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ABSTRACT

Three-Dimensional integration provides a simultaneous im-
provement in wire-related delay and power consumption of
microprocessor circuits. Prior work has looked at the per-
formance, power, and area benefits of 3D integration tech-
nology. In this paper, we investigate the scalability issues
of 3D die-stacked arithmetic units. We explore the behav-
ior of the 3D-integrated arithmetic circuits with increasing
issue-width (parallel execution capability), transistor sizing,
and temperature. We show that the 3D-integrated units
have a lower latency degradation and lower rate of increase
in energy consumption than planar circuits with increasing
issue-widths and operating temperatures. We demonstrate
that the 3D-integrated circuits have less sensitivity to tran-
sistor sizing than the planar circuits.
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1. INTRODUCTION

To exploit instruction level parallelism in applications,
modern high-performance microprocessors execute multiple
arithmetic operations simultaneously, usually within a clock
cycle. For example, the Intel Core2 processor is reported to
have about ten integer units and six floating point units [1].
Usually, the latencies of arithmetic units define a lower bound
on the clock cycle of the microprocessor [2]. The number of
arithmetic units that can simultaneously execute (i.e., issue-
width) define an upper bound on the extraction of applica-
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Figure 1: Bypass wiring complexity (a) /W = 2 (b)
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tion parallelism by the microprocessor. Thus, designs of
arithmetic units such as adders, shifters, and multipliers are
critical in deciding the overall performance of microproces-
SOTS.

Traditionally, arithmetic unit designers identify one or
more critical (longest) paths through the overall arithmetic
computation and speed up those critical paths with inno-
vative designs and/or transistor sizing on the critical path
circuits. With increased transistor sizes, the current drive
capability of the transistor increases which reduces the delay
of the circuit. The undesirable effect of increasing transis-
tor sizes is the increase in gate capacitances and leakage
current, leading to increased power consumption and wors-
ening power density issues. So, transistor sizing has to be
balanced with power budget and thermal considerations.

Large issue widths enable microprocessors to execute more
arithmetic operations simultaneously. Typically, an arith-
metic operation (such as addition) requires at least two
source operands. The source operands of a particular arith-
metic operation are themselves the results generated by other
arithmetic operations. If an instruction C has one of its
source operands generated by instruction A and another
source operand generated by instruction B, then C is said to
be dependent on A and B. The results generated by A and
B may be bypassed to the arithmetic unit executing C, to
speed up the execution. As we increase the issue-width IW
of the microprocessor, a given source operand for a given
arithmetic operation can be generated by any of the IW
arithmetic units. The circuitry required to bypass the re-
sults from each arithmetic unit to all the arithmetic units
quickly dominates the delay. Figure 1 shows the increasing
wire complexity when the issue width /W is increased from
two (Ao and A1) to three (Ao, A1, and A2).

Given that technology scaling has created an ever widen-
ing gap between the relative delay of logic and wires [3, 4],



increasing the issue-width worsens the wire delay of the by-
pass network, thus reducing the benefits of multiple func-
tional units on the overall performance of the processor.
Three-Dimensional integrated circuit (3D IC) technology
can reduce the wire delay by vertically stacking multiple
die and connecting the stacked die with a high-density, low
latency die-to-die (D2D) interconnect interface. There has
recently been a great deal of interest in 3D ICs [5, 6, 7,
8]. Puttaswamy and Loh [5, 9, 10] have proposed designs
of various SRAM and CAM-based components and arith-
metic units of the microprocessor using a die-stacked 3D
technology. Xie et al. [11] have explored the design space
of 3D architectures and shown microarchitectural trade-offs
for two processor case studies based on an Alpha proces-
sor and a Pentium processor. In this paper, we explore the
scalability issues of 3D-integrated arithmetic circuits built
in a die-stacked 3D technology [12, 13]. In particular, we
show that the 3D-integrated arithmetic units have better
scalability than the planar arithmetic units, with increasing
issue-widths, transistor sizing, and operating temperatures.

The rest of the paper is organized as follows: Section 2
describes the designs of planar and 3D-integrated arithmetic
circuits. Section 3 presents the results. Section 4 makes
some concluding remarks.

2. ARITHMETIC UNIT DESIGNS

We focus on three different arithmetic units, a Kogge-
Stone adder, a barrel shifter, and a carry-save algorithm
based array multiplier, due to their varying logic and wire
requirements.

The Kogge-Stone adder belongs to a general class of adders
called parallel-prefix adders. In parallel-prefix adders, addi-
tion is carried out in three steps, namely pre-processing,
carry generation and post-processing. In the pre-processing
step, special signals called generate and propagate signals
are extracted from the input bits. In the carry generation
step, the generate and the propagate signals are used to
compute multiple carry bits simultaneously. In the post-
processing step, the computed carry bits are used to com-
pute the sum bits, providing the final sum of the addition.

The barrel shifter enables shifting the bit positions of the
input N-bit number by any number of positions up to N-1.
Besides a shift operation being a part of most instruction set
architectures, the shifting is also used in floating-point arith-
metic to align exponents and fractions. The barrel shifter
is a wire-intensive structure since any input bit has to be
capable of being routed to any of the other N-1 positions
within one clock cycle.

Our array multiplier uses a well-known multiplier algo-
rithm called the carry-save algorithm. Figure 2(a) shows a
4 x 4 carry-save array (CSA) algorithm implementation. In
the carry-save technique, the carry information from adding
the rows of partial products is not combined with the sum
information until the very last step. Note that the sum ar-
rays and carry arrays are being separately propagated until
the end, where a carry-completing adder merges the final
sum array and the carry array to produce the final product
bits. Figure 2(b) shows the multiplier circuit and highlights
two of the critical paths. The critical paths are dominated
by propagation between the different rows and a short com-
ponent of carry ripple in the last row.

For 3D-integrated circuits, our design objective is to re-
duce the wirelengths, especially those on the critical paths.
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Figure 2: (a) Carry-save array (CSA) multiplier
algorithm (b) CSA multiplier design (two critical
paths highlighted)
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Figure 3: 3D Carry save array multiplier

In case of the adder and the shifter, we make use of odd/even
bit-partitioned 3D designs as previously proposed in [9].
This partition of odd and even bits on the vertically stacked
die reduces the wirelengths in successive logic levels by re-
placing some of the wires on the critical paths with short
Die-to-die (D2D) vias. Figure 3 shows our proposed design
of the 3D CSA multiplier. The 3D CSA multiplier replaces
wires on the critical path with the D2D vias as shown in Fig-
ure 3, thus reducing the circuit latency and power.

3. RESULTS

For our studies, we run circuit simulations using HSPICE
to obtain the latency and total energy for the planar and the
3D circuits. For HSPICE simulations, we use PTM transis-
tor models [14] for a 65nm technology. We model the D2D
vias to be 10pum length and 1pm pitch.

Table 1 shows the relative delay improvement of various
3D-integrated circuits over the planar circuits. The shifter,
being the most wire dominated circuit derives the maximum
benefit from 3D-integration. The adder and the multiplier
circuits, being less wire-intensive, derive less benefit than
the shifter circuits. Also, as the issue-widths increase to
eight, the latency benefits increase up to 51% for the barrel
shifter.

Next, we explore the frequency scalability of the 3D adders
and planar adders with increasing issue-widths. Table 2
shows the operating frequency of the adders for increasing
issue-widths. As issue-widths increase from two to eight, the



Table 1: Percent improvement in delays of 3D-
integrated arithmetic units over planar units.

Tssue width | % Adder | % Shifter | % Multiplier

2 15.4 30.1 12.3

3 18.2 36.2 14.7

4 21.1 40.7 16.9

5 24.6 44.2 18.6

6 25.7 47.3 21.0

7 28.0 48.2 22.8

8 30.2 5I.1 24.6

Table 2: Frequency scalability of planar and 3D
adders with increasing issue-widths.
Issue Planar 3D Percent
width Frequency | Frequency | improvement
(GHz) (GHz)
2 3.95 4.67 18.24
3 3.69 4.51 22.19
4 3.43 4.35 26.69
5 3.20 4.24 32.68
6 3.05 4.10 34.55
7 2.87 3.99 38.95
8 2.73 3.91 43.18
Frequency loss 30.8% 16%

frequency reduces by 30.8% for planar adders and only by
16% for 3D adders, demonstrating the wire relief provided by
3D technology. Also, the potential frequency improvement
can be up to 43% for the 3D-integrated adders as compared
to the planar adders.

Figure 4 shows the latency trends due to transistor sizing,
for a four-issue processor configuration. The drive-strengths
as well as the gate loads increase with increased transistor
sizing. Until the drive-strengths reach the optimal capacity
to drive the gate loads and the wire loads, the overall la-
tency reduces for both the planar and the 3D units. Once
the circuit has achieved sufficient drive-strength, further in-
crease in the transistor sizes increases the gate load lead-
ing to latency degradation. The latency curve of the 3D
circuits shows that the 3D implementations exhibit slower
latency degradation than the corresponding planar circuits,
due to reduced wires. This has important implications with
continuous technology scaling. Prior research [15] has al-
ready identified that transistor geometries will become in-
creasingly non-deterministic due to increased influence of
process variations in current and future technology genera-
tions. Hence, 3D implementations are more likely to meet
their delay target in the presence of process variations. Next,
we consider the power consumption behavior of the 3D cir-
cuits in Figure 5 for increasing issue-widths. For smaller
transistor sizes, we can see from Figure 5 that the issue-
widths have less influence on the power consumption. As
the transistor sizes increase, we see an increase in the power
consumption for all issue widths, since both the switching
power and the leakage power increase. For larger transis-
tor sizes, the influence of issue-width becomes more notice-
able. In particular, higher issue-widths have lower power
consumption than lower issue-widths, for a given transistor
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Figure 4: Latency vs. transistor sizing for a four-
issue processor.
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Figure 5: Effect of transistor sizing and issue-width
on power.

sizing. This is due to the fact that higher issue-width cir-
cuits operate at lower frequencies than the lower issue width
circuits (as shown in Table 2). Thus, increasing issue-widths
have opposite effects on the delay and the power consump-
tion. The higher the issue-widths, the larger the delay and
lower the power consumption.

Figure 6 shows the comparison of energy consumption for
the planar and the 3D circuits. Note that the planar cir-
cuits have a much higher increase in the total energy con-
sumption as compared to 3D circuits, with increasing issue-
widths. Planar circuits have a much higher rate of increase
in delay than the rate of decrease in power, thus causing
the energy to increase continuously. 3D circuits manage to
balance the increase in delay by a corresponding decrease in
power, thus keeping the overall increase to a small negligible
amount. Thus, 3D implementations have better energy scal-
ability with increasing issue-widths than the planar circuits.

Next, we look at the latency degradation due to increased
operating temperature of the circuits. Figure 7 shows the
comparison of latency degradation of the planar and the 3D
circuits when the temperature of operation is varied from
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Figure 6: Energy comparison of planar and 3D cir-
cuits.
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Figure 7: Latency degradation of planar and 3D cir-
cuits from 25C to 100C.

25 C to 100 C. When the circuits operate at higher tem-
peratures, they experience latency degradation due to re-
duced mobility and increased wire resistances. Since the
3D-integrated circuits reduce the wires, they experience a
lower rate of latency degradation than the planar circuits,
for increasing issue-widths.

4. CONCLUSION

3D integration provides significant reductions in wire de-
lay and power. In this paper, we demonstrated that the 3D-
integrated arithmetic units have better scalability than the
planar circuits, in the face of increasing issue-widths, pro-
cess variations, and operating temperatures. The relative
benefits of 3D technology will increase in future technology
generations, making it a very attractive option for future
designs. We believe that the better scalability of 3D circuits
will play a crucial role in extending the silicon road-map for
a few more generations.
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