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Abstract

aggregate memory bandwidth of 31 PB/sec. If the same machine supported an exaﬂop of computation at zero power
cost, this would be 0.031 byte/ﬂop of memory bandwidth,
compared to the 1 byte/ﬂop available in the original Cray
XT architecture. Similarly, performance is dominated by
memory movement, not computation. The solution to this
problem requires two critical technologies: 3D integration
and optical chip-to-chip communication. A memory system
based on these technologies has the potential to lower the
cost of memory accesses by orders of magnitude and provide substantially more bandwidth. Early versions of stacking are already seen in low power commodity devices, particularly cell phones, however it is only recently that fabrication techniques to provide high bandwidth connections
between stacked chips (with Thru-Silicon Vias) have been
developed and applied at commercial scale. Similarly, Silicon photonic communication has been demonstrated before,
but it is only when coupled with 3D stacking that it provides low power communication at a reasonable fabrication
cost. To reach the goal of an exascale computer with a manageable power budget, the industry will have to adopt these
technologies.
Adoption of these technologies will not only enable exascale computing, but will also have a major worldwide economic impact of several billions of dollars per year.

Energy consumption is the fundamental barrier to exascale
supercomputing and it is dominated by the cost of moving
data from one point to another, not computation. Similarly,
performance is dominated by data movement, not computation. The solution to this problem requires three critical
technologies: 3D integration, optical chip-to-chip communication, and a new communication model. A memory system
based on these technologies has the potential to lower the
cost of local memory accesses by orders of magnitude and
provide substantially more bandwidth. To reach the goals of
exascale computing with a manageable power budget, the
industry will have to adopt these technologies. Doing so will
enable exascale computing, and will have a major worldwide
economic impact.
Categories and Subject Descriptors B.3.1 [Hardware]:
Memory Structures
General Terms Design, Economics
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Introduction

Energy consumption is the fundamental barrier to exascale
supercomputing, and it is dominated not by the cost of computation, but rather the cost of moving data from one point
to another. As an example, a 25MW supercomputer that performs only DRAM accesses at 100 pJ/bit would allow an

2.

Data Movement Dominates

The diverging performance of DRAM and processing, referred to as the Memory Wall [16], is a well known phenomena in computer architecture. Within a node, application performance is dominated by the memory system, especially for scientiﬁc simulation codes. Analysis of several
scientiﬁc applications shows that even in ostensibly “ﬂoating point intensive” codes, less than 10% of instructions executed are ﬂoating point computation [17]. Instead, memory access operations (loads and stores) dominate. The large
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datasets and irregular access patterns of these codes mean
that L1 miss rates of 50% or higher is not uncommon. With
substantial portions of an application’s instructions requiring
the L2 (10s of ns) or main memory (100s of ns), memory
clearly dominates the single node performance.
For large parallel jobs, the internode network is the dominant factor in determining how well an application will scale.
Even at small scale, applications can spend 10-30% of their
time waiting for messages to arrive[20] and reductions in
bandwidth can have serious effects on overall performance
[19].
2.1

another indication that data movement dominates system
power consumption.
2.2

In addition to having a critical effect on machines at the exascale, DRAM power consumption has a major global impact.
As detailed in Table 1, total DRAM power consumption is
in the tens of terawatts-hours. Assuming the US holds one
third to one ﬁfth of the world’s computers2 , this would mean
billions of dollars spent on DRAM power. Even a small reduction in DRAM power could save hundreds of millions to
billions of dollars.
Note, that this is probably a conservative estimate, as it
neglects the DRAM found in portable electronics or embedded systems. Also, it is probable that the percentage of power
used by computers has grown from 3-4% in 2005.

Energy is Dominated by Moving Data

Accessing data from a DRAM today requires over 100 pJ per
bit. By 2018, this is expected to drop to about 30 pJ/bit[13],
making DRAM access one of the largest power consumers
in an exascale-class machine. This is because modern DDR
DRAM must access much more data than is actually required to ﬁll a cacheline. For example, each memory access
will activate several thousand memory cells in each of the 818 DRAM parts on a DIMM before transferring only a few
hundred bits several centimeters back to the processor cache.
Current internode networks are based on high speed serial electrical and electrical/optical links. It is believed that
this technology can scale to about 2 pJ/bit for short distances
(<1m). For longer links, signaling speeds will require optical signaling. These optical links typically consist of an electrical link connected to an optical transceiver at each end.
The result is a link which incurs both the electrical and optical energy. These links would consume around 4.6 pJ/bit (2
pJ each for electrical links on each end and 0.6 pJ for optical link). Routing requires roughly an additional 1 pJ/bit.
With an even split between short and long-distance cables,
4.3 pJ/bit total is a reasonable average.
Current processors require several hundred to several
thousand pJ for each operation performed. Aggressively
power optimized general purpose processors and expected
process scaling improvements may push this down to around
11 pJ per operation by 2018[11]. A ﬂoating point operation
is expected to consume an additional 10 pJ per ﬂop by 2018,
and a L2 cache access perhaps 20 pJ. Assuming 10% of our
instructions are ﬂoating point, and 50% require L2 cache access, this would mean an average instruction would require
22pJ.
If we theorize a 2018 exascale machine capable of 1
exaop (1018 operations per second), 1 exabyte/second of
bandwidth to memory, 1 exabyte/second bandwidth to the
nodes, 3 exabytes/second bandwidth in the router-to-router
links, and 200 petabytes of memory capacity, and use the
power and energy estimates above, such a machine would
require 74.8 MW of power1 . Of this, 57.2 MW (76%) is
required for the data transfer (from memory, or between
nodes) or masking data transfer latency (caches). This is
1 DRAM

World Energy Impact

3741 Billion
× 3-4%
× 15-35%
=16.8-22.5 Billion
× $0.1 $ / KW-Hrs
=$1.7-$2.3 Billion
× 3-5
=$6.7-$9.0 Billion

Total US Power Consumption (KWHrs)[7]
Used by computers (server & household)
[5, 8, 9]
DRAM power consumption [13]
US DRAM Power (KW-Hrs)
Retail Cost of Power, US Average [6]
USD in Memory Power
Computers outside of US (Estimate)
USD in worldwide memory power

Table 1. Worldwide DRAM power consumption

3.

Solution

The solution to these problems is to combine 3D stacked
memory, processing, and photonic interconnect. Photonic
interconnect allows signiﬁcant power reduction, especially
over long distances, and huge increases in bandwidth. 3D
stacking allows close integration between memory and processing elements (again reducing the power and increasing
bandwidth) and allows close integration with a photonic interconnect.
3.1

3D Integration

3D packaging with Thru Silicon Vias (TSV)[10] is the key
to low-power, high performance memory and is the solution to the data movement problem. 3D integration enables
high bandwidth, low-power communication over short distances between heterogeneously fabricated devices. This is
critical because logic devices (such as processors) are fabricated on different processes than DRAM or photonic devices. 3D integration provides a path for fabricating optics
and DRAM in simpler processes and tightly binding them
to logic devices. This technology will be the cornerstone of
future memory technologies, and enable in-memory processing and new communication models.
2 The

refresh should require about 28 mW per GB in this timeframe.
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US is roughly one quarter of the world’s GDP
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Figure 1. Architectures
width requirements and eliminate many network transactions. This can dramatically reduce power consumption, especially if it is coupled with hardware support. For example, the hardware could provide an “enqueue” instruction
to manage remote shared queue structures, and alleviate the
software overhead of message processing.
Currently, communication protocols use the memory system for communication; that is, inter-process communication is accomplished by moving data through DRAM, even
when the ultimate goal of many communications is simply to
pass data from one thread’s register ﬁle to another thread’s
register ﬁle. This can be avoided by dividing the memory
system into its two separate functions: naming and storage,
and treating them separately. Current communication models use both to facilitate transmission of data; a datum is
stored in the memory system, and the recipient reads from
the storage, using the expensive coherence fabric tied to the
datum’s name to ensure that the proper data value is transmitted. Instead, the storage portion can be avoided, but the
naming mechanism (i.e. address) can be used.

In-memory Computation

Close connection of logic and memory has long been a goal
of computer architecture. Low latency, high bandwidth connections between processing and memory would eliminate
the von Neumann bottleneck. Unfortunately, attempts to integrate memory and logic onto the same die have met with
limited success due to differences in the fabrication processes for DRAM and high performance logic. Hybrid approaches such as eDRAM typically sacriﬁce memory density and have a high cost.
The use of 3D stacking will be the most fundamental
change to main memory systems since the invention of
DRAM. Its most important feature is the ability to integrate
dense DRAM memory with high performance CMOS logic
parts in the same package. By connecting logic and memory
together in this way it is possible to move processing, data
handling, and other tasks closer to the memory, reducing
power and latency.
3.4

MT
Proc.

Mem. Ctrl.

3.3

DRAM DRAM

TSV

In recent years, photonics has become increasingly attractive
as a solution to chip-chip communications, as it is not clear
that electronics can provide the energy-efﬁcient solutions to
high-bandwidth IO for Exascale computing [10]. Photonics can achieve extremely high bandwidth density by using
wavelength division multiplexing (WDM), or transmitting
many signals on different wavelengths in the same waveguide. Considering that a waveguide-ﬁber coupling from a
chip out through the packaging is transparent to energy-perbit, latency, and bandwidth, photonics provides the possibility of changing the game in chip IO.
Device research in silicon photonics has yielded a promising path towards realizing the full beneﬁts of optical transmission at the chip- and board-scale. One of the basic devices for optical transmission, the silicon Mach-Zehnder interferometer modulator[14], is already commercially viable
and available[1]. When used with an arrayed waveguide
grating (AWG) for (de)multiplexing [3], a full link can be
constructed.
Photonic devices based on the versatile ring-resonator
structure are also attractive for their lower area and energyper-bit. WDM modulation using ring-modulators has been
demonstrated, and a full on-chip link has been shown with
real data [18].

DRAM DRAM

TSV

Photonic Communication

TSV

3.2

3.5

Possible Architectures

With the fundamental building blocks of memory, processing, and photonic layers, held together by the mortar of 3D
integration with Thru-Silicon Vias, it is possible to create a
number of interesting architectures (Figure 1):
1. Full Processing In Memory: The most aggressive design, and potentially most efﬁcient, would be to eliminate separate processing chips altogether and perform
all processing in layers stacked with the memory parts.
By replacing the expensive board-level connection between the processors and memory with TSVs, it is possible to boost bandwidth, reduce latency, and decrease
power. The latency reduction may be signiﬁcant enough
that the processor itself can be redesigned to increase efﬁciency even more, such as by reducing or removing the
L2 cache.

Communication Models

These technologies can enable new communication models
that will have a major impact on system performance.
Unlike traditional communication models, message-driven
computation moves the work to the location of the data,
rather than moving or copying data. Many problem domains,
such as those which use a work queue model or graph-based
informatics, naturally ﬁt into the message-driven computation model. Moving the work to the data can reduce band-
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2. Separate Processing w/ Photonics: A less aggressive
design would be to keep memory and processing in separate packages, but to use silicon photonics to communicate between them and across the system. This would
reduce power required substantially, and improve bandwidth, but not as much as the full processing in memory
approach.
3. Stacked Photonics: A simpler conservative alternative
would be to utilize a conventional electrical link between
processor and memory, but to stack photonic components with the processor for system-level communication. This would reduce internode communication power,
especially for long-distance communication, but would
not fully address the memory system power.

second, however, there will be multiple cost/complexity and
manufacturing issues that must be overcome to bring such
parts to market. The memory that results will provide much
higher bandwidths than current parts, while using much less
energy than current parts.
The external memory latency of parts with TSVs will be
similar to current parts. However, if processing elements are
contained within the memory stack, they will be able to take
advantage of slightly improved latencies.
Parts with TSVs will offer a range of design and optimization possibilities. Many of these optimization are the
same as current parts, but start from a base of signiﬁcantly
higher bandwidths and signiﬁcantly lower energy per bit
than current parts.

4.

Analysis

4.2

4.1

Stacked Memory Performance Analysis

4.2.1

Energy Analysis
Stacked Memory Energy Analysis

As mentioned, modern DDR DRAM is energy inefﬁcient
because it accesses more data than it needs, and because it
must transfer that data long distances. These inefﬁciencies
are caused by the relatively small number of pins between
a memory part and the processor and the geometries of
separate packages.
3D Stacking effectively eliminates these bottlenecks, enabling much more efﬁcient access of DRAM over much
shorter distances. The dynamic dissipation of DRAM is primarily capacitance based, and can be estimated by (adapted
from[13]):
(1)
EenergyP erBit =
C
wl
(V 2 ∗ (Cbl + Ccell +
) ∗ Ocmd + ET SV ) ∗ OECC
bA
Using estimates for 2018 DRAM (Table 2), we estimate
about 255 fJ to move one bit from the DRAM cell to a
processor on a stacked die. Including a memory controller,
this may rise to 500 fJ per bit – dramatically less than the
30pJ/bit for conventional DRAM.

The performance of memory interconnected with TSVs depends on a number of implementation choices. Some areas
of optimization and exploration include:
• The number and use of TSVs Each data TSV can con-

tribute directly to the total bandwidth. Some TSVs will
need to be used for such things as addressing, power delivery, or other functional uses. Another design choice is
if TSVs should be unidirectional or bidirectional.
• The TSV data rate The energy efﬁcient signaling rate

for data lines in a DRAM is signiﬁcantly less than in
a logic-optimized CMOS part. Essentially, DRAMs are
optimized for memory density and retention, not for the
smallest logic delay. Still, TSV rate of 1-2 Gbits per second are achievable with an energy cost of 1-11 femtoJoules per bit.
• The layout and organization of the memory dies con-

taining the TSVs To ensure the greatest energy reduction and highest data rates, the distances from the memory bank to the TSV will have to be carefully managed.
Additionally, it will be necessary to avoid hot-spots, both
by having enough memory banks, and by making internal
routing as conﬂict free as is reasonable.

Table 2. Stacked DRAM Energy Components (2018)
Symbol
EenergyP erBit
V
Cbl
Ccell
Cwl
bA
Ocmd
ET SV
OECC

• Performance of the DRAM banks There is little reason

to change the basic architecture of a DRAM cell or bank.
Thus, the performance of a a DRAM bank with TSVs
will be very similar to that of current DRAM parts, and
may be a limitation.
• External connections In the most aggressive architec-

tures, DRAM is stacked directly on the processors. If
the processing is packaged separately, even with highbandwidth optical IO, then care must be taken to avoid
bottlenecks and reduce latency in the communication
protocol.

4.2.2

Meaning

Used

Avg. energy (fJ) per bit
DRAM Core Voltage, in Volts
Capacitance of the bitline (fF)
DRAM cell Capacitance (fF)
Wordline Capacitance (fF)
Avg. bits read from a wordline.
Command & Address Overhead
TSV transfer energy, per bit (fJ)
ECC Overhead.

248.5
1.0
80
25
3000
512
2.0
5
1.125

Photonic Communication Energy

The most signiﬁcant sources of energy consumption in a
photonic link are laser power and driver/receiver energy-perbit, both of which can be computed on a per-wavelength
basis. Laser power per wavelength is a function of detector

It is reasonable to envision memory parts with TSVs that
have bandwidths from tens to low hundreds of Gbytes per
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4.3.2

Table 3. Insertion Loss Parameters
Symbol

Parameter

ζcoupler
ζprop
ζbend
ζmod
ζde/mul
Sdet
ηlaser

Off-chip coupler
Waveguide propagation
Waveguide bend
Modulator thru loss
(De)multiplexing loss
Detector sensitivity
Laser efﬁciency

Value

Stacking memory will add cost due to the expense of forming the TSVs, extra area required for the TSVs, and yield
loss due to stacking.
Creation of the TSVs is performed at the wafer level, using a reactive ion etch to excavate the hole, and then various
deposition processes to ﬁll it. This cost is largely independent of the number of TSVs per wafer, and is estimated to
add 10% per wafer.
TSVs can be made quite small, with a 10 micron diameter being a very conservative estimate. With driver circuitry
and additional overhead, we assume a single TSV requires a
20 by 20 micron space. With TSVs clocked at 1-2 Ghz, and
accounting for overheads in addressing, redundancy, ECC,
power and ground signals, and bidirectional transfer, 1,000
TSVs would have about 20 GByte/sec effective bandwidth,
or about 9 times the estimated bandwidth of a DDR4 DRAM
[21]. Assuming a DRAM chip is about 100 mm2 , and using the ICKnowledge chip costing model[15], 1000 TSVs
would increase the silicon area by about 0.4% and the cost
by about 0.5%. Ten thousand TSVs (90 times DDR4 bandwidth) would increase area by 4% and cost by 5%. Note,
this neglects the positive effect that removing off-chip driver
circuitry would have on chip area.
Studies[4] suggests a 99% yield per stacking operation.
With an eight deep stack, this would increase cost by 8.4%.
In total, this would mean 1,000 TSVs would increase total
cost by about 20%, and 10,000 TSVs would add about 25%.
A major cost impact is the number of package pins on
a component. Both 3D stacking and Photonics have the
potential to decrease the total number of pins on a package
by using more efﬁcient TSVs or optical ﬁber to move data.
Also, roughly half of the pins on a package are for power
delivery. As the power requirements for a part are reduced,
it is possible that some of the power delivery pins can be
eliminated.

0.5 dB [2]
1.5 dB/cm [23]
0.005 dB [23]
0.05 dB
2 dB
-15 dBm
50%

sensitivity, insertion loss, and laser efﬁciency as follows (in
W):
10(Sdet +ζlink −30)/10
Plaser =
(2)
ηlaser
where ηlaser is the laser quantum efﬁciency, Sdet is the
detector sensitivity (in dBm), and ζlink is the worst-case
insertion loss (in dB). We can estimate the insertion loss for
each link with the following equation:
ζlink = 2ζcoupler + ζwg + ζmod + 2ζde/mul

(3)

where ζcoupler is the loss from coupling the laser into
the chip, ζmod is the loss experienced through a modulator, ζde/mul is the loss from wavelength multiplexing and
demultimplexing, and ζwg is the insertion loss of traveling
in the routed waveguides including propagation (ζprop ) and
bending (ζbend ). Table 3 shows the parameters used for estimating link insertion loss and laser power. This results in
a conservative prediction for laser power of around 0.29mW
for a 1cm distance traveled on-chip per wavelength per link,
regardless of signaling rate. As off-chip ﬁbers are much less
lossy, (a few dV per kilometer), photonics is highly suited to
long distance chip-to-chip interconnect.
Dynamic power is likely to come mainly from the driver,
receiver, and SerDes circuits associated with each wavelength in a link. One source shows these circuits taking
up approximately 1pJ/bit[22]. By 2018, 0.5pJ is obtainable
[13].
4.3

Cost Analysis

Photonics and 3D stacking are still areas of active development, and the cost of these technologies is not fully understood. However, there is reason to believe it will not be prohibitive.
4.3.1

Stacked Memory Costs

5.

Conclusion

The solutions proposed here will have a dramatic impact on
future exascale computers. If we revisit the sample exascale
machine from Section 2.1 with the proposed architectures in
Section 3.5 we can see dramatic power savings, summarized
in Table 4. The aggressive Option 1 architecture, combining
3D stacking, in-memory computation, and photonic communication would reduce the power budget for an exascale machine by almost 70%.
The combination of 3D integration with thru silicon vias,
silicon photonic interconnect, and new communication models will revolutionize how data is transfered, how machines
are architected, and how power is consumed. In addition to
making exascale computing affordable, it has the potential
to save hundreds of millions to billions of dollars in world
electrical costs.

Photonics Costs

Because of the availability of implementing photonic devices with CMOS-compatible deposited materials such as
silicon nitride and polysilicon crystalline, it is likely that the
actual fabrication of the photonic links will not incur any additional signiﬁcant costs over the chips themselves. Packaging the optics, namely in ﬁber-coupling, is likely to add some
cost, though this will become cheaper as optical packaging
reaches maturity. Integrated or discrete lasers will add to the
total cost of a single computing node, though using comblasers which can produce multiple wavelengths of light with
one device [12] can signiﬁcantly reduce this cost.

47

Component

Base
(MW)

Option 1
(MW)

Option 2
(MW)

Option 3
(MW)

Memory BW
Memory Cap.
Network
Processor

30
5.6
17.2
22

0.5
5.6
6.4
12

1.1
5.6
6.4
22

30
5.6
6.4
22

Total

74.8

24.5

35.1

64
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