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Processor TrendsProcessor Trends
Increasing core performanceIncreasing core performance
Increasing coresIncreasing cores
Increasing bus speedIncreasing bus speed
More memoryMore memory



Memory TrendsMemory Trends
Increasing densityIncreasing density
Faster interfacesFaster interfaces
Increasing latencyIncreasing latency
NANDNAND
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Growing GapsGrowing Gaps
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Memory Hierarchy ExpansionMemory Hierarchy Expansion

Level 1 CacheLevel 1 Cache

Level 2 CacheLevel 2 Cache

Main MemoryMain Memory

DiskDisk



Processor TrendsProcessor Trends
AMD AMD ““BarcelonaBarcelona””

Quad coreQuad core
2M shared L3 cache2M shared L3 cache
Dedicated L2 cachesDedicated L2 caches

Intel Intel ““PenrynPenryn””
Dual/Quad coreDual/Quad core
6MB/12MB L2 cache6MB/12MB L2 cache

Intel Intel ““NehalemNehalem””
Quad/8 coreQuad/8 core



Main Memory Data Rate TrendsMain Memory Data Rate Trends

•• DRAM bandwidth requirements typically double DRAM bandwidth requirements typically double 
every 3 yearsevery 3 years
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Memory TrendsMemory Trends
But Latency is actually getting WORSEBut Latency is actually getting WORSE……
And power is a problemAnd power is a problem……

What drives memory evolution today?What drives memory evolution today?



Economics Drives MemoryEconomics Drives Memory

DRAM Market PriceDRAM Market Price--perper--bit Declinebit Decline
(Normalized(Normalized-- Millicent/bit)Millicent/bit)

HistoricalHistorical
priceprice--perper--bit decline hasbit decline has

averaged 35.5%averaged 35.5%
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Physics Drives MemoryPhysics Drives Memory



DRAM Cell Layout: 8FDRAM Cell Layout: 8F22

4F4F

2F2F



SRAM Cell Layout: 140FSRAM Cell Layout: 140F22



Compared:Compared:



Cell Sizes ComparedCell Sizes Compared
Cell Size (Cell Size (µµ22)) Tech Node (nm)Tech Node (nm) Cell Size(FCell Size(F22))

IBM/Infineon MRAMIBM/Infineon MRAM

1.421.42 180180 4444

Motorola 6TMotorola 6T--SRAMSRAM

1.151.15 9090 142142

0.690.69 6565 163163

Intel 65nm process  6TIntel 65nm process  6T--SRAMSRAM

0.570.57 6565 135135

Motorola eDRAMMotorola eDRAM

0.120.12 6565 2828

Motorola TFS: NanocrystalineMotorola TFS: Nanocrystaline

0.130.13 9090 1616

Micron 30Micron 30--series DRAMseries DRAM

0.0540.054 9595 66

Samsung 512Mbit PRAM DeviceSamsung 512Mbit PRAM Device

0.0500.050 9595 5.55.5

Micron 50Micron 50--series NANDseries NAND

0.0130.013 5353 4.54.5



Power TrendsPower Trends
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Voltage Scaling TrendsVoltage Scaling Trends
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Process Cost IncreasingProcess Cost Increasing

$$

Years by quarterYears by quarter



Options for L3 CacheOptions for L3 Cache
SRAM L3SRAM L3



DRAM can be FastDRAM can be Fast
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ThroughThrough--Wafer InterconnectWafer Interconnect
Reduced parasitic loadsReduced parasitic loads
Smaller ESD structuresSmaller ESD structures
Greater numbers of interconnectsGreater numbers of interconnects
TWI:TWI:



Redistribution LayersRedistribution Layers
Allow layout flexibilityAllow layout flexibility
Reduced parasitic loadsReduced parasitic loads
Supports great numbers of interconnectsSupports great numbers of interconnects
RDL:RDL:



Stacked SiliconStacked Silicon
Goal of TWI and RDLGoal of TWI and RDL
Supports NSupports N≥≥2 layers of silicon2 layers of silicon
Supports processes optimized for deviceSupports processes optimized for device



Storage DemandStorage Demand
161 exabytes of digital data were 
generated in 2006

ThatThat’’s about 168 million terabytes, or roughly equivalent of:s about 168 million terabytes, or roughly equivalent of:

3636
billion billion 
digital digital 
moviesmovies

4343
trilliontrillion
digitaldigital
songssongs

11
million copiesmillion copies
of every book of every book 
in the Library in the Library 
of Congressof Congress

Sources: IDC, UC Berkeley, CIA World Fact Book, USA TODAY Research



DRAM to Disk EvolutionDRAM to Disk Evolution
““Flash is Disk, Disk is TapeFlash is Disk, Disk is Tape””??
Performance, not capacity, is the issue.Performance, not capacity, is the issue.
Disk will continue as the $/bit leaderDisk will continue as the $/bit leader
NAND pricing is on a steep declineNAND pricing is on a steep decline



SSDs SSDs vsvs HDDsHDDs
SSDSSD HDDHDD

CapacityCapacity
PerformancePerformance
ReliabilityReliability
EnduranceEndurance
PowerPower
SizeSize
WeightWeight
ShockShock
TemperatureTemperature
Cost per bitCost per bit

•• Based on recent Based on recent 
advances in NAND advances in NAND 
lithography, SSD lithography, SSD 
densities reach densities reach 
capacities for mass capacities for mass 
market appealmarket appeal

•• SSD offers many SSD offers many 
features that lead features that lead 
to improved user to improved user 
experiencesexperiences

•• Early shortcomings Early shortcomings 
for reliability and for reliability and 
endurance have endurance have 
been overcomebeen overcome

NAND Solid State Storage Devices are ready for deployment in many applicationsNAND Solid State Storage Devices are ready for deployment in manNAND Solid State Storage Devices are ready for deployment in many applicationsy applications



Source: IDC 2007

NAND Density Trends NAND Density Trends 
Beating MooreBeating Moore’’s Laws Law

$100$100

$10$10

$1$1

$0$0

$/GB$/GB 20052005 20062006 20072007 20082008 20092009 20102010

$43.39$43.39

$15.66$15.66

$7.12$7.12

$4.68$4.68
$3.11$3.11

$1.96$1.96

$3.76$3.76

$2.05$2.05

$1.34$1.34
$1.08$1.08 $1.02$1.02 $0.89$0.89

$1.30$1.30
$1.02$1.02

$0.81$0.81
$0.58$0.58

$0.45$0.45
$0.35$0.35HDD 0.85in, 1.0in, 1.8in CombinedHDD 0.85in, 1.0in, 1.8in Combined

NAND FlashNAND Flash
Mobile HDD 2.5in (portable PCs)Mobile HDD 2.5in (portable PCs)

HDD, NAND Flash Pricing (Log Chart)HDD, NAND Flash Pricing (Log Chart)



NAND in Notebooks and NAND in Notebooks and 
ConsumerConsumer

Source: Web-Feet Research, Seagate, Tom’s Hardware

Hard Disk Hard Disk 
DriveDrive

Solid State Solid State 
DriveDrive

Hard Disk Hard Disk 
DriveDrive

Hybrid Hard Hybrid Hard 
DriveDrive

1.81.8”” HDDHDD SSD(1.8SSD(1.8””/2.5/2.5””)) 2.52.5”” HDDHDD 2.52.5”” HHDHHD
CapacityCapacity 3030--80 GB80 GB 44--32GB32GB 4040--160GB160GB Up to 160GBUp to 160GB
Data Rate (max Data Rate (max 
sustain)sustain)
ReadRead 25MB/s25MB/s 57MB/s57MB/s 44MB/s44MB/s
WriteWrite 25MB/s25MB/s 32MB/s32MB/s 44MB/s44MB/s
Spindle SpeedSpindle Speed 4200 RPM4200 RPM NoneNone 5400 RPM5400 RPM 5400 RPM5400 RPM
SeekSeek 15 ms15 ms NoneNone 12 ms12 ms 12.5 ms12.5 ms
Non op shockNon op shock 1500 G1500 G 2000 G2000 G 900 G900 G 900 G900 G

Average Average 
SpecificationsSpecifications

•• SSD and HHD both provide power savings in various applications, SSD and HHD both provide power savings in various applications, but but 
the exact power savings fluctuate from application to applicatiothe exact power savings fluctuate from application to applicationn

•• In a test of a 32GB SSD drive, the power savings of the SSD was In a test of a 32GB SSD drive, the power savings of the SSD was 1 watt 1 watt 
better than the closest tested HDDbetter than the closest tested HDD



What to Look for in an SSDWhat to Look for in an SSD
SSDSSD--optimized controlleroptimized controller
Parallel NAND channelsParallel NAND channels

ControllerControllerSATASATA--IIII

NANDNANDNANDNANDNANDNANDNANDNAND

NANDNANDNANDNANDNANDNANDNANDNAND

NANDNANDNANDNANDNANDNANDNANDNAND

NANDNANDNANDNANDNANDNANDNANDNAND



SSDsSSDs in the Enterprisein the Enterprise

11 L1 CacheL1 Cache 200200

2.52.5 L2 CacheL2 Cache 140140

3535 L3 CacheL3 Cache 120120

250,000 SSD 3

300300 DRAMDRAM 88

25,000,00025,000,000 HDDHDD 0.70.7

Relative
Latency

Relative
Cost/bit

NAND

CPU

NAND Flash Closes the Latency Gap
Cost/bit Data as of Aug ‘06



Datacenter IssuesDatacenter Issues

PowerPower
ReliabilityReliability
SpaceSpace
PerformancePerformance

Source: Microsoft Research

Table 1: Observed failure ratesTable 1: Observed failure rates

SystemSystem SourceSource TypeType Part Part 
YearsYears FailsFails FailsFails

/Year/Year

SCSI SCSI 
10krpm10krpm 858858 2424 2.8%2.8%

controllerscontrollers 7272 22 2.8%2.8%

ControllersControllers 900900 139139 15.4%15.4%

motherboardmotherboard 3,7693,769 6666 1.7%1.7%

san switchsan switch 99 11 11.1%11.1%

TerraServerTerraServer
BrickBrick BarclayBarclay SATA 7krpmSATA 7krpm 138138 1010 7.2%7.2%

SCSI SCSI 
10krpm10krpm 15,80515,805 972972 6.0%6.0%

PATA 7krpmPATA 7krpm 22,40022,400 740740 3.3%3.3%Web Web 
Property 2Property 2 anonanon

Web Web 
Property 1Property 1 anonanon

TerraServerTerraServer
SANSAN BarclayBarclay



Reliability and EnduranceReliability and Endurance
EffectEffect

Program Program 
DisturbDisturb

Read Read 
DisturbDisturb

Data Data 
RetentionRetention

Endurance/Endurance/
CyclingCycling

ReliabilityReliability

EnduranceEndurance

DescriptionDescription Observed asObserved as…… ManagementManagement

Cells not being Cells not being 
programmed programmed 
receive charge receive charge 
via elevated via elevated 
voltage stressvoltage stress

Increased read Increased read 
errors immediately errors immediately 
after programmingafter programming

ECC and Block ECC and Block 
ManagementManagement

Cells not being Cells not being 
read receive read receive 
charge via charge via 
elevated voltage elevated voltage 
stressstress

Increased read Increased read 
error at high error at high 

number of readsnumber of reads
ECC and Block ECC and Block 
Management Management 

Charge loss over Charge loss over 
timetime

Increased read Increased read 
errors with timeerrors with time

ECC and Block ECC and Block 
ManagementManagement

Cycles cause Cycles cause 
charge trapped in charge trapped in 
dielectricdielectric

Failed Failed 
Program/Erase Program/Erase 

StatusStatus
Retire BlockRetire Block

NAND failure mechanisms are well understood and managedNAND failure mechanisms are well understood and managedNAND failure mechanisms are well understood and managed



Management StackManagement Stack
Flash Translation LayerFlash Translation Layer

Interfaces to traditional HDD File SystemInterfaces to traditional HDD File System
Enables sector I/O to FlashEnables sector I/O to Flash
Wear levelingWear leveling
Bad block managementBad block management
Automatic reclamation of  erased blocksAutomatic reclamation of  erased blocks
Power loss protectionPower loss protection
Manages multiple NAND devicesManages multiple NAND devices

Operating SystemOperating System

ApplicationApplication

File SystemFile System

SSDSSD

NAND

Controller
ECC

Flash 
Translation 
Layer (FTL)

HDDHDD

ControllerController
Manages Physical ProtocolManages Physical Protocol
NAND Command encoding NAND Command encoding 
High Speed data transport (DMA/FIFO)High Speed data transport (DMA/FIFO)

Error ControlError Control
Algorithm to control sectorAlgorithm to control sector--level bit reliabilitylevel bit reliability
Implemented in hardware with software controlImplemented in hardware with software control
Algorithm depends upon Flash technologyAlgorithm depends upon Flash technology

Controller
ECC



SSD & HDD ReliabilitySSD & HDD Reliability

Bad Block
Management
Bad Block

Management

Hard Disk DriveHard Disk Drive

Raw MediaRaw Media

Data Mgt.Data Mgt.

Typical Typical 
Raw Error Raw Error 
Rate >10Rate >10--44

Channel and 
Block Coding
Channel and 
Block Coding

Solid State DriveSolid State Drive

Bad Block
Management
Bad Block

Management
Block CodingBlock Coding

ApplicationApplication
Application Data Application Data 

Error Rate < 10Error Rate < 10--1515
Application Data Application Data 

Error Rate < 10Error Rate < 10--1515

Typical Raw Typical Raw 
Error Rate Error Rate 

<10<10--55



SSD Quality and ReliabilitySSD Quality and Reliability

NAND Specs
100K P/E Cycles
1-Bit ECC
Limited Read Cycles
10 year data 
retention

SSD Specs
10 Year operating life
10-15 Bit Error Rate
1E+6 hours MTBF

NAND
Extended operation of  
NAND
On-going production 
management to assure 
reliability

Management
NAND-Validated Error 
Correction
Static and dynamic Wear 
Leveling
Garbage collection
Bad block remapping
Other proprietary 
schemes

Applications
Optimizations based 
upon Management and 
NAND 



Endurance: Usage ExampleEndurance: Usage Example

Capacity: 32 GB

Micron Flash Drives are ready for deployment for various applicationsMicron Flash Drives are ready for deployment for various applications

30 minutes 30 minutes 
to fill up to fill up 
diskdisk

50 years before 1M 50 years before 1M 
I/O cycle limit is I/O cycle limit is 
exceededexceeded

Continuous write at max bus speed of 100MB/s with a 5:1 r/w ratioContinuous write at max bus speed of 100MB/s with a 5:1 r/w ratio

Opportunities for Opportunities for 
improvement, i.e. new improvement, i.e. new 
coding, will further extend coding, will further extend 
time to cycle limittime to cycle limit

At 20% At 20% 
utilizationutilization

250 years before 1M I/O 250 years before 1M I/O 
cycle limit is exceededcycle limit is exceeded



Wear LevelingWear Leveling
Wear leveling is a plus on SLC devices where blocks Wear leveling is a plus on SLC devices where blocks 
can support up to 100,000 PROGRAM/ERASE cyclescan support up to 100,000 PROGRAM/ERASE cycles
Wear leveling is imperative on MLC devices where Wear leveling is imperative on MLC devices where 
blocks can typically support less than 10,000 cyclesblocks can typically support less than 10,000 cycles
If you erased and reprogrammed a block every If you erased and reprogrammed a block every 
minute, you would exceed the 10,000 cycling limit in minute, you would exceed the 10,000 cycling limit in 
just 7 days!just 7 days!

60 x 24 x 7 = 10,08060 x 24 x 7 = 10,080
Rather than cycling the same block, wear leveling Rather than cycling the same block, wear leveling 
involves distributing the number of blocks that are involves distributing the number of blocks that are 
cycledcycled



Wear Leveling (continued)Wear Leveling (continued)
An 8Gb MLC device contains 4,096 independent blocksAn 8Gb MLC device contains 4,096 independent blocks
If we took the previous example and distributed the If we took the previous example and distributed the 
cycles over all 4,096 blocks, each block would have cycles over all 4,096 blocks, each block would have 
been programmed less than 3 times (vs. the 10,800 been programmed less than 3 times (vs. the 10,800 
cycles when you cycle the same block)cycles when you cycle the same block)
If you provided perfect wear leveling on a 4,096 block If you provided perfect wear leveling on a 4,096 block 
device, you could erase and program a block every device, you could erase and program a block every 
minute, every day for 77 years!minute, every day for 77 years!

10,000 X 4,096       40,960,0010,000 X 4,096       40,960,00
=                    = 28,444 days ==                    = 28,444 days = 77.9 Years77.9 Years

60 X 24                    1,44060 X 24                    1,440



ECC Code Selection ECC Code Selection 
Becoming More ImportantBecoming More Important

As the raw NAND Flash BER increases, matching the As the raw NAND Flash BER increases, matching the 
ECC to the applicationECC to the application’’s target BER becomes more s target BER becomes more 
importantimportant
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Meaningful Cycling MetricsMeaningful Cycling Metrics
Practical, testable solutions are needed.Practical, testable solutions are needed.
Simply stating that Simply stating that ““the drive must meet 1 the drive must meet 1 
million complete read and write cyclesmillion complete read and write cycles”” is is 
not realistic.not realistic. 1M1M
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Cycling for CE ApplicationsCycling for CE Applications
1M1M
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Cycling for ServersCycling for Servers
1M1M
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Cycling for EnterpriseCycling for Enterprise
10M10M
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Call to ActionCall to Action
Close the Gaps!Close the Gaps!
Innovation opportunities exist close to the Innovation opportunities exist close to the 
CPU with DRAMCPU with DRAM--based caches.based caches.
Innovation opportunities enabled by rapid Innovation opportunities enabled by rapid 
NAND scaling for NANDNAND scaling for NAND--based storage.based storage.



Additional ResourcesAdditional Resources
Web Resources:Web Resources:

Specs: Specs: http://www.micron.com/winhec07http://www.micron.com/winhec07
Whitepapers: Whitepapers: http://www.micron.com/winhec07http://www.micron.com/winhec07

Related SessionsRelated Sessions
Main Memory Technology Direction Main Memory Technology Direction 
Flash Memory Technology DirectionFlash Memory Technology Direction

Email address:Email address:
daklein@micron.comdaklein@micron.com
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