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Phase-Change RAM (PC ) [9, 22, 26]

Bit Line
I m '0": amorphous state
Phase-Change high resistance
Programm- ; Material ( g )
able Region m '1": crystalline state
Word Line e (low resistance)
m Write: heat phase-change material
Access
Transistor m Read: measure current through cell

Advantages (pcram/pram) 8] Disadvantages (pcram/pram) 8!

v Read latency (50ns/50ns) ¢ Write latency (500 ns/50ns)
v No refresh operations ¢ Write energy
v Cell size (4 F?/6 F?) ¢ Write endurance (108 cy/10%5 cy)



Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line

Free Layer

Tunnel Barrier

Word tine Fixed Layer

Access
Transistor

Advantages (st1-ram/sram) 4 13. 9] Disadvantages (st1-ram/sram) 4- 13. 9]




Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line

m '0": anti-parallel orientation
Free Layer (high resistance)

Tunnel Barrier

Word tine Fixed Layer

Access
Transistor

Advantages (st1-ram/sram) 4 13. 9] Disadvantages (st1-ram/sram) 4- 13. 9]




Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line

Free Layer

Tunnel Barrier

e Fixed Layer

Access
Transistor

Advantages (stT-ram/srAm) [4: 13, 9]

m '0": anti-parallel orientation
(high resistance)

m '1": parallel orientation
(low resistance)

Disadvantages (st1-ram/sram) 4- 13. 9]




Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line
m '0": anti-parallel orientation
Free Layer (high resistance)
Tunnel Barrier m '1": parallel orientation
Word Line (low resistance)

Fixed Layer

= Write: apply current at fixed layer

Access
Transistor

Advantages (st1-ram/sram) 4 13. 9] Disadvantages (st1-ram/sram) 4- 13. 9]




Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line
Free Layer
Tunnel Barrier
Word Line Fixed Layer
Access
Transistor

Advantages (st1-ram/sram) 4 13. 9]

m '0": anti-parallel orientation
(high resistance)

m '1": parallel orientation
(low resistance)

= Write: apply current at fixed layer

m Read: measure current through cell

Disadvantages (st1-ram/sram) 4- 13. 9]




Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line

m '0": anti-parallel orientation
Free Layer (high resistance)

Tunnel Barrier m '1": parallel orientation

Word Line (low resistance)

Fixed Layer

= Write: apply current at fixed layer
Access

WETEIER m Read: measure current through cell

Advantages (st1-ram/sram) 4 13. 9] Disadvantages (st1-ram/sram) 4- 13. 9]

v Read latency (1.34ns/1.28 ns)

v Leakage power (1.82 mW/57.7 mW)
v Cell size (22 F?/140 F?)



Spin-Transfer Torque RAM (STT-RAM) [22. 9. 16]

Bit Line
m '0": anti-parallel orientation
Free Layer (high resistance)
Tunnel Barrier m '1": parallel orientation
Word Line Fixed Layer (low resistance)
= Write: apply current at fixed layer
Acces_s
WS m Read: measure current through cell

Advantages (stT-ram/srAm) [4: 13, 9] Disadvantages (stt-ram/sram) [4: 13. 9]

v Read latency (12.34ns/1.28 ns) ¢ Write latency (10.22 ns/1.23 ns)
v Leakage power (1.82 mW/57.7 mW) ¢ Write energy (0.96 nJ/0.06 nJ)
v Cell size (22 F?/140 F?) ¢ Write endurance (102 cy/10° cy)



Byte-Addressable Non-Volatile Memories

Characteristics °!:

Read Latency/Energy
Write Latency/Energy

Cell Size

Write Endurance PCRAM
Leakage Power o STT-RAM



Byte-Addressable Non-Volatile Memories

Characteristics °!:

Read Latency/Energy
Write Latency/Energy

Cell Size

Write Endurance PCRAM
Leakage Power o STT-RAM

Read-Write Asymmetry [+ 9]

Expensive write operations require
= reduced number of writes

= changing physical properties to reduce latency
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Non-Volatile Processor

Goal: Improved forward progress
Technology: STT-RAM / PCRAM

Back-Up:7- ©1 Where?

— duplicated memory components
vs. central NVM-block

What?

— overhead per component
vs. forward progress improvement

When?

— periodic vs. on-demand

Challenges: / Limited write endurance

¢ Overhead due to back-up and restore operations
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Non-Volatile Caches

: — T
Goal: Improved power consumption ;

Technology: STT-RAM

—
=

Challenges: ¢ Write latency and energy ’_,i
—s retention relaxation (22> 13! =

¢ Write endurance
— wear leveling 3]
— reducing the number of writes 2!

Applicability: = Last-level cache®!

= Higher-level cache with relaxed retention times [3!
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Non-Volatile Main Memory

Goal:
Technology:

Challenges:

Applicability:

Improved power consumption and non-volatility m

PCRAM

s

Consistency ~_‘

— traditional transactions [14] =
— memory-hierarchy based transactions [ 101

Write endurance

— wear leveling 19!

—s reducing the number of writes (10> 14l
— fault-tolerance 7> 2!

With volatile buffer [0 14]

With non-volatile last-level cache 18!
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Non-Volatile Embedded System

Goal:

Composition:

Software:

Performance

Improved forward progress Leakage
and power consumption

— Lifetime
Processor
— volatile flipflops Density
— nv-block as back-up location Non-Volatility
Caches

— higher level: relaxed STT-RAM or SRAM
— last level: slightly relaxed STT-RAM

Main Memory
— PCRAM + volatile DRAM buffer

Endurance-aware memory-allocation (29

0S-supported wear-leveling [*5!
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