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�A VIABLE AND PROMISING option to address the well-

known memory wall problem in high-performance

computing systems is 3D integration. Through multiple

high-capacity DRAM dies stacked with one or more

processor dies and through massive interdie intercon-

nect bandwidth, 3D processor-DRAM integrated sys-

tems can feature drastically reduced memory access

latency and increased memory access bandwidth.

The computer architecture community has recognized

the significance of this scenario, and several research-

ers have recently explored and demonstrated the po-

tential of 3D processor-DRAM integrated computing

systems.1-5

Most prior research on 3D processor-DRAM inte-

gration featured several conventional commodity

2D DRAM dies stacked as main memory.1-3 Loh, for

example,4 demonstrated that the performance of 3D

processor-DRAM integrated systems could be further

improved through Tezzaron Semiconductors’ non-

conventional, so-called ‘‘true’’ 3D DRAM design strat-

egy.6 This strategy essentially involves locating

DRAM cell arrays and DRAM peripheral circuits on

separate dies so that designers can use

high-performance logic dies to imple-

ment DRAM peripheral circuits and,

consequently, improve the speed and

reduce silicon area. Such an aggressive

design strategy, however, tends to de-

mand that through-silicon via (TSV)

pitch be comparable to that of DRAM

word line or bit line (typically, TSV

pitch is on the order of 10� the DRAM word line or

bit line pitch), which can result in nontrivial TSV fab-

rication challenges, particularly as DRAM technology

continues to scale down. Moreover, prior research

assumed that 3D DRAM has a homogeneous architec-

ture, used either as main memory or as cache, in

which the performance gain results from reduced ac-

cess latency and increased bandwidth between the

last-level on-chip cache and 3D stacked DRAM.

This article contributes to the state of the art of 3D

processor-DRAM integrated computing systems de-

sign in two ways. First, we present a coarse-grained

3D partitioning strategy for 3D DRAM design, to effec-

tively exploit the benefits of 3D integration without in-

curring stringent constraints on TSV fabrications. The

key is to share the global routing of both the memory

address bus and the data bus among all the DRAM

dies through coarse-grained TSVs, with the pitch rang-

ing in the tens of microns. To demonstrate the effec-

tiveness of this proposed 3D DRAM design

approach, we have modified Hewlett-Packard’s

CACTI 5, an integrated tool that models cache and
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memory access time, cycle time, area, leakage, and

dynamic power.7

Second, we demonstrate, through simulations on a

target multicore computing system that we con-

ducted, the potential for using a heterogeneous 3D

DRAM architecture to implement both L2 cache

and main memory within the 3D stacked DRAM

dies. Although DRAM is commonly believed to be

far slower than SRAM, we show that by using the

modified CACTI tool, 3D DRAM L2 cache can achieve

comparable or faster speed than 2D SRAM L2 cache,

especially for an L2 cache with large capacity (say,

2 Mbytes). We have evaluated a representative heter-

ogeneous 3D DRAM architecture by using Binkert

et al.’s M5 full system simulator for a four-core comput-

ing system.8 Our results show that, compared with

using a homogeneous 3D DRAM as main memory, a

heterogeneous 3D DRAM design strategy improves

the normalized harmonic mean instructions per

cycle (IPC) by more than 23.9% on average over a

wide spectrum of multiprogrammed workloads.

Background: 3D integration
In general, 3D integration refers to a variety of tech-

nologies that provide electrical connectivity between

stacked, multiple active device planes. Researchers

have been investigating three categories of 3D integra-

tion technologies:

� 3D packaging technology. Enabled by wire bond-

ing, flip-chip bonding, and thinned die-to-die

bonding, this is the most mature 3D integration

technology and is already being used in many

commercial products, noticeably in cell phones.

Its major limitation is very low interdie intercon-

nect density (for example, only a few hundred

interdie bonding wires) compared to the other

emerging 3D integration technologies.

� Transistor build-up 3D technology. This technology

forms transistors layer by layer, on polysilicon

films, or on single-crystal silicon films. Although

a drastically high vertical interconnect density

can be realized, it is not readily compatible with

the existing fabrication process and is subject to

severe process temperature constraints that tend

to degrade the circuit electrical performance.

� Monolithic, wafer-level, BEOL-compatible (back

end of the line) 3D technology. Enabled by wafer

alignment, bonding, thinning, and interwafer inter-

connections, this technology uses TSVs to realize

a die-to-die interconnect. BEOL-compatible 3D

technology appears to be the most promising op-

tion for high-volume production of highly inte-

grated systems.

The simulation results we describe in this article

focus on the use of wafer-level BEOL-compatible 3D

integration technology in the design of 3D processor-

DRAM integrated computing systems.

Other researchers have considered 3D integra-

tion of digital memory previously,1-4,9 largely be-

cause of the potential of 3D processor-memory

integration to address and help resolve the looming

memory wall problem. One option for 3D memory

integration is to directly stack several memory dies

connected with high-bandwidth through-silicon

vias (TSVs), in which all the memory dies are

designed separately using conventional 2D SRAM

or commodity DRAM design practice. Such direct

memory stacking has been assumed by Liu et al.

and Kgil et al.1,2 Intuitively, although this option

requires almost no changes in the memory circuit

and architecture design, direct memory stacking

might be unable to exploit the potential benefit

of 3D integration to its full extent. As previously

mentioned, Loh4 investigated the potential of 3D

processor-memory integration,6 locating DRAM cell

arrays and DRAM peripheral circuits on separate

dies so that the high-performance logic dies imple-

mented DRAM peripheral circuits. In a different

approach, Tsai et al.’s research evaluated two 3D

SRAM design strategies that partitioned word lines

and bit lines in the 3D domain, respectively, and

explored the corresponding 3D SRAM performance

space by modifying Hewlett-Packard’s CACTI 3 tool.5

The 3D memory design strategies others have

explored essentially used intrasubarray 3D partition-

ing,5,6 which requires the fabrication of a relatively

large number of TSVs, and the pitch of TSVs must

be comparable to the memory word line and bit

line pitch.

Coarse-grained 3D DRAM strategy
As semiconductor technology scales down,

interconnects tend to play an increasingly impor-

tant role, particularly in high-capacity DRAMs.

The results we achieved, in estimates with the

CACTI 5 tool,7 clearly demonstrate the significant

role of the global interconnect in determining the

overall DRAM performance; global H-tree routing
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accounts for 28% of the area, 54% of the access la-

tency, and 69% of the energy consumption. Conse-

quently, we have developed a coarse-grained

partitioning strategy for 3D DRAM architecture

that mainly aims at leveraging die stacking to sub-

stantially reduce the overhead induced by global

H-tree routing in DRAM. Compared with prior re-

search,6,9 which essentially uses intrasubarray 3D

partitioning (that is, each individual memory sub-

array, including the memory cells and peripheral

circuits, is split across several dies), this work

moves 3D partitioning up to the intersubarray

level, leading to far fewer TSVs and less-stringent

constraints on TSV pitch. As a result, this design so-

lution accommodates a potentially significant mis-

match between the DRAM word line and bit line

pitch and TSV pitch.

Similar to current DRAM design practice, our pro-

posed 3D DRAM memory with coarse-grained intersub-

array 3D partitioning also has a hierarchical

architecture, consisting of banks, subbanks, and sub-

array sets. Each bank is divided into subbanks, and

the data is read to and written from one subbank dur-

ing each memory access. Each subbank is further

divided into 3D subarray sets, which contain n indi-

vidual 2D subarrays. In particular, each 2D subarray

contains the memory cells and its own complete

peripheral circuits such as decoders, drivers, and

sense amplifiers (SAs). Within each 3D subarray set,

all the 2D subarrays share only address and data I/O

through TSVs, which clearly requires far fewer TSVs

compared to the intrasubarray 3D partitioning. More-

over, the global address and data routing outside and

inside each bank can be distributed simply across all

the n layers through TSVs. Our proposed intersubar-

ray 3D partitioning possesses two attractive advan-

tages in particular:

� Because the 3D distributed global H-tree routing is

shared by all the DRAM dies, the footprint of the

H-tree is minimized, leading to a substantially

reduced access latency, energy consumption,

and DRAM footprint.

� Because each individual memory subarray is

retained in one layer, we can keep exactly the

same subarray circuit design as is currently

done, and the operational characteristics of each

subarray are insensitive to the parasitics of TSVs.

Figure 1 shows the design realization of each 3D

subarray set. Let Ndata and Nadd denote the data ac-

cess and address input bandwidth of each 3D subar-

ray set, and recall that n denotes the number of

memory layers. Without loss of generality, we assume

that Ndata and Nadd are divisible by n. As Figure 1

shows, the Nadd bit address bus is uniformly distrib-

uted across all n layers and shared by all n 2D subar-

rays within the same 3D subarray set through a TSV

bundle; the Ndata bit data bus is uniformly distributed

across all the n layers outside the subarray set. All n

2D subarrays participate in the read/write operations,

that is, each 2D subarray handles the read/write of

Ndata/n bits.

This coarse-grained 3D DRAM partitioning strategy

lets us keep exactly the same subarray circuit design

as we do currently with 2D DRAM design, and the op-

erational characteristics of each subarray are insensi-

tive to TSV parasitics. Compared with finer-grained 3D

partitioning, this design strategy demands far fewer

TSVs and a significantly relaxed TSV pitch constraint.

To evaluate our proposed partitioning strategy, we

modified CACTI 5, as we explain later.

Heterogeneous 3D DRAM
The key element of our proposed 3D processor-

DRAM integrated computing systems is to incorporate

a heterogeneous 3D DRAM architecture to cover more

than one memory level within the entire computer

memory hierarchy. In contrast, other researchers’

work assumed a homogeneous 3D DRAM as either

cache or main memory. As mentioned, the work we

discuss here considers the use of 3D DRAM to imple-

ment a private large capacity L2 cache, such as that in

a multicore computing system, for each core and

3D IC Design and Test
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Figure 1. Illustration of a four-layer 3D subarray set.
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main memory shared by all the cores. Figure 2b fur-

ther illustrates this approach.

Because L2 cache access latency plays a critical

role in determining the overall computing system per-

formance, we could argue that, compared with on-

chip SRAM L2 cache, 3D DRAM L2 cache might suffer

from much longer access latency and therefore signif-

icantly degrade computing system performance. This

intuitive argument might not necessarily hold true,

however; in particular, as we increase the L2 cache

capacity and the number of DRAM dies, the 3D

DRAM L2 cache might well have an even shorter ac-

cess latency than its 2D SRAM L2 cache counterpart.

The common impression that DRAM is far slower

than SRAM results from the fact that, because it’s a

commodity, DRAM has always been optimized largely

for density and cost, rather than for speed. We can

greatly improve DRAM speed by using a dual

approach:

� We can reduce the size of each individual DRAM

subarray to reduce the memory access latency, at

the penalty of storage density. With shorter lengths

of word lines and bit lines, a smaller DRAM subar-

ray can directly lead to reduced access latency

because of the reduced load of the peripheral

decoders and bit lines.

� We can adopt the multiple threshold voltage

(multi-VTH) technique that has been widely used

in logic circuit design; that is, we still use high-

VTH transistors in DRAM cells to maintain a very

low cell leakage current, but we use low-VTH tran-

sistors in peripheral circuits and H-tree buffers to

reduce latency. Such multi-VTH design is typically

not used in commodity DRAM because it

increases leakage power consumption and, more

importantly, complicates the DRAM fabrication

process, thereby incurring higher cost.

Moreover, as we increase the L2 cache capacity, H-

tree routing plays a bigger role in determining the

overall L2 cache access latency. By applying the 3D

DRAM design strategy we’ve described, we can

directly reduce the latency incurred by H-tree

routing, further reducing 3D DRAM L2 cache access

latency compared with a 2D SRAM L2 cache.

One potential penalty when using DRAM to real-

ize an L2 cache is that the periodic DRAM refresh

operations might degrade the DRAM-based L2

cache performance. Fortunately, because of the

relatively small storage (a few Mbytes) capacity of

an L2 cache and the relatively long refresh interval

(64 or 128 ms) for each memory cell, refresh

might not necessarily induce noticeable L2 cache

performance degradation.

For example, consider a 2-Mbyte L2 cache with a

64-byte block size and 65,536 cache blocks. Even

for the worst case in which each cache block is

refreshed independently, the DRAM L2 cache need

only refresh one cache block every 976 ns if we as-

sume the typical DRAM memory cell refresh interval

of 64 ms. This refresh rate means the availability of

DRAM cache is as high as 99.7%. Although refresh

operations tend to increase energy dissipation, L2

cache memory has relatively high access activity,

which means the energy overhead induced by refresh

might be insignificant. We can, moreover, consider-

ably reduce this energy overhead by using efficient

refresh management techniques.10

Simulation results
To examine the potential of 3D DRAM, we con-

ducted two simulations that involved 3D DRAM mod-

eling and multicore computing systems.

Core 0 Core 1

Core 2 Core 3

Homogeneous

3D DRAM

TSV bus

(a)

Core 0 Core 1

Core 2 Core 3

Heterogeneous

3D DRAM

TSV bus

3D L2 cache
Main memory

(b)

Figure 2. Homogeneous 3D DRAM assumed in earlier work by

other researchers (a), and proposed heterogeneous 3D DRAM

covering both L2 cache and main memory (b).
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3D DRAM modeling

By modifying CACTI 5, we developed a 3D DRAM

modeling tool to support our proposed coarse-

grained intersubarray 3D DRAM partitioning design

approach. For use with the tool, we chose the TSV

size to be 10 microns � 10 microns, and we assumed

its resistance could be ignored because of its rela-

tively large size. To evaluate our 3D DRAM design

approach, we considered a 1-Gbyte DRAM main

memory design at the 45-nm technology node. For

comparison purposes, we also evaluated two other

design options: first, the conventional 2D design,

and second, 3D packaging of separate DRAM dies

using wire bonding instead of TSVs (referred to as

3D die packaging).

Table 1 shows the configuration parameters

used in DRAM modeling, where the CACTI tool au-

tomatically chose the subbank number in each

bank and subarray size. Figure 3 shows the esti-

mated 3D 1-Gbyte DRAM main memory footprint,

access latency, and energy consumption using

our proposed 3D DRAM architecture and 3D die

packaging in the 45-nm technology node. The

obvious advantages of our proposed 3D design

over 3D die packaging result from the fact that

the global routing is distributed over all the

DRAM dies and so result in less overhead induced

by global routing.

Using the CACTI-based modeling tool we modi-

fied, we further evaluated the effectiveness when

using 3D DRAM to implement an L2 cache at the

45-nm technology node. All the DRAM cache access

latency values we discuss refer to the random mem-

ory access latency. Table 2 lists the basic parameters.

As we varied the subarray size from 512 � 512 to

128 � 64, the access latency could be reduced by

up to 1.48 ns. During the simulation, the subarray

size of 2D SRAM was 256 � 256, and we set the sub-

array size of 3D DRAM to be 128 � 64. Our results

show that, the multi-VTH DRAM L2 cache significantly

outperformed its single-VTH DRAM counterpart. In

particular, as we increased the capacity of the L2

cache, the multi-VTH DRAM L2 cache already ex-

celled over its SRAM counterpart in terms of access

latency. We could additionally improve the access la-

tency with 3D die stacking.

Figure 4 shows the overall comparison of access

latency, footprint, and energy consumption of the

2-Mbyte L2 cache using 2D SRAM and various 3D

DRAM implementation options. The results show

that the access latency advantage of multi-VTH 3D

3D IC Design and Test

Table 1. 3D 1-Gbyte main memory configuration parameters.

Page size

Bus

width

No. of

banks

No. of subbanks

or banks

Subarray

size

4 Kbytes 512 bits 8 16 2,048 � 1,024
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Figure 3. Estimated results of access latency (a), footprint (b), and energy consumption for the 1-Gbyte DRAM

design using different design approaches at the 45-nm node based on the International Technology Roadmap for

Semiconductors projection (c).

Table 2. 3D 2 MB L2 cache configuration parameters.

Associativity Block size Bus width No. of banks

8-way 64-byte 256 bits 1
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DRAM over 2D SRAM improved further as we

increased the number of DRAM dies. This is mainly

because, as we stack more DRAM dies, the foot-

print and hence latency incurred by H-tree routing

diminishes accordingly. As Figure 4 shows, the

penalty of moving the L2 cache into the DRAM do-

main is higher energy consumption, due to the

inherently high-power operational characteristics

of DRAM compared with SRAM. This essentially

agrees with the conclusions drawn from recent

work on embedded silicon-on-insulator DRAM de-

sign that shows embedded SOI DRAM can achieve

shorter access latency than its SRAM counterpart

at a capacity as small as 256 Kbytes.11

Multicore computing systems

We conducted full system simulations to further

evaluate the effectiveness of the heterogeneous 3D

DRAM architecture. Here, we first outline the con-

figurations of the processor microarchitecture,

memory system, and 3D DRAM stacking, using a

four-core, 45-nm processor design. We estimated

the total die size of four cores without the L2

cache as 100 mm2.

By using the CACTI-based 3D DRAM modeling tool

that we modified, we have found that a 100 mm2 die

size with eight stacked DRAM dies can achieve a total

storage capacity of 1 Gbyte at the 45-nm node. We

also used the CACTI-based 3D tool to estimate the ac-

cess time for each memory module. For performance

evaluation, we used the M5 full system simulator run-

ning a Linux kernel.8 Each core used an out-of-order

issue and executed the Alpha ISA. Table 3 lists the

basic configuration parameters we used in our

simulation.

We first consider the following three different sce-

narios in which processor cores are stacked with 3D

DRAM:

� Baseline. The four-core processor was stacked with

an eight-layer homogeneous 3D DRAM shared

main memory, and each core had only its own pri-

vate L1 cache on the logic die.

� Heterogeneous single-VTH 3D DRAM. The four-core

processor was stacked with an eight-layer 3D

DRAM that implemented private L2 caches for

all the cores and a shared main memory in

which the L2 caches used single-VTH transistors.

� Heterogeneous multi-VTH 3D DRAM. The four-core

processor was stacked with an eight-layer 3D

DRAM that implemented private L2 caches for
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Figure 4. Comparison of access latency (a), footprint (b), and energy consumption of the 2-Mbyte L2 cache with

different implementation options (c).

Table 3. Configuration parameters of the simulated multicore

processor.

Configuration

parameter Configuration value

Frequency 4 GHz

No. of cores 4

Die size 100 mm2

No. of DRAM dies 8

Core type Out-of-order issue

L1 cache 16 Kbytes, 4-way, 64-byte blocks, private SRAM

on the logic die, access latency: 0.26 ns

L2 cache 2 Mbytes, 8-way, 64-byte blocks, private 8-layer

3D DRAM, random access latency: 3.93 ns

(single-VTH); 1.51 ns (multi-VTH)

Main memory 1 Gbyte, 4-Kbyte page size, shared 8-layer 3D

DRAM, access latency: 20.95 ns
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all the cores and a shared main memory in which

the L2 caches used multi-VTH transistors to further

reduce L2 cache access latency.

In addition, we also considered the following two

scenarios to compare this work with other processor-

DRAM integration systems.

� 2D SRAM L2 cache. The four-core processor was

stacked with an eight-layer 3D DRAM shared

main memory, and each core had its private L1

and L2 cache on the logic die. This is the most in-

tuitive 3D processor-DRAM integrated architecture

assumed by many prior works.

� 2D DRAM L2 cache. The four-core processor was

stacked with a single-layer 2D DRAM die that

served as the shared L2 cache, while the main

memory was off-chip. This is the 3D processor-

DRAM integrated architecture that Black et al.

used.5 In addition, we also simulated this 2D

DRAM L2 cache with stacked 3D DRAM main

memory to ensure a fair comparison.

The system configuration of these two scenarios

was the same as the other three, except for the

memory hierarchy parameters, which are listed in

Table 4.

Our simulations used multiprogrammed work-

loads to evaluate the performance of the five dif-

ferent scenarios. We first recorded the L2 cache

miss statistics of various benchmarks, in which

each benchmark ran on a single core with the

2-Mbyte L2 cache. Next, we selected 24 represen-

tative benchmarks (see Table 5) that cover a wide

3D IC Design and Test

Table 5. Simulation benchmarks.

Benchmarks MPKI Benchmarks MPKI
Name Suite (2 Mbytes) Name Suite (2 Mbytes)

mcf I’00 43.05 eon I’06 1.69

tigr Bio 20.59 libquantum I’06 1.49

lbm F’06 14.62 gcc I’00 1.06

mummer Bio 3.45 apsi F’06 1.06

crafty I’00 3.26 wupwise F’00 0.93

namd F’06 3.00 h264 F’06 0.85

swim F’00 2.91 astar I’06 0.78

twolf I’00 2.71 equake F’00 0.75

vortex I’00 2.65 omnetpp I’06 0.62

mesa F’00 2.54 applu F’06 0.58

milc F’06 2.30 bzip2 I’06 0.53

soplex F’06 1.79 gzip I’02 0.49

* Bio: BioBench; F: SpecFP; I: SpecInt; ’00: cpu2000; ’06: cpu2006.

Table 4. Memory configuration of the 2D SRAM L2-cache and 2D DRAM L2-cache scenarios. (The access latency is

estimated using the CACTI-based 3D DRAM modeling tool.)

Type of 2D L2 cache L2 cache Main memory

2D SRAM 2 Mbytes, 8-way, 64-byte blocks, private

2D SRAM on logic die, access latency:

4.32 ns

1 Gbyte, 4-Kbyte page size, 8-layer

3D DRAM, access latency: 20.95 ns

2D DRAM 64 Mbytes, 32-way, 64-byte blocks, shared

2D DRAM stacked on logic die, access

latency: 16.4 ns

1 Gbyte, 4 Kbyte-page size, access

latency: 300 cyclesoff-chip DRAM;

20.95 ns on-chip DRAM
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spectrum of L2 cache miss statistics represented

as L2 miss per kilo-instructions (MPKI). These

benchmarks included SPECcpu’s integer and

floating-point suites from the Standard Perfor-

mance Evaluation Corp. in both the 2000 and

2006 editions (see http://www.spec.org), and bio-

informatics workloads.12 We further grouped these

benchmarks to form 12 multiprogrammed work-

loads, as listed in Table 6, falling into three catego-

ries: all high-miss (H), all low-miss (L), and a mix

of both high and low miss (HL). For each workload,

we fast-forwarded the first half billion instructions

and ran simulations for the next 500 million

instructions.

The results in Figure 5 show the performance of

the proposed heterogeneous 3D DRAM architecture

in a processor-DRAM integration system. To clarify

the graph, we show the normalized harmonic mean

IPC (HMIPC) improvement of the other two scenarios

compared against the baseline scenario. The results

clearly show that even the simplest single-VTH design

option can largely improve the performance for all

the benchmarks by more than 16.3% on average.

Switching from single-VTH to multi-VTH can bring an-

other 7.6% performance improvement, on average,

as the multi-VTH design directly reduces the L2

cache access latency.

Simulation results shown in Figure 6 demonstrate

the performance improvement we obtained by mov-

ing the private L2 cache from on-chip SRAM to 3D

stacked DRAM. Moreover, using SRAM L2 cache

tends to drastically increase the processor die size

and, accordingly, the fabrication cost. In the simu-

lated multicore processor, the extra area overhead de-

voted to on-chip SRAM L2 cache can reach up to

38.64%. If we consider the interconnect between

the processor core and the L2 cache, the area over-

head could be even higher. This clearly suggests

that using SRAM to design a large-capacity cache is

area-inefficient, especially when 3D integration tech-

nology enables the use of 3D stacked DRAM as the

L2 cache. Therefore, implementing lower-level

cache memories using 3D stacked DRAM is an

appealing option for emerging 3D integrated comput-

ing systems.

In Figure 7, simulation results show that a multi-

core processor using the proposed heterogeneous

3D DRAM integration outperforms the 3D pro-

cessor-DRAM integration that Black et al. pro-

posed.,5 even though its performance has been

substantially improved by integrating main mem-

ory on-chip. This suggests that the direct use of

commodity 2D DRAM as a large-capacity shared

L2 cache tends to considerably degrade perfor-

mance. Therefore, the L2 cache should be of a rea-

sonable size, and the DRAM memory’s access

latency must be reduced by leveraging specific

techniques, such as small subarray size and

multi-VTH, as we’ve proposed.

Finally, we analyzed the system configuration

sensitivity of the proposed processor-DRAM inte-

grated multicore computing systems. Tables 7

and 8 list the HMIPC improvement against the

baseline with different system configurations.

The results clearly show that this proposed design

strategy can perform very well over a large range

of system configurations.

Table 6. Four-threaded workloads.

High (H) L2 cache MPKI

Workloads Benchmark name

H1 mcf, tigr, 1bm, mummer 0.499

H2 crafty, namd, swim, twolf 0.702

H3 vortex, mesa, milc, soplex 0.489

High-Low (HL) mixes

Workloads Benchmark name (HMIPC)

HL1 mcf, tigr, gcc, apsi 0.302

HL2 1bm, mummer, eon,

libquantum

0.482

HL3 crafty, namd, wupwise,

h264

0.618

HL4 swim, twolf, astar, equake 0.912

HL5 vortex, mesa, omnetpp,

applu

0.871

HL6 milc, soplex, bzip2, gzip 0.752

Low (L) L2 cache MPKI

Workloads Benchmark name (HMIPC)

L1 eon, libquantum, gcc,

apsi

0.492

L2 wupwise, h264, astar,

equake

0.833

L3 omnetpp, applu, bzip2,

gzip

0.889

Normalized

harmonic

mean IPC (HMIPC)
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THE KEY TO THE 3D DRAM design approach we have

discussed is to apply a coarse-grained 3D partitioning

strategy and effectively exploit the benefits provided

by 3D integration without incurring stringent constraints

on TSV fabrications. 3D processor-memory integration

appears to the most viable approach to fundamentally

address the looming memory wall problem and enable

the most effective use of future multi- and manycore

microprocessors. Certainly, much more research is

required in order to fully exploit the potential and

understand involved design trade-offs, particularly the

thermal, power delivery and cost issues. �

Acknowledgments
This research was funded in part by the Key Pro-

gram of the Nation Natural Science Foundation of

China under grant 60635050, the National Science

Foundation under grant 0823971, and the Semicon-

ductor Research Corp. Global Research Consortium

under contract 2008-HJ-1794.

3D IC Design and Test

0

5

10

15

20

25

30

35

40

45

50

H1 H2 H3 L1 L2 L3 HL1

Workload

HL2 HL3 HL4 HL5 HL6

N
or

m
al

iz
ed

 H
M

IP
C

 im
p

ro
ve

m
en

t (
%

)

Heterogeneous single-VTH 3D DRAM Heterogeneous multi-VTH 3D DRAM

Figure 5. Normalized harmonic mean IPC (HMIPC) improvement comparison among baseline,

heterogeneous single-VTH 3D DRAM and heterogeneous multi-VTH 3D DRAM.

99.0

99.5

100.0

100.5

101.0

101.5

102.0

102.5

H1 H2 H3 L1 L2 L3 HL1

Workload

HL2 HL3 HL4 HL5 HL6

N
or

m
al

iz
ed

 H
M

IP
C

 (
%

)

Figure 6. Normalized HMIPC improvement when using a multi-VTH 3D DRAM private L2 cache

to replace an on-chip SRAM private L2 cache for each core.

44 IEEE Design & Test of Computers



�References
1. C.C. Liu et al., ‘‘Bridging the Processor-Memory Perfor-

mance Gap with 3D IC Technology,’’ IEEE Design &

Test, vol. 22, no. 6, 2005, pp. 556-564.

2. T. Kgil et al., ‘‘PicoServer: Using 3D Stacking

Technology to Enable a Compact Energy Efficient

Chip Multiprocessor,’’ Proc. 12th Int’l Conf.

Architectural Support for Programming Languages

and Operating Systems (ASPLOS 06), ACM Press,

2006, pp. 117-128.

3. G. Loh, Y. Xie, and B. Black, ‘‘Processor Design in 3D

Die-Stacking Technologies,’’ IEEE Micro, vol. 27, no. 3,

2007, pp. 31-48.

4. G. Loh, ‘‘3D-Stacked Memory Architecture for Multi-

core Processors,’’ Proc. 35th ACM/IEEE Int’l Symp.

Computer Architecture (ISCA 08), IEEE CS Press,

2008, pp. 453-464.

5. B. Black et al., ‘‘Die Stacking (3D) Microarchitecture,’’

Proc. Ann. IEEE/ACM Int’l Symp. Microarchitecture,

IEEE CS Press, 2006, pp. 469-479.

6. Tezzaron Semiconductors, ‘‘3D Stacked DRAM/Bi-STAR

Overview,’’ 2008; http://www.tachyonsemi.com/memory/

Overview_3D_DRAM.htm.

7. CACTI: An Integrated Cache and Memory Access Time,

Cycle Time, Area, Leakage, and Dynamic Power Model,

http://www.hpl.hp.com/research/cacti/.

Table 8. System sensitivity to L2 cache size and degree of set associativity.

Cache size (Mbytes) Set associativity

1 2 4 8-way 16-way 32-way

HMIPC improvement 23.2% 23.9% 24.7% 23.9% 24.1% 24.9%

Table 7. System sensitivity to L1 cache size and degree of set associativity.

Cache size (Kbytes) Set associativity

16 32 64 2-way 4-way 8-way

HMIPC improvement 23.9% 21.2% 20.7% 25.1% 23.9% 22.7%

80

100

120

140

160

180

200

H1 H2 H3 L1 L2 L3 HL1

Workload

HL2 HL3 HL4 HL5 HL6

N
or

m
al

iz
ed

 H
M

IP
C

 (
%

)

2D DRAM L2 cache with on-chip main memory Heterogeneous multi-VTH 3D DRAM

Figure 7. Normalized HMIPC improvement when using a multi-VTH 3D DRAM private L2 cache to

replace a 2D DRAM shared L2 cache.

45September/October 2009



8. N.L. Binkert et al., ‘‘The M5 Simulator: Modeling Networked

Systems,’’ IEEE Micro, vol. 26, no. 4, 2006, pp. 52-60.

9. Y.-F. Tsai et al., ‘‘Design Space Exploration for 3-D

Cache,’’ IEEE Trans. Very Large Scale Integration (VLSI)

Systems, vol. 16, no. 4, 2008, pp. 444-455.

10. M. Ghosh and H.-H.S. Lee, ‘‘Smart Refresh:

An Enhanced memory Controller Design for Reduc-

ing Energy in Conventional and 3D Die-Stacked

DRAMs,’’ Proc. 40th ACM/IEEE Int’l Symp.

Microarchitecture, IEEE CS Press, 2007,

pp. 134-145.

11. J. Barth et al., ‘‘A 500 MHz Random Cycle, 1.5 ns

Latency, SOI Embedded DRAM Macro Featuring a

Three-Transistor Micro Sense Amplifier,’’ IEEE J. Solid-

State Circuits, Jan. 2008, pp. 86-95.

12. K. Albayraktaroglu et al., ‘‘Biobench: A Benchmark Suite

of Bioinformatics Applications,’’ Proc. Int’l Symp. Perfor-

mance Analysis of Systems and Software, IEEE CS

Press, 2005, pp. 2-9.

Hongbin Sun is a postdoctoral student in the School

of Electronic and Information Engineering at Xi’an Jiao-

tong University, China. His research interests include

fault-tolerant computer architecture, 3D memory-

processor integration, and VLSI architecture for digital

video processing. Sun has a PhD in electrical engi-

neering from Xi’an Jiaotong University.

Jibang Liu is a PhD student in the Department of

Electrical, Computer, and Systems Engineering at

Rensselaer Polytechnic Institute. His research is mainly

focused on VLSI design. Liu has an MS in electrical

engineering from Rensselaer Polytechnic Institute.

Rakesh S. Anigundi is an ASIC design engineer at

Qualcomm. His research interests include 3D SoC sys-

tem design, 3D EDA tool enablements, and 3D ASIC

flow design. Anigundi has an MS in electrical engineer-

ing from Rensselaer Polytechnic Institute.

Nanning Zheng is a professor and the director of

the Institute of Artificial Intelligence and Robotics at

Xi’an Jiaotong University. His research interests in-

clude computer vision, pattern recognition, machine vi-

sion and image processing, neural networks, and

hardware implementation of intelligent systems.

Zheng has a PhD in electrical engineering from Keio

University. He is a Fellow of the IEEE.

James Jian-Qiang Lu is an associate professor in

the Electrical, Computer, and Systems Engineering

Department at Rensselaer Polytechnic Institute,

where he leads the 3D hyperintegration technology re-

search programs. His research interests include 3D

hyperintegration design and technology, and micro-

nano-bio interfaces for future chips and microelectro-

mechanical systems. Lu has a Dr.rer.nat. (PhD) from

the Technical University of Munich. He is a senior

member of the IEEE and is a member of the American

Physical Society, the Materials Research Society, and

the Electrochemical Society.

Kenneth Rose is professor emeritus in the Electrical,

Computer, and Systems Engineering Department at

Rensselaer Polytechnic Institute. His research interests

include VLSI performance prediction, mixed-signal de-

sign, and error correction in flash memories. Rose has

a PhD in electrical engineering from the University of Il-

linois at Urbana-Champaign.

Tong Zhang is an associate professor in the Electri-

cal, Computer, and Systems Engineering Department

at Rensselaer Polytechnic Institute. His research inter-

ests include algorithm and architecture codesign for

communication and data storage systems, variation-

tolerant signal-processing IC design, fault-tolerant sys-

tem design for digital memory, and interconnect system

design for hybrid CMOS and nanodevice electronic

systems. Zhang has a PhD in electrical engineering

from the University of Minnesota, Twin Cities. He is a

senior member of the IEEE.

�Direct questions and comments about this article to

Hongbin Sun, Institute of Artificial Intelligence and

Robotics, Xi’an Jiaotong University, Shaanxi, 710049,

P.R. China; sunsir@mail.xjtu.edu.cn.

For further information about this or any other comput-

ing topic, please visit our Digital Library at http://

www.computer.org/csdl.

3D IC Design and Test

46 IEEE Design & Test of Computers



47September/October 2009



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


