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ABSTRACT
We present the design of high-performance and energy-efficient
dynamic instruction schedulers in a 3-Dimensional integra-
tion technology. Based on a previous observation that the
critical path latency of a conventional dynamic scheduler
is greatly affected by wire delay, we propose 3D-integrated
scheduler designs by partitioning a conventional scheduler
across multiple vertically-stacked die. The die-stacked orga-
nization reduces the lengths of critical wires thus reducing
both latency and energy. Our simulation results show that a
20-entry (60-entry) instruction scheduler implemented in a
2-die stack achieves a 9% (15%) reduction in latency with si-
multaneous energy reduction as compared to a conventional
planar design. The benefits are even larger when the in-
struction scheduler is implemented on a 4-die stack, with
the corresponding latency reductions being 12% (22%).

Categories and Subject Descriptors
B.7 [Integrated Circuits]: Advanced technologies

General Terms
Design, Performance

Keywords
3D Technology, Instruction scheduler

1. INTRODUCTION
In modern out-of-order superscalar processors, the dy-

namic instruction scheduler is responsible for exposing in-
struction level parallelism by identifying instructions that
can be executed in parallel. The capacity of the scheduler
to identify opportunities for instruction level parallelism in-
creases with the number of entries in the scheduler. Un-
fortunately, the latency and energy characteristics of the
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Figure 1: 2-die Stacked 3D Integrated Circuit. Di-
mensions not drawn to scale.

scheduler do not scale well with increasing number of en-
tries [1]. Given that technology scaling has created an ever-
widening gap between the relative delay of logic and wires [2,
3], increasing the number of entries in the dynamic sched-
uler worsens the wire delay, thus reducing the overall per-
formance of the processor. 3-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 in-
terface [4]. In this paper, we discuss the implementation of
dynamic instruction schedulers in a 3D technology.

The rest of the paper is organized as follows. Section 2
provides a short background on 3D technology. Section 3 de-
scribes a conventional planar dynamic scheduler. Section 4
explains our designs for dynamic schedulers implemented in
3D. Section 5 details our experimental framework. Section 6
presents the results and analysis of our 3D schedulers. Sec-
tion 8 summarizes our contribution.

2. 3D INTEGRATION TECHNOLOGY
The semiconductor industry faces an increasing number of

challenges that must be overcome to keep pace with Moore’s
Law [5] and industry projections [6]. Some of these problems
include poor scaling of wire RC delays [7, 3] and increasing
power consumption [8, 9]. 3-Dimensional stacked-die inte-
gration [10] has the potential to address many of these prob-
lems for future high-performance microprocessors. Proces-
sor companies are actively researching the technology [11,
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Figure 2: Conventional Dynamic Scheduler

12, 13, 14]. Academic research effort has focused on the
circuit implementation, process technology, physical design
and automated design tools [15, 16, 17, 18, 19, 20, 21, 22].

In this study, we consider a Cu-Cu bonding process for
implementing the 3D circuits. Figure 1 shows the overall
structure of a 2-die 3D stack. The ability to route signals in
the vertical dimension enables long wires to be replaced by
short die-to-die vias with significantly less capacitance and
resistance. Two functional blocks connected by a long global
route in a planar implementation can instead be vertically
stacked to drastically reduce the communication distance by
routing in the third dimension. Wire-dominated functional
unit blocks can be folded on top of themselves to reduce
the effects of intra-block wiring [19, 23, 24]. Reducing the
amount of wire can also have a significant impact on power
consumption [25].

3. PLANAR INSTRUCTION SCHEDULER
In this section, we describe the implementation of a dy-

namic instruction scheduler in a conventional planar tech-
nology. The dynamic scheduler consists of two components,
namely the wakeup logic and the select logic.

The wakeup logic consists of a broadcast bus, a set of
comparator circuits and buffers called reservation stations.
The reservation station (RS) entries contain source operand
addresses (called tags) of the instructions that have been dis-
patched from the in-order front-end of the processor. The
instruction in each valid RS entry is ready for execution
as soon as all its source operands become available. The
wakeup logic requests functional units to execute the ready
instructions. The select logic matches the requests from the
wakeup logic to the available functional units and grants
the functional units to the selected incoming requests. The
selected instructions issue to the functional units and broad-
cast their destination tags on the broadcast buses. The
wakeup logic simultaneously compares the source operand
tags in the RS entries to the broadcast tags and generates
a new set of ready instructions based on the tag compari-
son matches. The new set of ready instructions along with
all unsuccessful (unselected) instructions from the previous
cycle repeat their requests during the current cycle. Every
cycle, all ready instructions participate in a bidding process
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Figure 3: Entry Partitioned 3D Scheduler

by placing requests for functional units to the select logic
and the select logic grants the available functional units to
the selected requesting instructions. This chain of events
that repeats every cycle is called the wakeup-select loop.

Figure 2 shows a small, 2-issue dynamic scheduler with
2-bit tags and two RS entries. A and B denote the tag
broadcasts for the two issues, with A1A0 and B1B0 being
the 2-bit tags. The select logic consists of two blocks, SA

and SB with each select logic block in charge of one issue
(and one resultant tag broadcast). Figure 2 also shows the
critical path through the wakeup-select loop starting at tag
broadcast (1), compare logic (2), bid logic (3) and grant
logic (4). For every additional RS entry, the length of the
longest tag broadcast wire in the wakeup logic increases.
Since the select logic height is pitch-matched to the wakeup
logic height, the select logic suffers increased wire delays in
addition to the increased logic circuitry to accommodate the
requests originating from the additional entries. Thus, for
increasing number of RS entries, the overall latency of the
scheduler also increases.

The latency of the wakeup logic is influenced by two sources.
One, the comparators connected to the tag broadcast bus in-
crease the load capacitance, thus increasing the delay. Two,
the critical path wire-length of the broadcast bus increases
thus increasing both resistance and capacitance of the wire,
thus contributing to the total delay. These two factors cause
the wakeup-select loop to experience a rapidly diminishing
frequency of operation as the scheduler size increases, thus
negating the gains of a larger scheduler.

4. 3D SCHEDULERS
We propose designs of 3D-integrated schedulers to reduce

the tag broadcast wire-lengths and comparator loads of the
wakeup-select loop.

4.1 Entry Partitioned (EP) 3D Scheduler
We propose our first 3D design to reduce both the com-
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Figure 4: Tag Partitioned 3D Scheduler

parator loading and the wire-length of the longest tag broad-
cast wire as compared to the planar scheduler. We place half
the scheduler entries on the top die and the other half on
the bottom die. In Figure 3, entries RS0 and RS1 are par-
titioned across the two die such that RS0 is on the top die
and RS1 is on the bottom die. This design halves the wire-
length and comparator loading of the individual tag broad-
cast buses by halving number of RS entries per die. The
reduction in the comparator loading and the tag bus wire-
length speeds up the tag broadcast, thus providing latency
and power benefits. Note that the select logic is partitioned
between the two vertically stacked die such that SA is on
the top die and SB is on the bottom die. Since the select
logic height is pitch-matched to the wakeup logic height,
the select logic height also reduces, providing additional la-
tency/energy savings.

There is a logic overhead of one extra driver per die. In
addition to the additional driver, the 3D designs incur a
minor overhead of two die-to-die (D2D) interconnects on
the critical path, one each for the bid and the grant signals
as shown in Figure 3. However, note that the additional
latency and power consumption due to the additional driver
and the D2D interconnects are more than compensated by
the large reduction in wire-length and comparator loading
on the critical path.

4.2 Tag Partitioned (TP) 3D Scheduler
With a tag-partitioned (TP) design, we partition half of

the broadcast tags on the top die (A1A0 in Figure 4) and
the other half on the bottom die (B1B0). This halves both
the vertical wire-length and the horizontal wire-length of the
tag broadcast bus. Since both the height and width reduce
by half, the wakeup logic area gets reduced to a quarter of
the planar wakeup logic. The comparator loading on the tag
broadcast bus remains the same as in the planar implemen-
tation. The select logic blocks are also vertically stacked,
further reducing the overall area footprint and providing ad-
ditional savings in latency and energy.

The TP design incurs a minor latency overhead of two
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D2D vias on the critical path. However, the latency over-
head of two D2D vias is insignificant when compared to the
latency saving obtained from reducing the critical path wire-
lengths. The comparator match signals are routed through
D2D vias to each of the die. Bid signals are routed through
D2D vias to enable the wakeup logic to bid on either of the
select blocks SA and SB . However, the grant signals do not
need to be vertically routed since the select logic block that
enables the tag broadcasts on a particular die is co-located
on the same die.

4.3 Extending to a 4-Die 3D Stack
So far, we have focused on the 2-die implementation of the

scheduler. After bonding two die in a face-to-face topology
as illustrated in Figure 1, the only remaining surfaces are the
backsides of the silicon die thus necessitating backside vias.
The backside vias are more challenging for the design of 3D
ICs for two reasons. First, etching through the backside
of the silicon will cause the pitch and length of the via to
increase relative to the face-to-face D2D via. In practice,
these backside vias are not much larger than the face-to-
face D2D vias, with <4µm backside via pitches planned for
production [26]. Second, the backside via must pass through
the active region of the silicon die, which can disrupt the
layout of transistors. The backside via along with some
surrounding margin area is defined as a “keep-out” region
(See Figure 5) where the circuit designer cannot place any
active devices.

The 4-die entry-partitioned (EP) scheduler places one quar-
ter of the RS entries on each die. Additional backside vias
are required for routing the bid/grant signals to/from the se-
lect logic. Due to the keep-out regions of the backside vias,
a naive routing can lead to substantial area overhead within
the RS entries. However, Figure 6 shows a technique to in-
sert some space between the RS entries and the select logic
block to avoid disrupting the devices in either the RS entries
or the select logic. This increases the wire-length slightly in
the horizontal direction, however this is more than offset by
the wire length reduction of the long tag broadcast buses.

The 4-die tag-partitioned (TP) scheduler is more challeng-
ing than the EP configuration since the inter-die via loca-
tions are spread over a large region within the wakeup logic.
To avoid disruptions to the RS layout, one could place all
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Table 1: Scheduler latencies for planar, entry parti-
tioned (EP) and tag partitioned (TP) 2-die 3D or-
ganizations.

RS Latency (ps) Saving
entries Planar EP(2-die) TP(2-die) % EP % TP

20 577 526 571 8.9 1.1
30 623 562 611 9.7 1.8
40 665 582 645 12.5 3.0
50 703 602 681 14.4 3.0
60 739 627 714 15.1 3.4

of the backside vias between the RS entries and the select
logic in a fashion similar to the EP scheduler. This incurs
some additional wire delay to route from the RS entry to
the backside vias and then back to the RS entry logic.

5. CIRCUIT LATENCY AND ENERGY ES-
TIMATION

We use HSPICE simulations of custom circuit designs to
evaluate the critical path latency and overall energy con-
sumption of the dynamic instruction scheduler for planar
and 3D implementations. For our HSPICE simulations, we
use BSIM transistor models [27] for a 70nm technology. We
derive the wire parameters by extrapolating to 70nm from
a TSMC 180nm technology. While our absolute results are
dependent on the technology parameters, the general trends
and benefits of 3D circuits are likely to hold for a wide range
of process and 3D parameters.

We use a distributed RC-ladder model for all wires in the
circuits. The distance between the top metal layers on the
two die is very small, and the pitch of the D2D vias are of
the same order as the top level metal [28]. Therefore, we
model the D2D interconnect as a 10µm (20µm) length of
top-level metal for the face-to-face (backside) vias. This is a
conservative assumption as previous work has indicated that
the entire height of a thinned die can be less than 10µm [29].
To optimize our scheduler designs, we sweep through a range
of transistor sizes and use the transistor sizes that minimize
the overall scheduler delay.

6. RESULTS
The 3D schedulers provide simultaneous benefits in both

latency and energy due to reduced wire RCs. We present
the results for 2-die and 4-die 3D implementations in this
section. For all simulations, we assume a scheduler that can
broadcast up to four 7-bit tags and issue up to four instruc-
tions, per cycle. Such a configuration models the scheduler
of a 4-wide superscalar out-of-order processor with 128 reg-
isters. We present our results for schedulers ranging from
20-entries to 60-entries to chart the trends for both the cur-
rent generation and the future aggressive high-performance
processors.

6.1 2-Die 3D Scheduler Results
Table 1 shows the latency results of our spice simulations

for the planar and the 2-die 3D configurations for scheduler
entries increasing from 20 to 120 entries. From Table 1, the
3D implementations have smaller overall latencies than the
planar schedulers with identical number of RS entries. For
large instruction schedulers, the overall latency is dominated
by the tag broadcast component. Consequently, 3D technol-
ogy provides greater relative benefit for larger sized sched-
ulers. The latency savings of the EP topology is consistently
greater than the latency savings of the TP topology. This is
due to the fact that the EP has the benefit of both reduced
wire-length and reduced comparator loading while the TP
is benefited only by reduced wire-lengths. Although the TP
provides drastic reductions in the wire-lengths (the TP foot-
print being a quarter of the original planar footprint), it does
not reduce the comparator loading per broadcast wire. The
results listed in Table 1 show that the scheduler latency can
be reduced by 9-15% depending on the number of entries in
the scheduler. If the instruction scheduling logic is the limit-
ing factor of overall processor frequency [1], then this latency
improvement can be directly translated into performance by
increasing the 3D-processor clock speed. Alternatively, the
3D-processor frequency can be fixed to be the same as the
planar processor frequency, while increasing the number of
entries in the scheduler to expose more instruction level par-
allelism. In most situations, a scheduler with approximately
twice as many entries can be implemented with the same
latency as the original planar circuit. This is largely due to
the fact that the tag broadcast latency scales quadratically
with increasing wire length.

We measured the energy consumption of the scheduler us-
ing activity profiles collected from SPEC2000, MediaBench,
and other benchmark applications. By combining the sched-
uler activity over the period of program execution and the
circuit latency and power data obtained by HSPICE circuit
simulations, we calculate the energy consumed by the sched-
uler for each program. For a 20-entry scheduler, we found
that the 3D-EP configuration reduces the total scheduler
energy consumption by 18% over all the benchmarks. For
larger configurations such as the 60-entry case, the energy
reduction can be as much as 45%. 3D designs reduce the
switching energy due to the reduced resistance and capaci-
tances of the wires.

6.2 4-Die 3D Scheduler Results
In this section, we present the results for the instruction

scheduler implemented in a 4-die stack. We only consider
the entry-partitioned (EP) organization because of the dif-
ficulties in laying out the tag-partitioned (TP) scheduler in



Table 2: Scheduler latencies for planar and entry-
partitioned (EP) 4-die 3D organizations.

RS Latency (ps) Saving
entries Planar (1-die) EP (4-die) % EP

20 577 506 12.3
30 623 521 16.3
40 665 525 21.1
50 703 548 22.0

the presence of backside vias. Furthermore, the greater la-
tency and energy benefits of the EP scheduler make it the
clear winner between the two alternative 3D scheduler or-
ganizations. Table 2 shows the latencies of 4-die schedulers
over a range of sizes. The planar latencies are repeated here
for reference. Overall, the latencies are further improved
as compared to the 2-die cases, ranging from 12-22%. The
energy benefits for using a 4-die stack are similar, with a 20-
entry scheduler providing up to 25% energy reduction and
a 60-entry scheduler providing up to 67% reduction.

7. THERMAL DISCUSSION
3D die-stacking can potentially reduce the thermal reli-

ability of the circuits. By stacking circuits, the worst-case
power density may increase substantially. This in turn can
lead to thermal hotspots [30]. A thermal analysis of a 3D
scheduler is impractical since the worst-case temperature de-
pends not only on the 3D layout of the scheduler, but also
on the nearby components and their power-generation rates.

A naive analysis would lead one to believe that a 2-die
(4-die) stack might double (quadruple) the power density.
However, such an analysis assumes that the total power
consumption of the 3D implementation is identical to the
planar implementation. We have already seen that the to-
tal energy consumption of the scheduler reduces drastically
when reimplemented in 3D. While the power density still
increases, the total power of the 3D schedulers decreases.
The total power has been shown to have a greater impact
on the temperature than the power density [31]. In some
situations, latency may be traded for further power reduc-
tion. For example, 3D implementation may provide enough
latency slack to allow power-hungry dynamic logic circuits
to be reimplemented with lower-power static logic circuits.
At a microarchitectural level, the RS-entry allocation logic
could steer instructions toward RS entries that are on the
die adjacent to the heat sink and only use the other layers
as necessary. In addition to these circuit and microarchitec-
tural techniques, new cooling technologies may be needed to
address the increased thermal effects of 3D structures [32].

8. SUMMARY
3D technology can provide significant benefits in terms

of both performance and power consumption. We demon-
strated how 3D technology can be applied to the design of a
very important processor component to reduce the lengths of
critical wire components. The reduction of wire length leads
to substantial improvement in both latency and energy char-
acteristics. In addition to the instruction scheduler, many
other components in modern processors are dominated by
wire delay and could benefit from a 3D implementation. Ex-
amples include on-chip caches, register files, the bypass net-

work, and the branch misprediction notification datapath.
Much research remains to understand how to best adapt
these other blocks to exploit the strengths (density, vertical
routing) of 3D technology. Apart from adapting conven-
tional microarchitectures to a 3D technology, designing a
new processor from the ground-up to exploit 3D may pro-
vide even greater performance and power benefits.
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