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Abstract—In this paper, we address the design of wide-
operand addition units in the context of the emerging Through-
Silicon Vias (TSV) based 3D Stacked IC (3D-SIC) technology.
To this end we first identify and classify the potential of the
direct folding approach on existing fast prefix adders, and then
discuss the cost and performance of each strategy. Our analysis
identifies as a major direct folding drawback the utilization of
different structures on each tier. Thus, in order to alleviate
this, we propose a novel 3D Stacked Hybrid Prefix/Carry-Select
Adder with identical tier structure, which potentially makes the
manufacturing of hardware wide-operand adders a reality. Such
an N-bit carry select adder can be implemented with K identical
tier stacked ICs, where each tier contains two N/K-bit fast
prefix adders operating in parallel according to the computation
anticipation principle. Their carry-out signals are cascaded
through TSVs in order to perform the selection of the sums
accordingly, which results in a delay with the asymptotic notation
of O(log(N/K) + K). To evaluate the practical implications of
direct folding and of the hybrid prefix/carry-select approaches
we perform a thorough case study of 65nm CMOS 3D adder
implementations for different operand sizes and number of tiers,
and analyze various possible design tradeoffs. Our simulations
indicate the hybrid prefix/carry-select approach can achieve
speed gains over 3D folding based designs of between 29%
and 54%, for 512-bit up to 4096-bit adders, respectively. Even
though 3D folding requires less real estate, when considering a
more appropriate metric for 3D design, i.e., delay-footprint-cost
product, the hybrid prefix/carry-select approach substantially
outperforms the folding one and provides delay-footprint-cost
reductions between 17.97% and 94.05%.

Index Terms—Adders, Cryptography, Three-dimensional inte-
grated circuits, Through-silicon vias.

I. INTRODUCTION

Today, almost any computing device has stringent require-
ments in terms of security, coming from privacy concerns,
restricted content, restricted access, etc. Data encryption is one
solution to address this, and public-key cryptography [1] is a
fundamental and widely used encryption system. For example,
RSA [2] is the dominant cryptographic algorithm used in key
exchange in secure communications over the Internet. The
security of any cryptographic system is proportional with the
encryption key length, so the larger the key is, the better.
Currently, 1024-bit keys are considered sufficient for RSA
algorithms, but continuous advances in raw computation power
or integer factorization theory will require the increase of this
value even further, to fulfil the application security demands.

Large key length cryptography relies on intensive utilization
of arithmetic operations on wide-operands. Traditionally, these

operations are implemented in software on cryptographic co-
processors since hardware only wide-operand arithmetic units
are impractical, when making use of the current mainstream
planar Integrated Circuits (ICs) fabrication technologies.

As an alternative to planar technology, 3D Stacking Inte-
grated Circuits (3D-SIC) technology has emerged as a solution
in improving the performance of a circuit by reducing the
global wire-length and the design footprint [3]. The idea
behind the 3D-SIC approach is to partition a large design in
several smaller parts, and to implement each of them on a
separate die. The dies are stacked and bonded together, and
signals travel between the tiers in the stack using special vias,
i.e., Through Silicon Vias (TSVs). In this way, blocks placed
in the planar case far away from each other and connected by
long global wires can now be stacked on top of each other
and communicate through the short and low-resistance TSVs.

In this paper we investigate the implications of using
3D-SIC technology in designing efficient wide-operands
adders, to be potentially included in cryptographic coproces-
sors. We first identify direct folding strategies of fast adder
designs, i.e., prefix tree adders, and provide a generalization
and a classification for partitioning an N-bit operand width
adder on K-tiers. We theoretically analyze in terms of cost and
performance the 3D folding classes. Given that our analysis
identifies the utilisation of different structures on each tier as a
major drawback of the direct folding due to major augmenta-
tions of the manufacturing cost, we subsequently address this
issue and propose a 3D Stacked Hybrid Prefix/Carry-Select
Adder. Each tier contains two identical N/K-bit fast prefix
adders that compute in parallel the sums corresponding to
a carry-in signal of both high and low value. Subsequently,
the carry-out signals are transmitted, from the least significant
tier towards the most significant tier, through TSVs in order
to perform the selection of the sums accordingly. Since the
layout of each tier can now be the same, the manufacturing
costs are diminished.

To evaluate the implications of wide-operand adders in the
context of 3D stacking, we perform a thorough case study of
65nm CMOS 3D adder implementations with operand widths
varying from 512 to 4096 bits, and number of tiers in the range
of 2 to 16 tiers. The new design space dimensions introduced
by 3D stacking, i.e., the number of available tiers and the adder
partitioning (3D folding) strategy, create new trade-off oppor-
tunities. As our simulations indicate, there is a clear delay vs.
number of tiers trade-off, and, the optimal number of tiers,
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Figure 1: 8-bit Parallel Prefix Adder.

i.e., the 3D stack height providing the smallest delay, grows
with the increase of the adder’s width. We considered the
following metrics in our evaluation: delay, footprint, footprint-
delay product, and footprint-delay-cost product. Based on our
simulation experiments we can conclude that the 3D stacked
hybrid prefix/carry-select approach is overall faster than the
3D folding approach, with delay improvements of up to 29%
for a 512-bit adder and up to 54% for a 4096-bit adder. In
terms of footprint, the folding approach requires less chip
real estate, which however, has a very high manufacturing
cost. This is induced by the fact that folded 3D adders are
formed out of tiers implementing different circuits, and not
of the same type as it is the case for the 3D stacked hybrid
prefix/carry-select designs. Based on the footprint-delay-cost
product, which is more appropriate to capture the complexity
of a 3D implementation, we can conclude that the hybrid
prefix/carry-select approach is more suitable for 3D stacked
integration, achieving a reduction of the footprint-delay-cost
product over 3D folded adders between 17.97% and 94.05%.

The remainder of the paper is organized as follows. Sec-
tion [lIl motivates our work and gives a brief overview of
relevant state of the art literature. In Section different
straightforward implementations of folded 3D adders are
classified and analyzed. In Section a novel 3D stacked
hybrid prefix/carry-select adder with identical tier structure is
proposed. Section [V] presents an experimental design space
exploration of various trade-offs in terms of delay, footprint,
and cost for 3D folded and hybrid wide-adders. Finally,
Section [V]| concludes this paper.

II. MOTIVATION AND RELATED WORK

Addition is the primary mechanism to implement more
complex arithmetic operations, e.g., multiplication, division,
etc. If addition is slow or expensive, all other operations
suffer in speed and/or cost. It is well known that carry
propagation is the limiting factor for the performance of
any adder with fixed-radix number representation [4]. Carry-
Lookahead Adders (CLAs), in which the computation of

independent carries is done in parallel and in advance of the
sum computation, can significantly speed-up the addition and
most of the currently implemented high-performance adders
make use of a parallel prefix carry computation scheme, which
is a particular case of carry-lookahead.

Among the prefix calculation schemes, Kogge-Stone [5]] and
Brent-Kung [6] represent the two extremities of the theoretical
design space interval determined by the area-delay trade-off
[4]. Figure [I] depicts the 8-bit carry prefix graph for these
two adder types. The squares on the first row compute the
propagate and generate signals for each bit position, while the
circles are carry operator cells (also known as carry-merge
cells), in which combined propagate and generate signals
are computed. The Kogge-Stone approach offers the fastest
result (fewer stages) at the expense of the largest number of
carry operator cells, while Brent-Kung has the lowest number
of carry operator cells, but with larger fan-out, and more
propagation stages on the critical path.

While in theory various prefix strategy combinations are
possible, when it comes to operations on wide numbers, the
area-delay design space range of prefix adders (or of any
fast adder for that matter) is reduced. The dominant factor
in the adder speed shifts from the computation delay to the
communication delay. The large number of carry-merge cells
increases the distance between two connected cells, which in
turn demands long and dense wires [7]]. The solution to address
the signal loss on such long wires is to instantiate additional
buffers. However, this introduces a delay degradation and the
routing congestion problem gets even worse.

This positive feedback loop makes the delay of wide adders
to grow more than linear when the operand width is doubled,
as opposed to small-operand adders. This trend can be clearly
observed in the delay plots for Kogge-Stone and Brent-Kung
adders in Figure [2| The values are obtained from simulations
under worst-case conditions of sign-off implementations in
a commercial low-power 65 nm CMOS technology. We note
that the 4096-bit Kogge-Stone adder could not be successfully
routed, thus the presented delay value is an optimistic one. In
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Figure 2: Propagation delay of planar prefix adders.

addition to the considerable decrease in performance, a wide
adder implemented in a planar fashion has a higher fabrication
cost due to the decrease in manufacturing yield caused by the
large footprint and dense routing.

Thus, as a consequence of the aforementioned drawbacks,
a high-performance wide-operand adder is impractical to im-
plement in current mainstream planar IC fabrication tech-
nologies. An alternative to this is the use of 3D Stacking
Integrated Circuits (3D-SIC) technology. One of the promises
of this emergent technology is the reduction of global wire-
length, which in turn leads to an increase in the speed of a
wire-dominated circuit.

Various ways to partition prefix tree adders for 3D stacking
were devised and, and several case studies for small-width
adders were performed. Vaidyanathan et al. proposed in [8]
to split the prefix tree in-between computation stages and
estimated a maximum 4x wire length reduction for 32-bit
Kogge-Stone adders on 3 tiers. Puttaswamy and Loh [9]
use a 2-tier bit-splitting approach where carry-merge cells
corresponding to odd operand bits in a Kogge-Stone adder
reside on one tier, and cells for even operand bits reside on
the other die. For sparser prefix trees like Sklansky and Brent-
Kung adders adjacent processing nodes are stacked. However,
in the case of Brent-Kung adders the splitting of the inverse
carry tree from the last stages of computations is not discussed.

A variation of the previously mentioned bit-splitting
partitioning strategy for Kogge-Stone adders is used by
Ouyang et al. [10]], with the first carry merge stage performing
ternary operations instead of binary ones, in order to match a
3-tier stacking technology. The direction of carry forwarding
in the first merge stage is claimed to be flipped in order to
conveniently generate the final sum, but the implications of
this change on the correct functionality of the adder are not
presented. Thus, we will only consider classic Kogge-Stone
prefix adders as a discussion vehicle in the next section to
classify the 3D partitioning strategies and analyze them in the
context of wide-operand adders.

III. 3D PARTITIONING OF PARALLEL PREFIX ADDERS

The straightforward way to design a 3D stacked fast adder is
to take an existing planar prefix adder, partition it, and fold the
resulting partitions such that each one is placed on a separate
die. Based on the existing examples found in the literature
and presented in the previous section, we generalize the 3D
partitioning strategies of an N-bit parallel prefix adder on a
K-tier stack as follows:

1) Stage Folding: the carry-merge cells in each stage are
placed on one tier, as suggested in [8]],

2) Bit Interleaving: the carry merge cells on each and every
K-th column in the prefix graph are placed on the same
tier, as suggested in [9].

In addition to these, we also identify a third type of
partitioning:
3) Bit-slice Folding: the carry merge cells on every N/K
consecutive columns from the prefix graph are placed on
the same tier.

Figure [3] graphically depicts an example of how an 8-bit
Kogge-Stone adder can be divided across a 4-tier stack ac-
cording to the three identified types of partitioning strategies.
We note that even though Stage Folding of an IN-bit Kogge-
Stone adder demands K = 1 + log, IV layers, any number of
tiers can be accommodated if we group several stages together
on the same die. In the figure we use only 3-tiers since the
carry prefix tree has only 3 stages.

The partitioning should strive to reduce the long intercon-
nects in the carry network, therefore clusters of communicating
carry-merge cells should be placed on the same die. Based on
this observation, other partitioning strategies in which random
carry-merge cells are placed on each tier will most likely not
produce better results.

For wide-operand adders, the number of TSVs has a direct
influence on the overall performance of the adder. The reasons
for this are twofold: i) the area occupied by a TSV makes
the interconnect wires to increase in length, and, ii) the
large parasitic capacitance between the TSV and the silicon
substrate necessitates the placement of a high strength driving
buffer before it, with large area and propagation delay. For
comparison, a carry-merge operator cell synthesized in a com-
mercial 65 nm low power CMOS technology takes 4.68 me,
while the minimum predictions for TSV diameter and pitch
are 0.8 um and 1.6 um [[L1]], respectively.

Each of the TSVs drawn in the figure stand for a (gener-
ate,propagate) pair. The Stage Folding strategy also needs to
transmit the initial generate signal computed for each bit from
the bottom tier to the top one, to compute the final sum bit.
The number of TSVs in the k-tier stack adders from Figure
is given by the following equations:

NTSVQ(N7K) = SN(K - 1))
log, (K —1)

>, 2

=0

NTSVb(NaK) = NTSVC(NvK) =2 | Nlog, K —
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(a) Stage Folding.

(b) Bit Interleaving (3D BI).

(c) Bit-Slice Folding (3D BS).

Figure 3: 3D Kogge-Stone Adders Partitioning Strategies.

In case of K-tier Stage Folding, the number of TSVs is
constant between every two adjacent layers, equal with N,
the size of the adder operands. The number of TSVs is the
highest in this case, but they only connect neighboring tiers.
The Bit Interleaving and Bit-Slice Folding techniques require
a significantly lower number of TSVs, but some of them run
through several tiers, thus increasing congestion on those tiers.

The delay of the adder for all three partitioning strategies
from Figure [3] is given by the following equations:

Da(NvK) = DCM '1092N+ (Kﬁ 1) ' DTSVa +Dwi7‘ea7
Db(N7 K) = DCM : 1092N+1092K : DTSVb +Dwireba
DC(N7 K) = DCM ’ l0g2N+lngK' DTSVC +Dwireca

where Dg,, is the delay of one carry-merge computational
cell, Dygy, is the delay introduced by the TSV driving buffer,
and D, the delay on the interconnect wires. It can be
seen that for Bit Interleaving and Bit-Slice Folding some of
the TSVs on the critical path traverse multiple tiers, and the
longest TSVs on the critical path have to cross the entire k-tier

stack. Since longer TSVs have proportionally larger parasitic
capacitance (and hence delay), they either demand for the
utilization of larger driving buffers, or as an alternative they
have to be split in shorter TSVs. Thus, if we note with D gy,
the delay introduced by a buffer driving a short TSV between
two adjacent tiers the delay equations become:

Da(NaK) = DCM : l092N+ (K - 1) : DTSV +Dwireaa
Dy(N,K) = D¢y - logoN + (K — 1) - Drgy + Diyire, s
D, (N,K) = D¢ - logaN + (K — 1) - Dpgy + Doyjre, -

As can easily be deduced from the above equations, the
partitioning strategy does not have a direct influence on the
propagation delay, but rather an indirect influence by affecting
the interconnect delay on the wiring. The effect of this influ-
ence is even more important in case of wide operand adders,
with large area and long wiring. A theoretical comparison of
the actual delay of the three partitioning scenarios is difficult
to make owing to the difficulty in estimating the interconnect
wire delay, D,;,.._, which is dependent on the physical layout



of every tier. Nevertheless, some conclusion can be made by
analysing the TSV distribution in the stack and the area of
the most congested tier, which determines the footprint of the
entire 3D stack.

The Stage Folding strategy (D,) has the largest footprint,
given by the tier including the first computation stage, with
at least N carry-merge cells. The Bit Interleaving strategy
(D) breaks connections across dies in the early stages of
computation, thus the TSVs are more clustered in that region
of the layout. The end of every tier has a structure similar
with a Kogge-Stone N/K-bit adder, with the cells in the
last stages of computations placed far apart. In contrast, the
Bit-Slice Folding strategy (D.) recursively breaks inter-cell
connections starting with the long connections in the last
stages of computations, thus the TSVs are spread over the
entire layout. The way in which the folding happens is also
more advantageous since in each tier only the carry-merge
cells in the first stages of computations are interconnected,
where the wires are shorter. The footprint of the Bit-Slice
Folding strategy, with the upper tier having a full matrix of
N/K -logy N carry-merge cells is larger than the one of Bit
Interleaving strategy.

Bit Interleaving and Bit-slice Folding are essentially the two
extreme cases of bit-splitting the computation tree. Hence, any
other particular instances of bit-splitting results in a footprint
and area characteristics in between these two extreme cases.

When compared with the delay of a planar implementation
of a wide-operand prefix adder, the presented 3D folding
techniques provide a length reduction of critical wires, since
a large area is now distributed over many tiers. On the other
hand, the addition of TSVs increases the occupied area and
the routing congestion, and in the same time adds a delay
penalty on the driving buffers. The three partitioning strategies
presented can be applied to any prefix adder. However, since
the main benefit of 3D partitioning of wide operand width
adders resides in wirelength reduction, the Kogge-Stone adder
architecture, having the highest number of wire tracks [12], is
expected to gain the most from using the 3D technology.

I1V. 3D STACKED HYBRID ADDER

Besides the widely used metrics of delay and footprint, the
cost metric is another one of high importance. In 3D-stacking
technology the manufacturing cost equation has an additional
parameter with a heavy weight, namely whether the tiers
are identical or not. It is a well-known fact that the price
of lithography masks substantially contributes to the manu-
facturing cost of integrated circuits, especially in the deep
sub-micron technologies [13]. Therefore, if the tiers are not
the same, the manufacturing cost is almost multiplied with
the number of tiers.

All partitioning scenarios presented in the previous section
suffer from the same drawback: they induce a heterogeneous
stack structure, as they require a different design in each
tier. Silicon tiers with identical layout can be designed if we
place unused carry-merge cells instead of the feed-through
buffers (the triangles in Figure [I) for the lower bits of the

N/k bit bus

—

from tier

i-2

Figure 4: 3D Stacked Hybrid Prefix/Carry-Select Adder.

prefix graph, and we add configuration logic to select the
proper functionality on each tier. The additional overhead can
be tolerated for small sized adders, but in the case of large
operand widths, as the ones targeted by our investigation, the
area lost and the delay penalty can become prohibitively high.

Thus, in order to alleviate this shortcoming, we propose
a novel 3D Stacked Hybrid Prefix/Carry-select Adder with
identical tier structure, which potentially makes manufacturing
of hardware wide-operand adders a reality. An N-bit adder
can be implemented on a K identical tier stacked IC with the
structure depicted in Figure E} Each tier contains two N/K-bit
fast parallel prefix adders (PPA) and N/K +1 2:1 multiplexers.
The selection between the two sum outputs in tier 4, with
i =2,..., N/K is given by the carry-out signal from tier : —1,
transmitted through one TSV.

The critical path crosses one of the adders on the first tier
and the multiplexing chain at the outputs of each tier, resulting
in an asymptotic delay in the order of O(log, % + K ), which
can be further reduced to O(log, N) at the expense of some
hardware overhead if the multiplexing chain is designed by
following the look-ahead principle [4]]. The footprint of the 3D
stacked IC structure is given by the area of the two N/K-bit
prefix adders, N/K + 1 2:1 multiplexers, and a TSV, which
is substantially smaller than the one of an N-bit prefix adder.

To optimize the propagation delay, the 2:1 multiplexers
that select between the two sums can be implemented with
transmission-gates. Transmission-gates need also inverted se-
lect signals, but having an inverter on each tier would increase
the delay. Thus, it is more advantageous to also compute the
negated carry out signal and pass it to the next tier. In such
a case, the number of TSVs between every two neighboring
tiers grows to two, one for the carry out and one for the
inverted carry out.



The computation delay of an N-bit hybrid adder with K
tiers can be expressed as follows:

N
Dy(N,K) = DPP(?) + K- Dyyx + (K —1)Dpgy,

where Dpp(x) is the delay of an x-bit parallel prefix adder,
and D,;yx the delay of a 2:1 multiplexer. Increasing the
number of tiers reduces the operand width of the parallel prefix
adders, and hence its delay, but increases the delay contribution
of the multiplexers and inter-tier TSVs. This trade-off can be
optimized in terms of delay by finding the K value for which

the differential of the delay function is equal with zero:
ADy(N,K) 0
AK N

ADpp (%)
TK + Dyux + Dpgy = 0.

If we do not take into account the wire interconnects and
consider the prefix adder as being Kogge-Stone with the delay
equal with Dyg(&) = Doy - logy £, Deyy - delay of a
carry-merge cell, the optimal number of tiers that results in
the lowest possible delay of the hybrid adder is:

- DCM - 1'44DCI\/I
¢ = = )
b (Dyux + Drsy)In2  Dypx + Drgy

This means that for given silicon and TSV technologies
there is always an optimal number of tiers for which the 3D
Hybrid Adder has the lowest delay. The delay of the 3D Hybrid
Adder is comparable with the one of 3D direct folded adders
from Section[[I] the difference between them being dependent
on the number of tiers K, and the adder size V.

If we consider the footprint metric, for the 3D Hybrid
Adder we have to use two instances of N/K-bit prefix adders,
while 3D direct folded adders rely on a structure larger than
an N/K-bit prefix adder. However, depending on the TSV
dimensions, the 3D Hybrid Adder footprint might be lower
than the one of an N-bit 3D folded adder. Regardless of this,
the 3D Hybrid Adder is more advantageous to manufacture
due to the reduced number of TSVs and the easy alignment
during bonding of identical dies. Thus, disregarding the TSV
area overhead, the 3D Hybrid Adder has a larger footprint
than the 3D folded one, when both use the same architecture
for the prefix adders. However, from the manufacturing cost
perspective, the 3D Hybrid Adder has a cost approximately K
times lower than a 3D folded adder, since all tiers are identical,
and only one set of lithography masks is needed.

K,

6]

V. CASE STUDY

In this section we present a study of the following
wide-operand width adders: 2D prefix, 3D folded prefix (from
Figure [3), and 3D hybrid prefix/carry-select (from Figure [},
with respect to the metrics presented at the beginning of
Section and combinations of them, i.e., delay, foot-
print, delay-footprint product, and delay-footprint-cost prod-
uct. Moreover, we identify the trends for different operand
widths and number of available stacked tiers, which create
various design trade-off opportunities.

Even though the theoretical advantages of the novel 3D
Hybrid Adder are obvious, the evaluation of the actual impact
of such a 3D-Stacked implementation on the overall delay,
e.g., TSV delay, wire delay, crosstalk delay, and on the
footprint is not straightforward. The validation of the 3D
designs containing TSVs require additional implementation
steps when compared with the normal timing closure sign-
off flow, i.e., design partitioning per tier, TSVs insertion,
and design aligning. Taking into consideration that for the
proposed 3D Hybrid family each tier is identical, we note that
in this case the design effort is reduced to designing one tier
only, while for the other 3D folded prefix adders this does not
hold true. Furthermore, in all 3D design cases, we expect to
achieve latency and cost benefits due to wire-length reduction.

A. Implementation Methodology

From the three direct 3D folding strategies presented in
Section [[IT, we do not consider Stage Folding adders since
all the input bits and outputs bits are on one tier, the lowest
and the uppermost, respectively. For wide operand widths
this becomes a considerable hindrance in a real-life design,
since the floorplan will be pin congested, and most likely
impractical. The remaining three 3D adder families considered
by this case study, i.e., Bit Interleaving adders, Bit-Slice
Folding adders, and 3D Hybrid adders, have the input and
output bits equally distributed on all tiers, with input bits
having the same weight being on the same tier.

For our study, we implemented in structural parameterized
VHDL one tier of the 3D Hybrid adder, and the most con-
gested tier of a 3D Bit Interleaving adder and a 3D Bit-Slice
Folded adder. The hardware description was synthesized using
Cadence RTL Compiler [14] for all considered combinations
of operand bit-widths and number of tiers. For synthesis we
use a commercial 65 nm technology with a wide variety of
standard cells, including optimized complex gates, e.g., full
and half adders. Moreover, we take advantage of the RTL
Compiler hierarchical design option in order to ensure that the
prefix tree architectures are maintained throughout technology
mapping. Furthermore, we continue our implementation using
Cadence Encounter Digital Implementation (EDI) flow [14]]
as follows. We perform floorplaning for each design, also
taking into consideration the associated TSV footprint. We
model the TSV area to be 5 pm2 including keep-out zone [11],
[[15]]. We continue with place and route using the bottom four
routing metals, and we finalize each layout with a sign-off
analysis, obtaining the propagation delay and footprint for
worst case timing conditions, i.e., 1.08V supply voltage,
—40 °C temperature, and slow device models.

For each adder we add to the obtained propagation delay
the delay of the TSV driving buffer, equal with the delay of
a buffer with strength 8X, according with [15]. We mention
that in the case of the 3D Hybrid adder the TSV driving buffer
can be embedded in the useful computation performed by the
multiplexer present before the TSV, by resizing its gates. The
use of the same approach for 3D folded adders requires a
higher design effort, since the tiers are not of the same length,
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Figure 6: Delay Comparison Relative to the Fastest Planar Prefix Adder.

and every TSV is driven by separate carry merge cells, with
logic gates with different driving strengths.

B. Experimental Results

An absolute delay comparison of the adder families is
presented in Figure [5 for operand widths from 512-bits to
4096-bits, stacked on 2, 4, 8, and 16 tiers. In addition, the
horizontal lines represent the fastest planar Kogge-Stone (KS)
or Brent-Kung (BK) adder for the same range of operand
widths. We also selected the fastest version between Kogge-
Stone and Brent-Kung as the local prefix adder in the 3D
Hybrid adder in all cases (on the left side). The Bit Interleaved
(3D BI) and Bit-Slice Folded (3D BS) 3D adders are depicted
in the middle and right part of the figure, respectively. As
previously explained at the end of Section [l we remind that
the 3D folded adders considered throughout this section, i.e.,
3D BI and 3D BS, are both Kogge-Stone adders.

The 3D Hybrid plots confirm the trade-off between the
numbers of tiers and the delay, hence the existence of the

optimum number of tiers with respect to delay, defined by
Equation (I). The same trade-off is also present for 3D folded
prefix adders. In all implementations the optimum number
of tiers with respect to delay increase when the operand
width is doubled. This trend is more apparent in Figure [6]
presenting the delay improvement in percentages (negative
values indicate delay degradations) over the fastest planar
prefix adder for a fixed operand width. For large operand
widths, i.e., 2048-bit and 4096-bit, even though the delay is
reduced by 3D partitioning for the Bit Interleaving strategy
(3D BI) and the Bit-Slice Folding one (3D BS), the design on
each tier is still too large and with a wire-dominated delay,
giving a too high total delay. By looking at Figure[T] it can be
observed that in order for any 3D wide-adder to have a viable
delay it needs to process on each tier no more than 512-bits.
Thus, for large operand widths (4096-bit) and a sufficient
number of tiers (at least 8), all of the considered adders
offers comparable delay improvements. As expected, the speed
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improvement for 3D Hybrid adder with Brent-Kung (3D BK)
is less than 3D Kogge-Stone (3D KS) adders, since the Brent-
Kung prefix tree has less wiring tracks. The figure clearly
indicates that the 3D Hybrid KS adders always outperform
the other solutions in terms of delay improvement for all the
considered operand widths.

Figure /| presents the footprint for the considered 2D and
3D addition units, on a logarithmic scale. Overall, by far, the
3D BK hybrid adder represents the best choice in all cases,
i.e., number of tiers and operand width, when footprint is the
metric of interest. However, in all cases the 3D KS hybrid
adder has a footprint value slightly larger than, but in the same
order of magnitude as the one of the corresponding 3D BI and
3D BS equivalent counterparts. Finally, we can observe that
the 3D KS, 3D BI, and 3D BS footprints are lower than the
“classic” 2D BK one only for stacking on 8 and 16 tiers, for
all the considered operand widths.

Figure [§] presents the 3D equivalent of the widely used area-
delay product metric, i.e., the footprint-delay product. We can
observe that the tendencies we identified in Figure [/| still hold
true. Thus even though the 3D BK hybrid adder is almost
always the slower design for all considered operand widths
(see Figure [6) it is the most effective one, as its gets the best
out of its resources.

Even though for 2D chips the area-delay metric accurately
captures the effectiveness of a design, when multiple tiers
are stacked using a wafer-2-wafer stacking [3]], the mask-
set fabrication cost dominates the manufacturing costs when
a large number of different tiers are stacked. Thus, we plot
in Figure [9] the footprint-delay-cost product, where cost rep-
resents the number of tiers with different implementations
(equivalent with the number of different wafers). As explained
in Section the 3D BK and the 3D KS Hybrid designs
are not affected by this metric due to the fact that all tiers
are identical.

3D BI and 3D BS implementation both suffer significant
degradation due to the cost metric. Practically, the gain in
delay and footprint is almost canceled for all the 3D BI
and 3D BS implementations, when compared with their 2D
counterparts. Moreover, the number of tiers becomes now an
irrelevant factor in their design space as all 3D folded adders
exhibit an almost equal delay-footprint-cost product value. We
observe that the best choice in terms of footprint-delay-cost
metric are the novel 3D BS and 3D BK implementations
presented in Section With the increase of the number of
tiers they even become more attractive, due to the fact that
the footprint-delay-cost parameter linearly decreases when the
number of tiers is linearly increased.

VI. CONCLUSIONS

In this paper we investigated the implications of
using 3D Stacking IC technology in designing efficient
wide-operand adders, to be potentially included in crypto-
graphic coprocessors. We classified direct folding strategies
applicable to 3D fast adder designs, and analyzed the cost
and performance for each of them. Since our study indicated

that direct folding suffers from a major drawback related to
a large manufacturing cost overhead due to the fact that the
tiers are not identical, we addressed this issue by proposing
and evaluating a 3D Hybrid Prefix/Carry-Select Adder, with
identical layout on every tier, and a reduced number of
TSVs. We performed a 3D wide-operand adders design space
exploration with regard to delay, footprint, and cost metrics
and analyzed various folded and hybrid 65nm CMOS 3D
designs. The simulation results indicated that the 3D hybrid
adder is faster than adders constructed based on direct 3D
folding strategies, providing a delay improvement of up to
29% for 512-bit adders and up to 54% for 4096-bit adders.
In terms of footprint, the folding approach requires less chip
real estate, but with a very high manufacturing cost, owing
to the fact of having different layouts on every tier. Based on
the footprint-delay-cost product, which is more appropriate to
capture the complexity of a 3D implementation, we concluded
that the hybrid prefix/carry-select approach is more suitable for
3D stacked integration, achieving a reduction of the footprint-
delay-cost product over 3D folded adders between 17.97%
and 94.05%.
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