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ABSTRACT

The current methodology used in mass-market processor de-
sign is to create a single base microarchitecture (e.g., Intel’s
“Core” or AMD’s “K8”) that is used throughout all of the PC
market segments from laptops to servers. To differentiate
the products, manufacturers rely on speed binning, different
cache sizes, and varying the number of cores. In this pa-
per, we propose using 3D integration to provide a new, but
complementary, approach to providing product differentia-
tion. Past research on using 3D to improve performance
has focused on the construction of “fully 3D” circuits where
functional blocks are partitioned across two or more layers.
This approach forces one of two undesirable situations: (1)
all products must be implemented in, and therefore pay the
cost of, 3D or (2) a 3D-implemented processor is designed
for the high-end/high-performance markets and a separate
2D microarchitecture must be designed for the lower-cost
markets thereby incurring significant additional design ef-
fort and engineering cost. We present a modular processor
architecture where 3D can be used to enhance performance
within a single unified design and also provides for a more
gradual migration path toward fully 3D-integrated designs.
To make this work, we describe a generic technique of using
“phantom” components where the baseline processor may
believe that 3D-stacked resources exist, but are currently
unavailable. Simply using 3D to stack more L2 cache pro-
vides a 15.1% average performance benefit, but our proposal
increases performance by 25.4%.

Categories: C.1.0 [Computer Systems Organization]
Processor architectures — General

General Terms: Design, Performance

Keywords: 3D-integration, modular, superscalar

1. INTRODUCTION

In the past, high-volume microprocessor companies designed
very different microarchitectures to target different market
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segments.’ For example, in the early 2000’s, Intel corpora-
tion had the Pentium-4 (Willamette) core for desktop, work-
station and server markets, while the Pentium-M (Banias)
microarchitecture targeted mobile and budget segments. Due
to the skyrocketing complexity of modern general purpose
processors and the related non-recurring expense (NRE) of
developing new microarchitectures, companies have switched
to a “converged” design methodology where a single microar-
chitecture design provides for all product segments. For ex-
ample, Intel’s current “Next-Generation Micro-Architecture”
(NGMA), also known as the “Core 2,” is the same pipeline
design deployed from their low-end Celerons to their high
end Xeons for the server market. Techniques such as speed
binning, varying the amount of L2 cache, and varying the
number of cores allows the manufacturer to retarget a single
design for the different demands across market segments.

Three dimensional circuit integration is an emerging tech-
nology that has recently received much attention among
computer architects [19,20,22,24,28,37]. The technology
stacks multiple layers of integrated chips to provide greater
device density and shorter interconnects due to the abil-
ity to place and route in the third dimension. The reduc-
tion in wire-length throughout the processor, which today is
heavily wire-dominated [4], can provide simultaneous perfor-
mance and power benefits. For example, one can partition
an SRAM by stacking the bitcell arrays to reduce the lengths
of the wordlines which speeds up the SRAM access latency
as well as reduces the power spent in charging/discharging
the long wordlines [32, 38, 53].

Despite the advantages, 3D integration is not without its
costs. The new manufacturing equipment and additional
fabrication steps increase the cost per part. A 3D-stacked
chip may also increase chip temperatures [4, 23, 37], thereby
requiring more aggressive system cooling solutions that in-
crease overall system cost. 3D integration may not be prac-
tical for all market segments, as mobile devices may not be
able to support larger/more complex cooling systems and
low-end computer systems using low-cost processors (e.g.,
Intel Celeron, AMD Sempron) may not need the additional
performance and the extra cost would be intolerable in a
market segment where profit margins are already very tight.

We would like the performance advantages of 3D for the
markets that need it. Designing a completely-3D proces-
sor such as the 3D Pentium 4 examined by Black et al. [5]

1By “microarchitecture” or “core” we mean the main execution
pipeline consisting of the processor front-end, out-of-order execution
engine and L1 caches. The L2 cache, memory interface controller, and
other logic are considered to be outside of the core; these components
are sometimes called the “uncore.”
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would either force all market segments to adopt (and pay the
price for) 3D integration, or the manufacturer would have
to shoulder the additional NRE of designing two separate
microarchitectures: one using 3D for the high-end markets,
and a conventional 2D design for the remaining markets.
The objectives of maintaining a single converged core de-
sign and the desire to not inflict the cost of 3D on markets
that do not need it seem to be in direct conflict. In this work,
we propose a new 3D microarchitecture that addresses this
conflict, thereby enabling the manufacturer to use 3D as a
new technique for providing product differentiation across
market segments. Note that we do not propose to use 3D
instead of standard practices such as changing L2 cache sizes
and core counts, but our proposed 3D design approach adds
an additional and orthogonal technique to the computer ar-
chitect’s toolbox. As 3D technology matures and the cost of
implementing processors in 3D decreases, our proposed tech-
nique also provides a more gradual and lower-risk migration
path away from traditional 2D designs.

This paper is organized as follows. Section 2 provides a
brief overview of 3D integration and discusses related re-
search. Section 3 details our proposal for our 3D microar-
chitecture. Section 4 presents a detailed performance eval-
uation of our proposal, and Section 5 considers the thermal
impact of our stacked architecture. Section 6 draws some
final conclusions and discusses future research directions.

2. 3D INTEGRATION

In this section, we first present a brief overview of three-
dimensional chip-stacking technology and then briefly re-
view related research.

2.1 The Technology

The basic idea of 3D integration is not new, but due to re-
cent advances in the manufacturing technology, computer
architects have taken a new interest in the potential for
3D-implemented microprocessors. Wafer-bonding appears
to be the technology that is gaining the most traction in
industry [5,15,30]. In copper-copper (Cu-Cu) wafer bond-
ing, the circuits for each layer are constructed on separate
wafers using conventional 2D /planar fabrication techniques.
After wafer construction, additional inter-layer or die-to-die
(d2d) vias are constructed and the entire stack is aligned and
bonded. Without getting into the process manufacturing
details, the salient characteristics of current 3D-integrated
technologies are that the d2d vias are very small and very
fast. At a pitch of 3um per d2d via [8], one can achieve a
density of over 100,000 d2d vias per mm?. The latency of
sending a signal from one layer to another through the via is
also very fast; well under a single gate delay [32]. From the
perspective of the computer architect, the d2d vias can be
thought of as a small component of conventional metal/wire
delay. In this study, we assume a face-to-face Cu-Cu bonding
process, which appears to be favored by Intel [4], although
the techniques that we propose in this paper can be easily
implemented in a face-to-back process as well.

2.2 Related Research

Many recent research efforts have explored the possibilities
of splitting or partitioning a microprocessor pipeline across
two (or more) layers of 3D-stacked silicon. Some studies
have focused on splitting individual functional unit blocks
(FUB) [25,32-34, 36, 38, 53, 54], others have explored main-
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taining 2D FUBs but refloorplanning the design to stack
FUBs on top of each other [7,17], and others have pro-
posed designs that completely repartition the microarchi-
tecture [5,37,55]. All of the works referenced above share
the common trait that the resultant designs are completely
3D and thereby force the undesired choice of either pushing
3D into markets that do not need it or incurring the expense
of designing multiple microarchitectures.

The most related research involves using 3D to provide
“snap-on” functionality. Mysore et al. propose to start with
a standard 2D processor core, and then use 3D to stack addi-
tional profiling and debugging (“introspection”) engines [28].
The idea is that for mass-volume manufacturing, only the
baseline 2D processor core will ever be produced, but the
small population of software developers (esp. for operating
systems), OEMs and other special users, can pay the extra
cost of the stacked 3D introspection engines to greatly assist
and accelerate the development and debugging of new prod-
ucts and platforms. Similarly, Madan and Balasubramonian
propose to use 3D integration to provide a snap-on reliability
engine (a la DIVA [2]) to enhance the reliability, availability
and dependability for mission-critical systems [24]. These
approaches effectively avoid the problem of forcing the ma-
jority of the market to shoulder the costs of 3D integration
while providing benefits for a few that need it. The microar-
chitecture proposed in this paper has similarities in that it
effectively uses 3D’s snap-on attribute to provide optional
functionality. There are two primary differences. At a high
level, our proposal has much wider applicability as our 3D-
stacked design can be deployed in the server, workstation
and hardcore gaming markets (contrast this to the intro-
spective 3D processors that only target a relatively small
market [29] and the reliable 3D processors which consist of
a subset of the server market). At a low level, the previ-
ous approaches primarily place entire FUBs (i.e., the op-
tional introspection and reliability engines) on the stacked
die where the logic to support an optional/missing structure
is relatively straightforward. In this work, we propose FUB
designs that both span layers and can continue to work when
the optionally stacked top-halves of the FUBs are missing.

3. STACKABLE MICROARCHITECTURE
COMPONENTS

The overall theme for our 3D-stacked microarchitecture is to
design components that are split across silicon layers, and
then we “fake” certain control signals when the stacked por-
tions are not actually present. We now describe our changes
for several key pipeline components.

3.1 Stacked Instruction Schedulers

In processors supporting out-of-order execution, the size of
the instruction scheduler or reservation station (RS) entries
often becomes a limiting factor to the amount of expos-
able instruction level parallelism (ILP). Adding more RS
entries typically increases the processor’s instructions-per-
cycle (IPC) rates, but the complexity of the circuits may
cause the clock speed to decrease, resulting in a net per-
formance loss. For example, Figure 1(a) shows an 8-entry
RS and Figure 1(b) shows a 16-entry RS. The achievable
clock frequency for the larger RS will be decreased because
the substantial increase in the bus length, as well as capac-
itative loading from the additional comparators, drastically
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Figure 1: RS entry organizations with (a) eight
RS entries, (b) 16 entries, (c) 16 entries with seg-
mented buses, and (d) 16 entries, 3D-stacked, with
segmented buses.

increases the latency of tag broadcast [31]. Figure 1(c) shows
a 16-entry RS using segmented broadcast buses [21]; in this
case, the loading due to the comparators is greatly reduced,
but the length of the bus can still have a significant impact
on clock speed. The segmentation can also save power be-
cause any segment where all RS entries are invalid need not
repeat the tag broadcast. In our 3D design, we make use
of this segmented approach, but the segments are vertically
stacked (Figure 1(d)). This layout is unique to 3D, and the
advantage is that we can reap the full benefits of tag bus
segmentation, but the overall length of the bus has not in-
creased. When the stacked layer is not present, it simply
appears to the bottom layer that all entries are unused and
the segment repeaters are turned-off (either power-gated or
tri-stated). The (non-present) stacked layer implements a
phantom set of RS entries that always appear to be empty
with respect to the wakeup logic. Segmentation also limits
the number of die-to-die vias needed since the bus can be
routed between layers at a single point (the start of the seg-
ment) and then fanned out across the top layer without any
additional vertical connections.

The other critical component of instruction scheduling is
the select logic or picker. Normally, each RS entry has a
set of BID and GRANT ports to the picker to ask for and
receive access to functional units. When granted, the RS
entry accesses its payload RAM entry which forwards the
relevant information to the functional units for execution
(possibly accessing the physical register file before execution
depending on the microarchitecture). In our stacked sched-
uler design, we have twice as many RS entries, but naively
increasing the number of picker ports can also have a signif-
icant impact on the clock frequency [41]. Instead, we make
the stacked RS entries share a set of BID and GRANT ports.
To do this, either entry can assert the BID signal through a
wired-NOR pull-down on the BID port, which does not have
much impact on clock speed since the loading increases by
a single drain capacitor. In parallel with the picker, the two
RS entries perform a small local one-of-two pick based on
which entry is older. This local pick is much faster than the
full picker, and has plenty of time to set up the routing on a
two-to-one GRANT demux. When the global GRANT signal
returns from the picker, it gets sent to one of the two entries
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which can then proceed to issue. Note that this organiza-
tion also allows the two RS entries to share a single read
port from the payload RAM since only one of the two can
possibly issue in a given cycle. The closest prior work that
we are aware of is the “Reloaded” picker design of Sassone et
al. where there are fewer picker ports than RS entries [41].
In their work, the ports can be dynamically allocated which
requires more complex bookkeeping than our statically par-
titioned picker approach, but the Reloaded picker has the
potential to scale to much larger picker sizes (i.e., statically
sharing a single picker port between more than two RS en-
tries will likely result in significant IPC reductions).

The allocation stage attempts to place instructions in the
bottom layer first (for thermal reasons similar to those de-
scribed in the Thermal Herding approach [37]). This also
has the benefit that, when possible, it avoids placing in-
structions directly on top of each other which minimizes the
effects of delaying instruction execution when both RS en-
tries are ready but the shared picker port only allows one to
execute.

When the stacked layer is not present, we can fake its
presence by doing the following. First, the local BiD pull-
down is disabled which makes the phantom RS entry ap-
pear to always be in a not-ready state. Second, the input
from the phantom entry for the local picker is set to be in-
valid/unoccupied so that the bottom RS entry will always
be picked. Third, the bits corresponding to the allocation
usage vector for the phantom layer will always be set so
that the allocator believes that the stacked RS entries are
always occupied and therefore will never attempt to place an
instruction in any of these (non-present) entries. It is inter-
esting to note that this approach provides different “views”
of the RS at the different interfaces; by faking the signals
appropriately, the allocator believes the stacked RS entries
are all full while the picker believes that they are all empty.
By using this concept of phantom structures, we allow the
vast majority of the regular processor control logic to behave
as it normally does.

3.2 Partitioning the Load and Store Queues

The reservation station entries manage the dataflow schedul-
ing of “regular” arithmetic instructions. Load and store
instructions, however, require extra handling due to the
dataflow dependencies created through memory addresses.
A load instruction may or may not be dependent on an ear-
lier store instruction depending on the final address calcula-
tions of both the load and the store. The load and store
queues (LDQ and STQ, respectively) are responsible for
buffering these instructions and maintaining the correct or-
der of execution with respect to these memory dependencies.
Increasing the instruction capacity of these structures, how-
ever, is arguably even more difficult than building a large RS.
As a result, much research has gone into devising scalable
load and store scheduling structures [3, 10, 43, 45, 46, 50, 51].

We use a communication-partitioned LDQ/STQ architec-
ture that leverages well-studied properties of load-store com-
munication patterns. In particular, Baugh and Zilles pro-
posed a load-store queue (LSQ) that consists of a relatively
small fully-associative STQ (which they call the store for-
warding buffer or STB) and a larger and more scalable, but
not directly searchable, structure for the majority of loads
and stores [3]. The majority of stores that are not likely
to participate in forwarding get allocated to the larger LSQ
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Figure 2: Organization and communication of the
stacked LDQ and STQ structures.

structure. The smaller number of remaining stores reside in
the STB. Our proposed stacked LSQ architecture is a gen-
eralization of the Baugh and Zilles LSQ. We start with a
partitioned LDQ/STQ organization that is typical of cur-
rent processor designs (as opposed to a unified LSQ). We
then stack larger, direct-mapped “L2” load and store queues
to the second layer (Figure 2). The L2 LDQ can only ac-
cess the cache; loads allocated into this structure cannot
search either of the STQs for forwarded data. Similarly,
the L2 STQ only stores addresses and data for the eventual
writeback when the stores commit; this structure cannot
forward data to either LDQ. This severely limited function-
ality in the L2 structures makes it much easier to build larger
LDQ/STQs. The lack of communication between the L1 and
L2 LDQ/STQ structures also significantly limits the number
of die-to-die vias needed to implement our LSQ architecture.

Any loads and stores that are predicted to be involved in
store-to-load forwarding are placed in the fully-associative
LDQ or STQ. All other loads and stores allocate into the
L2 structures. The one exception to this allocation rule is
that if the L2 LDQ (STQ) is full, then a load (store) can
allocate into the L1 LDQ (STQ) regardless of any depen-
dence/forwarding predictions. This is also the mechanism by
which we implement the phantom versions of these queues:
when the stacked structures are not present, the allocation
signals are faked such that the allocator believes that the L2
LDQ and STQ are both always full.

Since the loads and stores are allocated in the load and
store queues based on predictions, it is always possible that a
load executes with the wrong data (e.g., it used a value from
the cache when it should have received forwarded data). To
guarantee correct execution, we leverage the previously pro-
posed technique of commit-time filtered load re-execution [6,
39]. When re-execution indicates that a load should have
received a forwarded value, the pipeline is flushed since the
load’s forward slice has now been contaminated with a bo-
gus value. The processor then records the PC’s for both the
offending store and load in predictor tables. These predic-
tors are very similar in structure to those used to link store-
load dependencies in the Store Queue Index Prediction and
Fire-and-Forget approaches [45,51]. In particular, we use a
Store PC Table (SPCT) to link stores to mis-ordered loads, a
Store Forwarding Predictor (SFP) and a Load Receiving Ta-
ble (LRT). The SFP and LRT are both PC-indexed tables of
resetting counters. On a re-execution-induced pipeline flush
or a successful store-to-load forwarding between the L1 STQ
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and LDQ, we set entries in both the SFP and LRT corre-
sponding to the store-load pair to the maximum counter
value. So long as this counter is non-zero, the allocator will
send these instructions to the L1 LDQ/STQ. Each time a
load or store commits, was not involved in forwarding, and
did not cause a re-execution pipeline flush, the processor
decrements the corresponding predictor counter by one, sat-
urating at zero.

3.3 Extensible SRAM Structures

Many important structures in a processor are composed of
relatively simple SRAM arrays. The sizes, associativities,
and port requirements may vary, but the underlying struc-
tures are fundamentally very similar. Examples includes
caches, TLBs, branch predictors, reorder buffers, register
files and others. Many previous 3D SRAM designs have pro-
posed organizations that split the bit-arrays across two or
more layers [25, 32, 38, 53]. As discussed earlier in this paper,
such an approach can provide significant performance and
power benefits, but it is unfortunately incompatible with our
stated goal of making 3D completely optional.

An SRAM may contain n sets, where a set could be a
register in a register file, an instruction entry in a reorder
buffer, or a traditional “set” in a cache. We place one-half
of the sets on each layer of silicon, as shown in Figure 3(a).
The first layer of the row decoder tree resides on the bottom
die (root node). One of the two outputs can select the row
decoder sub-tree on this bottom die, and the other output
gets routed to the stacked upper layer. In phantom mode, we
simply need to force the input for the first row decoder level
to always be zero, in which case the upper (non-existent)
rows can never be selected (Figure 3(b)).

Tagged SRAM structures require an additional modifica-
tion. Typically, for an n-bit address, if k bits are used to
select the set and offset, then the remaining n-k bits form
the tag. However, the number of sets in our stacked SRAM
varies with the number of layers. If the single-layered 2D
case requires k bits for the set and offset, then the stacked
version would require k41 bits since it has twice as many
sets. Instead of varying the width of the tags depending on
the presence of the stacked layer, we simply use an extra tag
bit in the baseline 2D case. This means that the tag match
for the 3D-stacked versions may be slightly slower because
one bit of the tag comparison is redundant (i.e., the bit is
already uniquely specified by the set number), but the la-
tency difference between, for example, a 25-bit and a 26-bit
comparison is quite small. For untagged structures such as
the reorder buffer, this is not an issue.

We make use of this optionally-stacked SRAM approach
for many of the SRAM-based components in the processor.
These include the L1 caches, TLBs, the physical register
file/ROB, various fetch queues, prefetcher history tables, the
BTBs and the return address stack. The full details are
provided in Section 4.

3.4 Reconfigurable Branch Prediction

We assume a baseline processor configuration with a global-
history-based gshare branch predictor [26]. For our stacked
configuration, we could simply use the stacked SRAM ap-
proach to implement a larger predictor table. We instead
choose a different approach that allows the predictor to ef-
fectively switch between two different prediction algorithms:
gshare and TAGE [44]. The TAGE predictor consists of a
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Figure 3: (a) Side view of a two-layer stacked SRAM array, and (b) a schematic view of configuring the

row-decode logic for phantom mode.

series of cascaded, partially-tagged tables. Prediction occurs
by performing parallel lookups in each table. The first table
(an untagged, bimodal predictor [49]) provides the default
prediction. A (partial) tag hit in any subsequent tables can
override any of the previous predictions. Each table uses a
(geometrically) longer branch history, but the organization
of the tables coupled with well-tuned update rules cause the
predictor to tend to use the longest history necessary to
make a prediction, but no longer than that.

To support modular, stacked operation, we modify the
TAGE predictor as follows. In single-layer operation, the
first table acts as a gshare predictor which uses an exclusive-
or of the branch address and the program counter to select
a prediction. For the remaining TAGE tables, we fake their
presence by simply wiring all of the HIT signals from their
tag comparators to zero (indicating a miss). In this fashion,
the baseline predictor effectively acts like a TAGE predic-
tor where the overriding tables just happen to always miss,
and the the first table has a slightly different indexing func-
tion. In multi-layer mode, we can easily make the first pre-
dictor table revert to behave like a bimodal predictor by
simply replacing the branch history in its hash computation
with zeroes. This approach provides a two-algorithms-in-one
branch predictor, where the more sophisticated algorithm is
only employed in the stacked configuration where higher ac-
curacy is crucial to keep the larger instruction buffers (RS,
LSQ, ROB) filled with useful work.

3.5 Other Options

Our stacked processor organization provides for a larger ef-
fective instruction window for higher ILP, but we do not
increase the overall width of the machine (fetch width, issue
width, etc.). We decided that given the goal of making 3D
stacking completely optional, it would be very difficult to
engineer a solution where the stacked layer provides addi-
tional issue width. For example, if we want to add capacity
to issue two additional instructions per layer, the RS would
somehow have to be modified to support tag broadcast and
wakeup for these extra instructions, the payload RAM would
need additional ports, and the result bypass network would
become a horrible “rat’s nest” of wires crossing back and
forth between every layer’s ALUs. As a result, there remain

a few remaining blocks for which we do not extend their pro-
cessing capacities. This includes the fetch unit, decode logic,
renamer and allocator, the architected register file, and the
commit logic.

A large number of current processors already provide mul-
tiple cores, and in the future all processors will likely be
multi-core. Our stacked microarchitecture can be tiled in a
fashion similar to existing multi-core architectures. We re-
emphasize that the proposed 3D organization is not meant
as a replacement for multi-core, but it provides an addi-
tional dimension for manufacturers to diversify their prod-
ucts while maintaining the single-microarchitecture design
methodology. We will discuss multi-core options in more
detail in Section 5.

4. EXPERIMENTAL EVALUATION

Having detailed the organization of our optionally stackable
3D microarchitecture, we now present the experimental val-
idation of our proposal.

4.1 Methodology and Baseline
Microarchitecture

For our performance analysis, we perform simulations using
a cycle-level simulator built on top of a pre-release version
of SimpleScalar for the x86 ISA [1]. Figure 4(a) shows the
baseline pipeline organization implemented by our simula-
tor, which is based off of one core of the 65nm Intel Core 2
Microarchitecture. Our simulator models many low-level de-
tails of the microarchitecture including the multiple stages
of x86 decoding, limited decoding bandwidth for complex
instructions that require microsequencer assistance, decom-
position of x86 macro instruction to micro-op (uop) flows,
insertion of additional pops to handle merging of partial reg-
ister writes and REP prefixes, execution port binding [41],
true speculative scheduling with decoupled broadcast-select
and execute-bypass loops, wrong-path fetching past multi-
ple branches, additional latencies between branch mispredic-
tion detection and front-end recovery, a senior store queue,
atomic x86 commit (no commit until all pops have com-
pleted and are free of faults) and detailed cache architectures
including all inter-level buses, MSHRs and writeback/victim
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Figure 4: (a) Baseline pipeline organization with a list of functional units and port bindings, (b) detailed
parameter list for 2D and 3D configurations, and (c) floorplan of baseline processor (light blocks) and the

stacked layer (dark blocks).

buffers. MMX/SSE instructions and 64-bit mode instruc-

tions are not supported in this version of the x86 SimpleScalar
toolset. Micro-op fusion [12] and the Core 2’s macrofusion

and ESP tracker [9] are not modeled at this time. We com-

pensate for the lack of fusion by allowing the simple decoders

to decode up to two pops per cycle; this should not have any

major effects on our results since this impacts both the base-

line as well as the 3D configurations.

Figure 4(b) lists the default parameters for the baseline 2D
microarchitecture as well as the 3D-stacked configuration.
Both configurations can fetch 16 bytes per cycle, pre-decode
four x86 macro instructions per cycle, rename/allocate four
uops per cycle, execute up to six pops per cycle (assuming
a mix of pops that matches the execution port listed in Fig-
ure 4(a)), and commit up to four pops per cycle. The IL1
has a latency of two cycles, the DL1 has a latency of one
cycle for address computation and two cycles for the actual
SRAM access for a three-cycle load-to-use latency, and the
L2 has an additional nine cycle latency beyond the L1 la-
tency. Actual cache latencies may vary due to additional
queuing delays, contention for buses, etc. The stacked ver-
sion also contains the additional tables/predictors to support
load-re-execution and L2 LDQ/STQ allocation. The store
sets bloom filter (SSBF) has 256 sets with two-way set as-
sociativity [39]. The SPCT has 2K sets, and the SFP and
LRT have 1K sets each. All of these tables use 8-bit partial
tags; the SFP and LRT use ten-bit counters.

Figure 4(c) also shows our baseline 2D processor floor-
plan and the superposition of the stacked layer with the
components indicated as dark blocks. Due to the fact that

only some processor structures get extended to the stacked
layers, we have some additional whitespace in the 3D-stacked
floorplan. Using this extra room, we allow the L2-LDQ and
L2-STQ to occupy larger footprints than their L1 counter-
parts. This in turn increases the capacity of each of these
structures. We estimated the sizes and capacities of these
structures using CACTI 4.2 [52] assuming a 65nm technol-
ogy. For the remaining white space, there are several po-
tential ways to make use of it. We list a few here, but
a full evaluation of all of these ideas is well beyond the
scope of this paper. Possibilities include extra analysis en-
gines as proposed by the 3D introspective processors [28], a
checker for catching soft errors [24], large amounts of decaps
for increasing reliability against L% problems in the power
supply [14], power-gating and supply-noise controllers [27],
additional/larger sleep transistors for faster response times
when recharging virtual Vaa’s for power gating, 3D-stacked
on-chip DC-to-DC voltage converters to provide multiple
voltage levels [42], and ECC arrays to protect the SRAM
arrays [48]. Another simple possibility is the inclusion of ad-
ditional L2 cache [24]. Using a highly-banked cache design
methodology such as that used for the Intel Itanium [40], one
can pack extra cache capacity into the irregularly shaped re-
gions.

We simulated integer and floating point benchmarks from
the SPEC2000 and SPEC2006 benchmark suites. The re-
sults for some applications are not available due to incom-
plete system call support in the pre-release of the x86 version
of SimpleScalar [1]. All applications make use of reference
inputs. All simulations warm the caches and branch predic-
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tors for 500 million instructions and then perform cycle-level
simulation for 250 million instructions. We use the Sim-
Point 3.2 toolset to choose representative samples [16]. Note
that the simulation points cover equal numbers of x86 macro
instructions, which may decompose into different numbers of
pops depending on the instruction mix per application and
per simulation point. We report performance results based
on the pops per cycle rates (uPC). Figure 5 shows the uPC
rates for the baseline 2D processor and the average pops per
committed x86 instruction (uPI). All subsequent results are
reported as speedups over this baseline.

4.2 Performance Results

Our 3D-stacked processor can improve performance in a va-
riety of ways. The larger effective instruction window can
potentially expose more instruction-level parallelism (ILP)
and memory-level parallelism (MLP) [11], the larger caches
reduce average memory access latencies, the larger branch
predictor reduces pipeline flushes, and so on. We first present
the overall performance results, and then dig deeper into
the performance behaviors to show how these results come
about.

Figure 6 shows the puPC-rate speedups for our Modu-
lar 3D-stacked processor over the single-layer 2D baseline.
The modular 3D-stacked configuration uses the second sili-
con layer to implement the various stacked components de-
scribed earlier, and the remaining silicon area implements
an additional 3MB of L2 cache, which adds up to 5MB in
total. We also provide data for two additional comparisons.
The STACKED L2 configuration makes use of 3D, but uses
the entire available silicon area of the stacked die for L2
cache. This increases the L2 size from the baseline 2MB
up to 6MB; this is similar to the stacked SRAM organiza-
tion evaluated by Black et al. [4]. The second comparison
is with an IDEAL configuration; this uses a unified RS with-
out any picker/issue constrains, fully-associative LDQ and
STQ where the LDQ (STQ) size is equal to the sum of the
L1 and L2 LDQs (STQs) used in the stacked configuration.
This provides a measure of how well our partitioned struc-
tures are working.

Performance speedups vary by application and applica-
tion suite, with an overall geometric mean performance gain
of 25.4%. Compared to the simpler approach of using 3D
to just add more L2 cache (15.1%), our stacked architecture
provides quite a bit more benefit. Our stacked approach is
more balanced since some of the stacked silicon real estate
does go toward additional L2 capacity, but we also use some
of it to extend other processor structures. For some appli-
cations like mef (CPU2000) and art, the additional benefit
is clearly coming from the increased cache size as even the
simple stacked L2 configuration delivers very large speedups.
The mcf benchmark contains a well-known pointer chasing
loop with very poor locality. The additional L2 cache capac-
ity manages to capture a large enough portion of the work-
ing set, which reduces L2 cache misses from 43.05 misses per
thousand pops (MPKu) down to only 0.91 MPKu. In the
case of art, the performance is simply due to the fact that
art’s memory core working set size (CWSS) is just barely
larger than the size of the L2 cache for the baseline pro-
cessor (Gove reports a 2.2MB CWSS, and our baseline L2
cache is only 2MB [13]). For galgel, the critical resource is
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the DTLB where we observed a 94% reduction in the DTLB
miss rate.

The increased performance of our 3D-stacked processor
comes about due to a variety of reasons which vary by ap-
plication. Overall, we observed larger effective instruction
windows which can expose more ILP. Figure 7(a) shows the
average number of pops allocated into various microarchitec-
tural structures. The trends are similar across the bench-
mark suites, and overall we observe 71.7%, 49.0%, 51.4%,
and 54.8% increases in the average number of pops in-flight
in the RS, LDQ, STQ and ROB, respectively. Figure 7(b)
shows the other major source of performance improvement
which comes from reducing control and memory stalls. The
larger and more accurate branch predictor decreases branch
mispredictions by 29.6% and the larger L2 cache reduces
misses to main memory by 35.1%. Note that the STACKED
L2 configuration reduced L2 misses by even more (57.0%),
but L2 misses are only one part of the overall performance
equation. Attacking only the L2 certainly helps for memory-
intensive applications, but there are many other workloads
where the performance bottlenecks lie elsewhere.

A 25% performance improvement for a two-layer stack is
significant. Previous studies that used two-die stacks to im-
prove performance only reported benefits of about 15% [4,
55]. Recall that we took this approach to target the higher-
end workstation, server and gaming markets. In these are-
nas, even relatively small increments in performance can
translate into disproportionately larger profit margins (i.e.,
in the top bins, a processor that is 5% faster costs the cus-
tomer much more than 5% on the final sticker price). For
top-bin multi-core processors with large L2 caches, our 3D-
stacked architecture can greatly improve the performance
of these products, and we do so with a single unified design
that does not force a 3D implementation upon the remaining
market segments.

5. PERFORMANCE, POWER, THERMALS
AND AREA

In this section, we take a broader view of different processor
implementation styles and compare and contrast both 2D
and 3D organizations with respect to performance, power,
area and thermals. Our power numbers simply assume the
worst-case power consumption of a dual-core processor re-
ported by Black et al. [4]. In particular, their dual-core pro-
cessor consumes 92W with 7W in their 4MB L2 cache and
42.5W per core. Therefore, a single core version with a 2MB
L2 cache consumes 46W at half of the area. Besides these
two 2D organizations, we also consider several 3D possibil-
ities (Figure 8(a)). We consider the STACKED L2 organiza-
tion that we evaluated earlier, a “fully” 3D implementation
(SPLIT-MODE) where we assume all structures have been
perfectly split between the two layers [5], a 3D dual-core im-
plementation with cores flipped to avoid stacking hotspots
(FLip-MODE), and finally our modular 3D-stacked architec-
ture (MODULAR). For thermal modeling, we use HotSpot
version 3.1 which has support for simulating 3D-stacked inte-
grated chips [47]. We use HotSpot’s fine-grained grid model
for all simulations, and Table 1 lists the modeling parame-
ters. For the actual power distributions, we manually cali-
brated our power profiles to generate the same thermal dis-
tribution for the 2D dual-core processor reported by Black et
al.’s work, with a worst-case hotspot of 88°C located at the
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2MB L2 aMB L2
Core

\ Configuration Performance | Power | Max Temp. | Area
+— Cores 2D: BASELINE 1x 1x 82.3°C 1X
2D: Baseline 2D: Dual-Core 2D: DUAL-CORE 1x/2x* 2 88.0°C 2X
3D: STACKED L2 1.15% 1.15% 85.0°C 2%
3D: FLIP-MODE 1x/2x* 2 95.8°C 2%
4mB L2 E Eldemwai stacked layer 3D: SpLIT-MODE 1.15x 0.85% 106.2°C 1x
180 degree roated) 3D: Modular 1.05% Tox 105.0°C 7%
* 2x performance only when thread-level parallelism is available.

3D: Stacked L2 3D: Flip-Mode
One core (sph(
3MB L2 and
Opnonal modules
2MB L2 —*
(split over 2MB
two Iayers\ '70("3
3D: Split-Mode 3D: Modular

()

Figure 8:
different processor configurations.

Layer Thickness
Bulk Silicon 750pm
Active Layer 1pum
Metal Layer 12pm
Thermal Interface Material | 50.8um
Face-to-face Bond 2pum

Thermal Resistance
Silicon (Bulk and Active) 8.33x10 > mK/W
Metal Layer 8.33x10~ 2 mK/W
Face-to-face 1.01x10" 2 mK/W
Thermal Interface Material 0.2 mK/W
Ambient Temperature 40°C

Table 1: Thermal modeling parameters.

FP unit [4]. The single-core configurations have the same
per-core power distribution. We assume that any additional
stacked L2 cache (for STACKED L2 and MODULAR) consumes
the same amount of power per unit area as the baseline 2D
L2 cache. We again use CACTI 4.2 [52] to determine the
power required to access the stacked structures in our MOD-
ULAR configuration (this is appropriate since these are all
variants of SRAMs). For the SPLIT-MODE configuration, we
assume a uniform 15% reduction in power consumption with
a simultaneous 15% increase in performance as reported by
Intel [4].

The different design options cover a range of tradeoffs be-
tween performance, power consumption, thermals, and total
die area. Figure 8(b) summarizes the results. The ther-
mal results are similar to those previously reported else-
where [4,35,37]. Most of the options involve an increase
in cost in terms of total silicon area; only the SPLIT-MODE
configuration maintains approximately equal die area cost
while both reducing power and increasing performance. This
is not entirely surprising, since if one is willing to redesign
all of the functional unit blocks in the processor to take
advantage of 3D integration, one will have many more op-
portunities to reduce wire lengths leading to lower latencies
and power consumption. The other approaches utilize de-
signs that are primarily 2D in nature and therefore cannot
fully exploit the wire-reducing attributes of 3D.

The multi-core configurations present some interesting com-
parisons. Using 3D to implement a dual-core processor by

(b)

(a) Processor configurations considered in this section, (b) summary of tradeoffs between the

simply stacking the second core in the FLIP-MODE configu-
ration does not provide any substantial benefit. The per-
formance, power consumption, and total silicon area are
all the same, while the temperature increases. Based on
these results, the only likely reason one would use 3D to
stack cores in this fashion would be to reduce the overall
footprint for packaging reasons. It is possible that other
multi-core configurations, especially those involving asym-
metric/heterogeneous cores, may find utility in a 3D-stacked
organization, but a detailed evaluation of such designs is be-
yond the scope of this study. Another interesting obser-
vation is that the 2D DUAL-CORE configuration actually
results in a higher temperature than the 3D STACKED L2
case. This is due to the fact that the worst case temper-
ature is affected by both local power density as well as the
total power consumption of the chip, and that stacking addi-
tional L2 does not significantly increase the power density,
while adding a second core does significantly increase the
total power.

The 3D MODULAR configuration delivers the largest single-
threaded performance boost, but this also comes with a
price. The 3D MODULAR configuration results in a simi-
lar thermal condition as 3D SPLIT-MODE, and also with-
out the power reduction benefits. Both the MODULAR and
SPLIT-MODE configurations will likely need improvements
in system cooling technologies to be practical in home desk-
top, office workstation, and server usage scenarios. These
thermal results do not account for further power reductions
due to technology scaling which can play a significant role
in mitigating both total power consumption and worst-case
temperatures, so these thermal results may be somewhat
pessimistic.

We envision two primary roles of our proposed MODULAR
3D microarchitecture. The first is a way to provide optional
additional performance without significant impact on the
design of the baseline 2D processors, as discussed earlier in
this work. Note that this is orthogonal to using multi-core;
we could stack a second layer that has two sets of the mod-
ular components (one set per core) to provide a 25% boost
to each core in addition to the performance gains from any
available thread-level parallelism. This may be particularly
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important in light of the implications of Amdahl’s Law on
multi-core computing. Consider a multi-core processor with
one large core for executing the sequential part of a program
and N smaller cores for handling the remaining parallelize-
able portions of the code. Depending on how much of a pro-
gram is actually parallelizeable, after a certain point, adding
more cores does very little to further improve performance.
In this case, using the 3D-stacked layer to improve the large
core’s performance can have a bigger performance impact by
addressing the sequential portion of the program execution.

The second role of our modular 3D design approach is to
provide a smoother migration path to true 3D microarchi-
tectures such as the 3D SPLIT-MODE configuration or the
Thermal Herding microarchitecture [37] which both require
3D-splitting of individual functional unit blocks at the cir-
cuit level. Processor designers will not switch “over-night”
from current 2D designs to such 3D designs. Our modular
microarchitecture provides a smoother transition to 3D that
helps manage the risks of adopting a new technology. While
the benefits of the 3D STACKED L2 configuration are some-
what limited, we believe that the first 3D-stacked processor
designs will be along these lines since the STACKED L2 con-
figuration has relatively low redesign effort and low overall
risk. Our 3D MODULAR design approach would then provide
a next step to deliver more performance while continuing to
mitigate the design effort and risk of 3D integration. This
approach can be used for a few generations until the pro-
cess technology, tools and testing support, circuit designs,
and other requirements for true-3D designs have sufficiently
matured so that the cost is low enough to ubiquitously use
3D from the high-performance server markets down to the
low-budget commodity segments.

6. CONCLUSIONS

The engineering cost for architecting and implementing a
new microarchitecture is very significant. While an interest-
ing technology, 3D integration is not likely to be practical if
it multiplies a microprocessor company’s development costs
by a factor of two or more (assuming completely different
design efforts for each market segment). In this work, we
have shown that it is possible to develop a single microar-
chitecture design that simultaneously supports 2D and 3D
implementations, thereby providing an additional means of
differentiating products across market segments.

Our proposed modular 3D organization is but one possi-
ble approach to providing a single design for a wide range of
market segments. There may be other stackable microarchi-
tectures that provide greater benefits and/or lower costs. If
one considers non-traditional architectures such as the IBM
Cell BE [18], one could imagine extensible implementations
where optional, additional layers provide more Synergistic
Processing Elements (for Cell) to enhance performance. We
have shown that for traditional microarchitectures, we can
successfully use 3D to enhance performance in select mar-
ket segments while maintaining a single design methodol-
ogy, and we believe that our modular 3D-stacked approach
provides for an effective migration path toward fully 3D-
integrated designs.
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