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Abstract— 3D IC is a promising technology to meet the de-
mands of high throughput, high scalability, and low power con-
sumption for future generation integrated circuits. One way to
implement the 3D IC is to interconnect layers of two-dimensional
(2D) IC with Through-Silicon Via (TSV), which shortens the sig-
nal lengths. Unfortunately, while TSVs are bundled together as a
cluster, the crosstalk coupling noise may lead to transmission er-
rors. As a result, the working frequency of TSVs has to be lowered
to avoid the errors, leading to narrower bandwidth that TSVs can
provide. In this paper, we first derive the crosstalk noise model
from the perspective of 3D chip and then propose ShieldUS, a
runtime data-to-TSVs remapping strategy. With ShieldUS, the
transition patterns of data over TSVs are observed at runtime,
and relatively stable bits will be mapped to the TSVs which act
as shields to protect the other bits which have more fluctuations.
We evaluate the performance of ShieldUS with address lines from
real benchmark traces and data lines of different similarities. The
results show that ShieldUS is accurate and flexible. We further
study dynamic shielding and our design of Interval Equilibra-
tion Unit (IEU) can intelligently select suitable parameters for
dynamic shielding, which makes dynamic shielding practical and
does not need to predefine parameters. This also improves the
practicability of ShieldUS.

I. INTRODUCTION

Three-dimensional Integrated Circuits (3D IC) is a promis-
ing technology which meets the demands of high through-
put, scalability, and power consumption for future generation
of ICs. Among several possible 3D IC implementations, die
stacking is a feasible way to build 3D IC. Die stacking stacks
several dies vertically and uses Through-Silicon Vias (TSV) to
interconnect the different layers. Since the lengths of TSVs (in
nano-scale) are quite shorter than traditional links, TSVs can
work in extremely high frequency. Moreover, while integrat-
ing TSVs into 3D IC, TSVs are usually bundled together rather
than used in isolation [11]. By using several bundles of TSVs,
it is possible to provide high memory throughput, which is es-
pecially important for recent scalable memory design, such as
Wide I/0 DRAM [4].

Unfortunately, bundling TSVs causes the crosstalk cou-
pling noise effect and may lower the performances of TSVs.
Crosstalk coupling noise is a fundamental problem in VLSI

design and becomes even more complicated in 3D chip. Previ-
ous works solve the crosstalk effect from different perspectives.
Works such as active shielding [3], shields insertion [12, 9],
and wire spacing [1], consider the problem from physical de-
sign. There are also works that focus on higher component-
based considerations and clock frequency tuning [7]. The-
oretical studies, i.e., coding theory, are also well researched
[15, 10, 2]. 3D design using TSVs causes new issues, which
have been studied extensively in recent years.

Nevertheless, for the TSV-to-TSV coupling noise problem,
there is still large room to explore. Let us consider the differ-
ence of the crosstalk problem between 2D chip and 3D chip
with TSVs. In the 2D case, wires are placed on a plane and
the crosstalk is usually caused by the two immediate neigh-
bors (i.e., left wire and right wire to the middle one). In the
3D case, TSVs are bundled and a TSV is surrounded by other
TSVs. Consequently, a TSV needs to consider all the immedi-
ate neighbors from all directions.

In this paper, we first introduce a 3D crosstalk decoupling
noise model, and then propose ShieldUS, a novel runtime data-
to-TSVs remapping mechanism for shielding the transmission
while considering the 3D crosstalk model. The basic idea of
dynamic shielding is to observe the transmitted data through
TSVs for a period of time to rank the similarities of the data,
and select the least changing bits to the TSVs as shields. The
remaining bits with more frequent changes can be safely trans-
mitted via the normal TSVs. With our derived 3D model, the
data-to-TSVs can be intelligent mapped for efficient transmis-
sions. After applying ShieldUS, the performance improvement
isup to 12%.

The contributions of this paper are as follows:

e A 3D crosstalk coupling noise model is proposed and ap-
plied in this paper.

e A novel method, ShieldUS, is proposed, which dy-
namically maps data-to-TSVs to minimize the crosstalk
classes.

e Interval Equilibration Unit (IEU) is proposed for automat-
ically finding an interval to observe transitions for better
mapping at runtime.

The rest of paper is organized as follows. Section II provides
a formal description of our targeted problem. In Section III,
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Fig. 1. (a) An illustration of the square of TSVs with 3D perspective and (b)
the airscape.

we introduce the 3D crosstalk noise model. Next, the design of
ShieldUS is introduced. In Section V, we evaluate ShieldUS
with synthetic traffic and real benchmarks, and investigate the
performance of our interval equilibration unit. Then, related
works are discussed in Section VI. Finally, conclusion is drawn
in Section VII.

II. PROBLEM FORMULATION

Assume a bundle of TSVs is formed by M x N TSVs, in-
dexed as TSV;;, where 0 < ¢ < M and 0 < 7 < N,
and also assume a program has total execution time 7', and
it is divided into several intervals, denoted as ordered set
I = {1, 15,I5,..Ig}. Then, denote the transmitted data as
Dicr, = di,da, ..., dparx v at time ¢ within the interval k.

Given a one-to-one mapping function M : D — TSV,
the mapping result at interval k is denoted as my,. Also,
given a function C which can judge the crosstalk class un-
der the mapping result my, , our goal is to find an ordered set
{mr,,mr,,...,mr, } such that:

min Z Z C(mr,, D¢, D)

Iyeltely

II1. 3D CROSSTALK NOISE MODEL

A. Preliminaries

Figure 1 shows a 3 x 3 square model. To the center TSV,
there are two categories of interfering TSVs. The first category
is for the TSVs of north, east, west, and south ones. The sec-
ond category are corner ones. Assuming the distance of the
first category is d, the distance of the second category is v/2d.
Without loss of generality, this model can be easily extended to
any NV x N square of TSVs, where N > 3.

B. Classes of Crosstalk in 3D chip

To calculate the crosstalk effects, the corresponding RC
model is built as Figure 2 shows. C7, is the capacitance be-
tween a TSV and the substrate and C7 is the capacitance be-
tween two neighboring TSVs. Based on the circuit model in

Fig. 2. A simple circuit model of a TSV bundle.

Figure 2, the following equation is derived by Ohm’s law.

Vaa — V;(t) _ dV;(t)
R Lt
dVij—s  dVjj—1  dVijp1 | dVjjys
+ Ol dt dt dt dt )
dVij—a [ dVjj—o  dVjjto  dVjjta
+ Cnl dt dt dt dt )
(1)

where Cy, and C7, are the interwire capacitances between the
TSV j and direct neighbors and diagonal neighbors. The pitch
of direct neighbors is shorter than diagonal neighbors, so Cy, is
larger than C'r, according to the basic definition of capacitance.
Here we assume a regular placement, i.e, the distance of C7, is
/2 times that of the distance of C' 1., and Cp, is V/2 times that
of C'1,. Note that it is dependent on technology parameters,
such as the pitch between two TSV, the radius of a TSV, and the
height of a TSV, etc. However, our model can be transformed
by giving different technology parameters.

Then, the equation of signal delay of TSV affected by
crosstalk inferred from the above equation is listed as follows:

Ti(a) = —ROL(1+M(4—0j;-3—06jj-1— 041 — 0jj+3)
+A2(4 =64 — 8j5—2 — 0j j+2 — 05 j+4)) 2)
where
M= 2—
Ay = 0715
AV; = Vi(th) = V;(t7)
AViy = AV, —AV;
djik = sgn(AVj)%, 0k €0,£1

To compute the voltage transition, V;(¢*) and V; (¢~ ) mean the
voltages at the time before the transition and after the transition
respectively (i.e. V;(t~) = 0 and V;(t*) = V7). Besides, the
normalized relative voltage change 0, j, is used to simplify in
the Equation 2. Then, we can define the effective capacitance
of the jth TSV as follows:

CL(l+A(4—=0;5-3—05-1— 0541 = 0j+3)
+A2(4 =84 — 5 j—2 = 0j 2 — 0j44)) (3)

Ceff,j =

Therefore, Equation 2 can be rewritten as follows:

T (a) = kadCeﬁ[,j (@)



TABLE I
THE CLASSES OF TSV CROSSTALK. NOTE THAT NOT ALL CLASSES ARE
SHOWN DUE TO THE LENGTH.

Class Ceﬁ Transition patterns

1 CrL 000000000 — 111111111
2 Cr(1+ A2) 011111111 — 000000000
3 Cr(1+ A1) 101111111 — 000000000
4 Cr(1+2X2) 010111111 — 000000000
5 CrL(l4+ A+ A2) 001111111 — 000000000
6 Cr(l1+42\) 101011111 — 000000000

[ 81 [ CL(1+8A1+8);) [ 000010000 — 111101111 |

From Equation 4, the signal delay of TSV j is dominated by
the Ceﬁ‘,j' Besides, we can derive the upper and lower bound
of Ceﬁ‘,j (as Equation 5 shows) because the possible values of
05 are —1,0 and 1.

Cr < Ce]fj < CL(l + 8A1 + 8)\2) (®)]

According to Equation 5, the table of the transition patterns can
be derived listed in Table I.

IV. DESIGN OF SHIELDUS

A. Overview

In the previous section, the number of noise class has been
calculated as 81 different classes. In this section, we aim at
minimizing the occurrence of higher class transmissions and
maximizing the occurrence of lower class transmissions.

Figure 3 shows the overview of the design of ShieldUS. N-
bit data are transmitted to the crossbar and ShieldUS simul-
taneously. ShieldUS will send control to crossbar according to
the recent history to shuffle the position of data bits. Recall that
the main purpose of shuffling the data is to lower the number
of class of crosstalk noise. After shuffling, ShieldUS will send
message to generator to decide how many short cycles required
by this transmission. Note that ShieldUS assumes variable cy-
cle transmission [7], in which multiple short clock cycles are
used instead of using a long single cycle which is based on the
worst-case to avoid crosstalk. This assumption is suitable for
TSVs since the lengths of TSVs (nano-scale) are quite shorter
than traditional links (such as bus/NoC links), and therefore
TSVs are able to provide higher frequencies to realize multiple
short cycles for transmissions.

After introducing the overview of ShieldUS and its assumed
transmission mechanism, in the following paragraphs the de-
tailed design are discussed, including the dynamic data-to-
TSVs remapping strategy and the interval equilibration strat-

egy.

B. Dynamic Data-to-TSVs Remapping

For simplifying the discussion, we illustrate dynamic shield-
ing with 3 x 3 TSVs. It can be generalized to any N x N array.
As discussed in B, there are 81 classes noise classes for a TSV

Interconnect (TSVs)

N bits

| Remapped data |

N bits

Generator

|o43u0d deway

N x N
Crossbar

ShieldUS

N bits

Raw data '—\—!\Hmf%

Fig. 3. An overview of the design of ShieldUS.

000 000
000 000
00 0060

(b)
Fig. 4. (a) An illustration of 3 X 3 array and (b) the data mapping.

surrounding by 8 TSVs. We can organize the 3x 3 TSVs as Fig-
ure 4a shows, where D stands for the data bits and S for shields.
In this case, 9 TSVs contain 4 data TSVs and 5 shields. Note
that the center TSV also causes crosstalk, but relatively weaker
crosstalk effect comparing to the other 4 TSVs, so we used a
lighter color to distinguish.

Consider the data width is 9, denoted as
dydgdrdgdsdydsdad;, we firstly check the similarity in a
given period and rank them. For simplifying the discussion,
we assume the rank of similarity from highest to lowest is d
to dg. Since the top 4 have the highest similarity, the 4 bits
are mapped to the shield cells, and the fifth one is mapped to
the center cell, as Figure 4b shows. The rest four TSVs can be
used as normal data TSVs, and the remaining bits are mapped
to them. Note that the procedure is operated every I cycles.
Each time I cycles pass, the mapping is reset according to the
recent observation.

In this procedure above tries to minimize the number of noise
class. However, since the noise class varies in different peri-
ods, the variable cycle transmission is used [7]. That is, pre-
calculate the required number of cycles of each noise degree
for the sender side.

B.1 Equilibrating interval for remapping

Setting a fixed interval for remapping is not practical since
each program has their own program behaviors. Therefore, we
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Fig. 5. An illustration of equilibrating the interval for remapping.

integrate Interval Equilibration Unit (IEU) into the dynamic
shielding. The idea of adapting to a suitable interval is widely-
used in design of wired and wireless network, similar but not
the same to backoff algorithms [5].

In IEU, the initial interval is set as CP, where C is a user-
defined base number for identifying the aggressiveness of each
trial, and p is the number for exponentially increasing or de-
creasing the base number while previous adapting interval has
gained benefits, i.e., lower crosstalk noise.

For example, assuming C' = 10 and initial interval is set
as C° = 100,000, after the first interval passes, IEU tries
C% = 1,000,000 as the longer interval to explore the simi-
larity. If the result is better than the previous interval, the fol-
lowing interval will be set as C7 = 10,000, 000. However, if
the larger interval results in worse case for two times in a row,
the upper bound of the interval is then decided. Then, the same
function is executed but oppositely for finding the lower bound
of the interval. Then, the range of interval will be decided,
denoted as [I1,, Iy].

Note that the above procedure will be run repeatedly until
I, = Iy. Since each time either the upper bound or the lower
bound will be narrower, finally the interval will be a fixed value.
Figure 5 shows an illustration of this equilibration strategy.

Nevertheless, even a single program may have different pro-
gram phases at different times [6], so the history may need to
be reset and IEU requires to be run periodically for re-adapting
to the internal program phase changing. In Section V, related
evaluations are discussed.

V. EVALUATION

In our evaluation, the number of TSV is 49 and TSVs are
arranged by a 7 x 7 square. The resulting class of each trans-
mission is the largest one which decides the required time for
this transmission. There are 82 classes in total and in which
the 81 classes are derived from Section III, and the additional
class (class 0) stands for the case of no transition, such as
00000000 — 00000000.

The signal delay is proportional to Ceﬁ by Equation 4 men-
tioned in Section III. To accurately estimate improved perfor-
mance, we set A; and Ao as 5.54 and 3.92 [12] to get the de-
lay time for each class. The related technology parameters are
listed Table II. If we set one clock cycle as the delay time of
class 0, the frequency must be very high because the delay time
of class 82 is 76 times larger than class 0. Therefore, we adopt
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Fig. 6. Performance evaluation under different phase-changing interval and
capturing interval of ShieldUS.

the delay time of class 11 as one clock cycle, and then we group
several classes into a group. The first 11 classes including class
0 are grouped into Group 1, denoted as Group; = (0, 10). The
remaining groups are Groups = (11, 30), Groups = (31, 55),
Groups = (56,74) and Groups = (75,81). Therefore, we set
the transmission time for Group; as one cycle, Groups as two
cycles and so on.

A. Mechanism Validation

In this experiment, we firstly validate the mechanism of
ShieldUS with synthesized traffic. Since ShieldUS is a dy-
namic shielding strategy, among the 49 TSVs, we periodically
select 16 of them to have higher transition probability, and 33
of them have lower transition probability. That is, 33 data-bits
are more suitable to be the shields. The transition probabili-
ties change with different phase-changing intervals, as Figure
6 show, i.e., 5000, 1000, and 100. Besides ShieldUS, we also
implement static shielding, i.e., selecting fixed bits as shields,
which uses the most significant 33 bits as the shields.

As Figure 6 shows, ShieldUS outperforms static shielding,
especially when the capturing interval is smaller than phase-
changing interval. This is because once the phase changes,
ShieldUS requires a period to learn the history. The results
validate that ShieldUS has the ability to learn the patterns from
history and successfully selects the suitable bits as shields.

Another important observation is the intervals. With differ-
ent interval settings, the performance is dramatically affected,
as Figure 6 shows, while the interval is set as 100 in the first
two cases (phase-changing interval=5000 and 1000), the trans-
mission time can be improved by 10% and 5% on average com-
pared with the interval set to 10000 and 1000, respectively.

It concludes that having a suitable interval is an important
parameter in ShieldUS. However, selecting a suitable interval
for any program is not possible since every program has its
own best one. Therefore, IEU which is able to select a suitable
interval intelligently is also evaluated and compared with the
fixed interval settings in this experiment. In Figure 6, the per-
formance results of IEU are the best or the second best in all the
cases and improved by 8.5% compared with static mapping.



4000000

3900000

3800000

ime (Cycle)

£ 3700000
m ShieldUs

3600000

H Lookahead

3500000

Transmission Ti

3400000

1T

interval=10000

3300000

interval=1000 interval=100 interval=10

Fig. 7. Accuracy of ShieldUS. Comparing to the ideal shields selecting by an
oracle method. Note that the intervals here represent the visions of looking
behind and looking ahead

B. Accuracy Comparison with Oracle Method

In this experiment, we evaluate the accuracy of ShieldUS.
An oracle method is used to look ahead the incoming traf-
fic in advance. With looking ahead, the shields are selected
guaranteeing minimal transitions in the incoming period. Note
that ShieldUS is a looking behind strategy, by comparing to
the results of looking ahead, the accuracy of ShieldUS can be
evaluated. Note that the oracle method is impractical in real
cases since the incoming traffic cannot be known in advance;
however, it sets a performance upper bound for evaluating our
strategy.

We select the result with phase-changing interval equal to
100 as Figure 7 shows. The interval here stands for lengths
of looking behind and looking ahead. It shows that ShieldUS
has almost the same result as the oracle method except when
the interval is 100. It is because that phase-changing interval
matches the looking ahead interval. However, it is impractical
as mentioned above. Moreover, it again shows that a suitable
interval strongly affects the effectiveness regardless ShieldUS
or oracle method.

C. Real Benchmark Traces

After using synthesized traffic for observing the behaviors in
depth, we use real benchmark traces to evaluate the effective-
ness. The traces are the data transitions in address bus line, cap-
tured from perlbench, gcc, mecf, leslie3d, h264ref,
and wrf. Note that the transition in address bus line is highly
regular (achieving 99% similarity) which has been found in
many previous works, such as [12]. Therefore, selecting the
MSBs as the shields is expected to have good results. Here
we evaluate ShieldUS to see if it can perform as good as static
shielding.

As Figure 8 shows, the first observation is that the perfor-
mance result of static shielding is worse than no mapping in
h264ref, but ShieldUS can always outperform no mapping.
The second observation is that ShieldUS ties with static shield-
ing in mcf; however, it outperforms static shielding in other
benchmarks and it can improve performance by 8% compared
to static shielding in gcc.

Note that the transmitted value in address bus line is quite
stable and thus the period for observation does not dominate the

1.05

Hno mapping
M static
 interval=10000
minterval=1000
interval=100

= IEU

Normalized Transmission Time

h264ref mcf

wrf gec leslie3d perlbench
Fig. 8. Evaluation with real benchmark traces and the performance results are

normalized to no mapping.

TABLE I
THE TECHNOLOGY PARAMETERS.

Parameter Technology notes
Technology 45nm

Width (nm) 102.5

Space (nm) 102

Thickness (nm) 235.75

Height (nm) 215.25

Dielectric constant | 2.3

results. Although the impacts of interval setting is not obvious
in this experiment, we can still observe that the optimal interval
setting is not the same in these benchmarks. For example, the
optimal interval in wrf and leslie3d is 100, but 1000 in
h264ref.

In this experiment, IEU is also evaluated and compared with
the fixed interval settings. As Figure 8 shows, IEU has up to
12% and 7% improvements in performance compared to no
mapping and static mapping, respectively.

VI. RELATED WORKS

In[14, 8, 18], the effect of crosstalk in 3D TS Vs is evaluated.
However, the assumed models consider the coupling noise with
two kinds of TSVs, i.e., aggressor and victim, which simplify
the the coupling noise problem. More general 3D models are
given, such as [17], but most of them are from the view point of
physical design, and our work solves the problem considering
the frequencies of occurrences of each bit-line, which actually
is a content-aware solution and independent of physical wiring
considerations.

In [12], they also investigate the problem from a content-
driven perspective. They found that the changed part of data
(usually the upper part, i.e., MSBs) can be used as shields for
the lower part (i.e., LSBs). That is, interleave the upper bits to
the lower bits. In our work, we also check the similarity from
the content perspective, but we periodically check the similar-
ity in a given period and dynamically dispatch them as shields,



rather than a design time decision.

In [7], it pointed out that the previous works usually use
longest cycle as the working frequency to transmit data. Since
the crosstalk noise can be classified to 6 groups, from no noise
to high noise, previous works usually used the worst case (the
6th group) to decide the working frequency, which results in
low performance. Therefore, they proposed variable cycle to
send data. Instead of using a long cycle, several shorter cycles
are used since the lengths of TSVs are quite shorter than tra-
ditional links, providing higher frequencies to realize multiple
short cycles. In this paper, we applied the idea that with dif-
ferent noised data, different cycles should be used to maximize
the performance.

In [13], the idea of shuffling the bus line to minimize the
power consumption is proposed. Similarly, in [16], it pointed
out an idea that data can be rotated regularly to balance the ther-
mal distribution. Inspired by the previous works, we improved
the idea to dynamic remapping to select the shields rather than
just rotating the bits regularly.

VII. CONCLUSION

In this paper, we firstly discuss the 3D crosstalk coupling
noise model, and then propose ShieldUS, a novel runtime data-
to-TSVs remapping mechanism for shielding the transmission.
The core idea of ShieldUS is that the transmitted data in a pe-
riod are observed and the most unchanged bits are mapped to
the TSVs as shields based on the 3D crosstalk model. With our
novel Interval Equilibration Unit (IEU) in ShieldUS, the in-
terval for remapping data-to-TSVs can be automatically sand-
wiched in between an upper bound and a lower bound and fi-
nally fixed to a value. The experiments are threefold: First, we
validate ShieldUS with synthesized traffic to show that Shiel-
dUS can successfully select the suitable bits to map to TSVs as
shields. Second, we evaluate the accuracy by comparing with
an oracle method, which shows that ShieldUS has almost the
same performance as oracle method. Finally, we evaluate IEU,
an intelligent unit for finding a suitable interval for observing
the behaviors of TSVs, which makes dynamic shielding prac-
tical and does not need to predefine parameters, and therefore
improves the practicability of ShieldUS.

Our future works are twofold: First, the crossbar for shuf-
fling the bits cannot be ignored since it grows as the number of
bits to shuffle. We are considering a two-stage crossbar to elim-
inate the overhead. Second, the details of the implementation
are going to be discussed in the future work.
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