network at the cost of
increased overhead. Denoting the ICM gain and overhead
of an m × n with a q × p partitioning, the new ν(m, n, q, p)
and η(m, n, q, p) are presented by Equation 17:
m n
, , 1, 1)
(17)
q p
p.q. NqR
p
=
= p.η(m, n, 1, 1)
NR .NC
NC

ν(m, n, q, p)

= ν(

η(m, n, p, q)

=

A column partitioning is considered here for the following reasons, i.e q = 1, instead of row or row-column
partitioning. First, the impact of NC on ν is more severe
than the effect of NR on ν as discussed in Section VI-B.
Therefore, performing partitioning on columns is preferable. Second, row partitioning does not offer substantial
gain improvement because of the insensitivity of ν to NR .
In column partitioning approach, the same ICM is obtained
as reported for a small matrix while the overhead is the
same as that of increasing rows.
A general benefit of partitioning is to make parallel
implementation possible, resulting in a faster encoder architecture. The factor of parallelism is equal to the number
of partitions.

64

128

256

512

Bus size (LD) (bit)
Fig. 12.

Encoder silicon area

B. Enhanced Algorithm Evaluation
The ICM gain and overhead of enhanced algorithm and
baseline algorithm are compared in Fig. 10 and Fig. 11.
The row scaling approach (constant NC ) offers a consistent
ICM gain but suffers from a constant high value of overhead
regardless of the bus size. On the other hand, the column
scaling approach (constant NR ) improves overhead as bus
size increases, but causes a severe drop in the ICM gain.
The enhanced algorithm combines the high ICM gain of
row-scaling approach with the low overhead of column
scaling approach.
C. Hardware Synthesis Results
The encoder of both proposed coding algorithms is
synthesized by Synopsys Design Compiler using 28nm
TSMC library (1.05V, 25 ◦ C) to report latency, power
consumption, and area. Decoder component is the same for
Table III
P ROPOSED ENCODER LATENCY VERSUS TSV BUS SIZE (ps)
Bus size
128-bit
256-bit
512-bit

NC =8;NR =LD /NC
P=1
144
203
639

NR =8;NC =LD /NR
P=1
P=2
P=4
P=8
207
147
112
97
295
207
144
118
283
219
221
151
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Proposed encoder power consumption versus TSV bus size

both of the proposed baseline and enhanced algorithms. The
overhead is also negligible as compared to the encoder unit
in terms of latency, power consumption, and area, since it
is composed of a simple comparator and a mix of inverter
gates.
A TSV data bus with variable size is also modeled in
HSPICE. The TSV model in [10] is used to capture the
inductive TSV-to-TSV coupling effect.
At each step of hardware implementation, inversion
requests of a single TSV row are processed. Therefore, the
latency of the encoder is constrained by TSV row size.
The latency of row scaling is observed to be higher than
the latency of column scaling as illustrated in Table III. In
partitioning method, the number of columns in a partition
decreases as the number of partitions increases, reducing
the overall processing latency. This is because all the
smaller partitions are evaluated in parallel. For example for
a 512 TSV bundle the latency of encoder with 8 partitions
is almost 50% of the one with one partition.
A larger bus size needs more complex combinational
logic and memory units, resulting in higher power consumption and area footprint as depicted in Fig. 12 and
Fig. 13. However, partitioning the columns of TSVs, the
hardware complexity declines as fewer net wirings and
logic components are needed. Fig. 12 demonstrates the
decreasing trend in area for the same bus size as the partitioning factor grows. A TSV with 512 bits and 8 partitions
occupies almost 20% of the area for the same bandwidth
with one partition, as reported in Fig. 12. For example,
the power consumption of encoder in 512 bundle of TSVs
with 8 partitions is almost 20% of the same bandwidth with
one partition, as shown in Fig. 13. Applications with more
number of partitions have less power consumption due to
hardware size reduction.
VIII. R ELATED WORK
Exascale systems will experience different kinds of faults
according to the current knowledge of existing supercomputers. The power consumption budget for the future
exascale computer systems are dedicated to memory subsystem. 3D-stacking DRAM memories have been suggested
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since current DRAMs will not meet the expected power
consumption budget. A system-level design methodology
for scalable fault-tolerance of distributed on-chip memories
in NoCs has been introduced in [46]. The effects of transient faults are examined in synchronous and asynchronous
2D NoC [41]. An efficient Built-In-Self-Repair (BISR)
algorithm to fulfil the test and reliability needs for 3Dstacked memories have been proposed [39]. The effects
of temperature, refresh period, and ECC policy on the
reliability and power consumption of 3D-stacked embedded
DRAM are examined to minimize the energy consumption
without violating error rate limitation [40]. 3D DRAM
circuits include a large number of TSVs, which are prone
to open defects and coupling noises. The faulty behavior
of TSV open defects occurred on the wordlines and the
bitlines of 3D DRAM circuits are modeled in [42].
It is anticipated the existing resilient approaches, relying
on automatic or application level checkpoint-restart, will
not be practical as check pointing and restarting time will
exceed the mean time to failure of a full system [43]. The
impact of TSVs on SI in 3D ICs has been considered in
several articles [12], [13]. Analytical model for the coupling
capacitance between pairs of TSVs is also reported in [12].
A complete set of self-consistent equations including self
and coupling terms for resistance, capacitance and inductance of various TSV structures are presented in [13]. Five
solutions are suggested in [10] to reduce the coupling
including: increasing TSV distances, shielding the victim
TSVs, insert buffers at the victim net, decreasing the driver
size at the aggressor net, and increasing the load at both
victim and aggressor net. The last two suggestions have
negative implications for timing performance, and others
need high effort at post-design time. Many different coding
techniques have been presented to avoid the crosstalk issue
among communication links [44], [45]. The specification
of TSVs is also totally different from wires on a 2D chip
as described in Section III. A coding scheme has been
suggested for a matrix of TSVs, reducing the maximum
crosstalk by 25%. This approach is only applicable for
capacitive crosstalk (coupling). Also this method is not
scalable and supports a mesh of TSV with size of 3 × n,
limiting the TSV insertion process. It imposes around 40%
information redundancy with an encoder and decoder of
quadratic complexity in circuit area [15]. However, the
impact of inductive coupling on SI which is more important
in higher frequencies rather capacitance coupling [35], has
not been evaluated yet.
IX. C ONCLUSION
Although 3D multiple-stacked IC is a promising solution
for exascale computing, its vulnerability to inductive TSVto-TSV coupling has not been extensively studied. A coding
algorithm is proposed to mitigate inductive TSV-to-TSV
coupling after characterizing such issue by modifying input
data stream. The ICM of the algorithm is then gauged
in terms of various metrics such as mitigation measure,
ICM gain, and data overhead. It is observed that the
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algorithm provides a significant ICM gain for relatively
small bus sizes, while it suffers from a descending trend
in performance as bus size increases.
With large bus size applications such as 3D multiplestacked IC, a partitioning approach is added to the algorithm to make it scalable with bus size. At the cost of
reasonable overhead, significant ICM gain is obtained even
in the case of large bus sizes. In addition to ICM gain and
overhead, other practical issues such as power consumption
and silicon area are also reported. It is observed that the
coding approach promises lower power consumption and
silicon area while providing considerable ICM gain for
large bus sizes.
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B. i ∈ {2, NR − 1} and j ∈ {2, · · · , NC − 1}

A PPENDIX
P ROOF OF P ROBABILITY OF B IT I NVERSION
In this section, the indexing <> [i][j] is replaced with
<>i,j for notational simplicity. Also, RF A and RF B are
replaced with A and B.
To calculate the probability of a cell being marked for
inversion, i.e. P(Ii,j = 1), the decision making mechanism
in the algorithm should be analyzed. From the algorithm,
the following expression should be calculated:
P(Ii,j = 1) = P(Ai,j = 1 and Bi,j = 1)

14

(18)

Depending on the value of (i, j), the calculation of this
expression takes different forms:

The calculation is the same, except for that when i =
2(NR − 1), ci−2,j (ci+2,j ) does not enter the calculations
because its index is out of range. We will have:
P(Ii,j = 1)

143
512

=

(22)

C. i ∈ {1, NR } and j ∈ {2, · · · , NC − 1}
When i = 1(NR ), RF A(RF B) is always set to 1 and
all the probabilities dependent on values of currents at the
above (below) rows simply drop:
P(Ii,j = 1)

A. i ∈ {3, · · · , NR − 2} and j ∈ {2, · · · , NC − 1}
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Based on the algorithms and the relation between data
value and current directions:

(23)

1
2

=

D. i ∈ {3, · · · , NR − 2} and j ∈ {1, NC }
P(Ii,j = 1) =
h
P(di,j = 1) ×
P(ci,j = 1|di,j = 1)×
P(Pi−1,j and Pi+1,j > 0|ci,j = 1)
+
P(ci,j = 0|di,j = 1)×
i

P(Pi−1,j and Pi+1,j > 0|ci,j = 0)
+
h
P(di,j = 0) ×
P(ci,j = −1|di,j = 0)×
P(Pi−1,j and Pi+1,j < 0|ci,j = −1)
+
P(ci,j = 0|di,j = 0)×
i
P(Pi−1,j and Pi+1,j < 0|ci,j = 0)
(19)

and also

When j = 1(Nc ), c∗,j−1 (c∗,j+1 ) can be eliminated from
calculations:
P(Ii,j = 1)
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=

73
256

=

(24)

E. i ∈ {2, NR − 1} and j ∈ {1, NC }
When (i, j) = (2, 1), only ci−1,j+1 , ci+1,j+1 , and ci+2,j
contribute to the calculation:
P(Ii,j = 1)

=
=



5
.5 .5( 14 )( 16
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) + .5( 34 )( 11
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(25)

19
64

The other 3 possibilities for (i, j) are similar.
P(Pi−1,j and Pi+1,j > 0|ci,j = 1) =
P(ci−1,j−1 + ci−1,j+1 + ci−2,j > −1)×
P(ci+1,j+1 + ci+1,j−1 + ci+2,j > −1)

(20)

which is calculated by counting all the possibilities and
considering P(c = 0) = 1/2 (0 → 0 or 1 → 1), P(c =
1) = 1/4 (0 → 1), and P(c = −1) = 1/4 (1 → 0). Putting
it altogether:

F. i ∈ {1, NR } and j ∈ {1, NC }
When (i, j) = (1, 1), only ci+1,j+1 and ci+2,j contribute
to the calculation and RF A can be neglected:
P(Ii,j = 1)

=
=

P(Ii,j = 1)

=
=
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The other 3 possibilities for (i, j) are similar.

(21)

(26)

