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Abstract— 3-Dimensional integration technology stacks multi-
ple die on top of each other with a dense die-to-die interface.
This enables a circuit designer to replace long wires with
short vertical interconnects, thus reducing wire-related delay and
power consumption. In this research, we evaluate the impact
of a 3D fabrication technology on the latency and power of
arithmetic functional units. Specifically, we study integer adders
and shifters as they have very different delay characteristics. An
adder’s critical path latency is dominated by logic/gate delays,
while a shifter’s latency is more greatly affected by wire delay.
We demonstrate that the potential benefits of a 3D technology are
the greatest when applied to wire-bound circuits. In particular,
a barrel shifter implemented in 3D exhibits a 9% reduction in
latency with a simultaneous 8% reduction in energy.

I. INTRODUCTION

In current and future technology generations, wires have
an increasingly large effect on circuit latency and power
consumption [1-3]. An emerging technology called three-
dimensional integrated circuit (3D IC) technology stacks mul-
tiple die and connects the die with a dense, low-latency die-
to-die via interface. This technology can potentially have a
great impact on circuit and processor design. In a conventional
planar (2D) technology, floorplanning and layout constraints
may force two connected gates to be physically separated,
thus requiring long, global wiring to connect the gates. In a
3D organization, these gates may be vertically stacked on top
of each other on separate die, thus replacing the long global
wire with a short die-to-die via.

The long term goal of our research is the design of a com-
plete high-performance microprocessor in a 3D technology,
and quantifying the performance and power benefits of such
a design. While such a project is beyond the scope of this
paper, we present the results of a fundamental step toward
achieving that goal. In this work, we evaluate the impact of
a 3D technology on arithmetic functional units, which are a
critical component of any microprocessor. In particular, we
study several common integer addition circuits and a barrel
shifter. We chose to focus on these two types of functional
units because the adder’s latency and power are dominated
by logic, while the shifter is wire-bound. This allows us to
compare and contrast the benefits of a 3D technology for two
different circuit styles.

In this paper, Section II first presents a brief overview of 3D
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integration technology. Section III describes the conventional
2D adder and shifter circuit implementations evaluated in
this study. Section IV details how to implement the adders
and shifter in a 3D technology to reduce area and critical
wire delays. Section V provides the performance and power
results of implementing functional units in 3D, and Section VI
discusses future directions for research in 3D and makes some
concluding remarks.

II. 3D INTEGRATION TECHNOLOGY

3D integration technology stacks two or more planar die
and connects them with dense inter-die interconnects. Figure 1
shows a two-die stack where one die is inverted and aligned
on top of the other such that the metal layers of the two die
face each other. The two die are aligned and bonded with a
short, highly dense die-to-die (D2D) interface. The distance
between the top metal layers on the two die is very small,
and the pitch of the D2D vias is of the same order as the
top level metal [4]. One company, Tezzaron, has reported
manufacturing a 3D D2D interface with a 2.4um pitch with
an expected second-generation pitch of 1.46um [5], and we
believe that the D2D via density will continue to scale for at
least several generations. Likewise, Tezzaron reports that the
feed-through capacitance and series resistance of the D2D via
is very low. Our simulations show that the delay to transmit
a signal between two die through the D2D via is less than a
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Fig. 2. 8-bit Planar Adders (a) Brent-Kung (b) Sklansky (c) Kogge-Stone. The nodes o represent the propagate-generate PG components of the parallel-prefix
computation for the adder’s carry logic, while the wires communicate the different partial-prefix computations between nodes.

single fan-out-of-four (FO4) delay.

The relative benefits of 3D technology will increase in
future technology generations, making it a very attractive
option for future designs. There has recently been a great
deal of interest in 3D ICs. Researchers in academia and
industry have studied the implementation of caches in a 3D
technology [6-8]. Researchers in the general purpose micro-
processor industry are evaluating the technology for feasibility
and applicability [9, 10]. In the embedded market, companies
are already shipping products that use 3D integration for 3D-
stacked SRAM, DRAM and combined SRAM and micro-
controller [11, 12].

Heat removal from localized hot-spots needs to be consid-
ered when two actively switching components are stacked on
top of each other. The bottom die has a heat sink attached to
it and has been reported to have a temperature profile similar
to a planar die [13]. The top die generates heat that might
get trapped locally due to the poor thermal conductivity of
the dielectric layers used between metal layers and between
the die. A 3D circuit that substantially reduces wire RCs will
consume less power, thus reducing the thermal impact of the
3D structure. Researchers have also suggested using “dummy”
thermal vias that do not carry signals, but simply provide
low thermal resistance paths to help move heat away from
potential hot-spots [14]. Between the overall power reduction
and the effectiveness of thermal vias, we believe that thermal
management in a 3D structure is a tractable problem.

3D technology will likely extend beyond stacking two die
to continue scaling device density. After bonding two die in
a face-to-face organization, coarser (less dense) backside vias
are required. The differences between these D2D vias change
the absolute values of the benefits reported in this paper, but
the relative trends and overall conclusions remain the same.
3D integration also allows for heterogeneous technologies
(CMOS, DRAM, analog, etc.) to be combined together, thus
providing even greater functionality. In this study, we limit the
scope of our explorations to a 2-die CMOS stack and leave
the evaluation of more sophisticated 3D structures for future
work.

III. PLANAR (2D) FUNCTIONAL UNIT IMPLEMENTATIONS

We evaluate two types of functional units: integer adders and
a barrel shifter. In particular, we consider Brent-Kung (BK)
adders [15], Sklansky (SK) adders [16] and Kogge-Stone (KS)

adders [17]. We also consider a classic barrel shifter. For both
the adders and the shifter, we evaluate 64-bit implementations.

The critical paths through addition circuits are typically
dominated by gate or logic delay rather than wire delay. For
wide adders (64-bit), only a few of the upper levels of the
propagate-generate logic make use of long wires. In contrast,
a 64-bit barrel shifter contains many very long wires because
input bits may need to be shifted 64 positions to the left or
right. The comparison of circuits that are either logic-bound
or wire-bound helps to illustrate the relative benefits of 3D
for different situations and provides insight into what other
components in a processor would benefit the most from a 3D
implementation.

1II-A. Addition Circuits

We chose three adders with varying logic and wire require-
ments. Figure 2 illustrates the carry generation logic for each
of the adders. While the diagrams only show 8-bit versions
of the circuits, all of our results are for full 64-bit adders.
Figure 2(a) shows the carry generation tree of an 8-bit Brent-
Kung adder. Brent-Kung (BK) adders share processing nodes
and require propagation twice through the tree: first in a
downward direction when the prefixes are synthesized, and
then in an upward direction when the carries are generated.
Figure 2(b) shows an 8-bit Sklansky (SK) adder. SK adders
reduce the number of logic levels that need to be traversed
at the cost of more logic and wiring. Each successive level
of SK adders has exponentially increasing fanout and wire-
length. Figure 2(c) shows an 8-bit Kogge-Stone (KS) adder.
KS adders reduce the loading on the critical path by using
even more logic to limit the fanout per node to only two. This
in turn decreases the overall circuit latency while increasing
the power due to the extra logic and wiring.

III-B. Barrel Shifter

Figure 3 shows an 8-bit planar (2D) shifter. Each multi-
plexer level performs a conditional shift of a magnitude equal
to the corresponding power of two. The shifter is designed
to perform either right shifts or left shifts based on a control
input. The worst-case wire length for each successive level
doubles, as illustrated by the sequence of bolded lines in
Figure 3. Furthermore, the height of each successive level also
increases exponentially as more wiring tracks are required to
route the signals across to the appropriate multiplexer inputs.
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Fig. 3. 8-bit Planar Shifter

The increase in wire length in both dimensions leads to a
significant wire-related latency and power cost at the deeper
levels of the shifter.

IV. FUNCTIONAL UNIT IMPLEMENTATION IN 3D

We propose designs of 3D-integrated circuits to reduce the
length of critical wires between processing nodes by stacking
nodes in the vertical dimension. By stacking adjacent nodes
on different die, we reduce the area footprint of the design
to approximately half of its original size. We begin with a
description of 3D adders.

IV-A. 3D Adder Circuits

For each of our 3D adder implementations, we performed
a 3D bit-slicing where odd operand bits reside on one die,
and even operand bits reside on the other die. Figure 4 shows
an 8-bit BK adder in 3D. Every other node of the propagate-
generate logic has been stacked on top of an adjacent node as
indicated by the shading in Figure 4. This in turn reduces the
total width of the circuit by one half, which reduces the length
of each inter-node wire by one half as well. While all of the
critical wires have been halved in length, some now contain
D2D vias. The additional RC overhead of the D2D via is
relatively small and is more than offset by the corresponding
wire length reduction. The BK adder needs only O(N) vias
for an N-bit adder, which is easily satisfied by the dense D2D
interface.

For the faster Sklansky and Kogge-Stone adders, we also
stack adjacent processing nodes which in turn reduces overall
footprint and critical wire lengths by one half. Figure 5 shows
an 8-bit SK adder in 3D and Figure 6 shows an 8-bit KS adder
in 3D. The SK adder requires D2D vias on half of the wires
at each level, which totals to O(N1g N) D2D vias. The KS
adder however only needs D2D vias for the first level of the
propagate-generate logic, which adds up to only O(N) D2D
vias. For both cases, the compact 3D layout reduces critical
wire lengths which in turn provides latency and power benefits.

IV-B. 3D Barrel Shifter

Similar to the adders, we 3D-partitioned the barrel shifter
such that adjacent nodes are vertically stacked on different
die, thus shrinking the circuit to half its original size. This
partition of odd and even bit positions on the two die halves

O Node on upper die
Q 9 @ o Q o o O Node on lower die
G Q.\ @ @® D2DVia
\69,/./ 3 Vias on CP
7 Vias (N-1 Vias for N Bits)
Fig. 4. 3D Brent-Kung Adder
Nodes on upper die
® o @0
Nodes on lower die
O
@ ® D2D Vias

1 via on CP
10 vias (O (N log N)
Vias for N Bits)

Fig. 5. 3D Sklansky Adder

the lengths of wires in every successive multiplexing level,
which in turn provides greater latency and power savings with
every additional layer of the circuit. The logic delays remain
approximately the same as in the planar shifter design, but
the wire delay component decreases quadratically with every
halving of wire-length.

V. METHODOLOGY AND RESULTS

For our studies, we use circuit-level simulations using
HSPICE to obtain the latency and total energy for the worst-
case switching of the 2D and 3D circuits. We manually sized
transistors and computed wire lengths based on a custom
floorplan. We only considered CMOS gates (as opposed to
domino or dual-rail). We use BSIM transistor models [18] for
a 70nm technology and wire parameters extrapolated to 70nm
from a TSMC 180nm technology. We model the D2D via to
be 1 pum in dimension. We use distributed RC models for the
inter-gate wiring, and we include parasitic capacitances such
as transistor drain capacitances.

Table I shows the latencies and energy consumptions for
our 2D and 3D functional units. Overall, the 64-bit adder
circuits only exhibit a modest latency improvement when
implemented in 3D. As the designs use more and more wire
(the KS adder is the most wire-intensive design evaluated
and shows the greatest latency reduction), the relative benefit
does increase, thus illustrating how 3D can effectively target
wire delay. Similarly, the overall energy reduction is not as
great for the SK and KS adders because their large amount
of logic duplication reduces the relative power contribution of
the wires.

The results for the 3D barrel shifter demonstrates how
3D integration can provide greater benefits when the wire-
delay component dominates the circuit. The 3D shifter exhibits
almost a 9% improvement in latency while simultaneously
reducing energy consumption by nearly 8%. For power-
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TABLE I
LATENCY AND ENERGY COMPARISON OF 64-BIT PLANAR AND 3D
CIRCUITS. THE COLUMNS MARKED ‘%’ SHOW THE RELATIVE REDUCTION
IN LATENCY AND ENERGY.

Latency Energy
2D (ps) | 3D (ps) % 2D (pJ) | 3D (pJ)) %
BK adder 683.8 673.9 1.5% 11.8 114 3.4%
SK adder 673.3 661.1 1.8% 15.4 15.3 0.6%
KS adder 396.1 381.4 3.7% 22.7 22.1 2.6%
Shifter 559.7 510.7 8.8% 16.9 15.6 7.7%

conscious designs, the latency reduction can potentially be
traded to further reduce power. For example, narrower and/or
longer transistors may be used to reduce switching and leakage
power while still maintaining a latency equivalent to the
original 2D implementation.

VI. CONCLUSIONS

Three-dimensional integration provides significant reduc-
tions in wire lengths and overall circuit footprint. This paper
has demonstrated the impact of 3D on two different types
of functional units. For circuits such as barrel shifters which
are dominated by wire-delay, 3D can potentially provide
simultaneous benefits for performance and power. On the other
hand, logic-bound circuits like adders do not gain as much
from a 3D implementation, and 3D may be better utilized
to reduce the wire-lengths between such circuits rather than
within the circuits.

The impact of 3D fabrication on the design of high-
performance circuits, and especially on a complete micro-
processor, is still a largely unexplored research topic. Our
results suggest that researchers should focus on wire-bound
processor structures such as large SRAMs including caches,
branch predictors, and register files; large wire-bound CAM
structures such as the dynamic instruction scheduling logic of
modern superscalar processors [19]; and long wire-dominated
critical paths such as the branch misprediction notification
path [20] and the result bypass network. We believe that the
ability of 3D to provide simultaneous power and performance
benefits will play a crucial role in extending the silicon road-
map for a few more generations.
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