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Overview of this talk

- Why worry about RTN? (SRAMs, DRAMs)
* RTN basics

* Our contributions: RTN+circuit co-simulation
 discrete Monte-Carlo <» nonlinear ckt. simulation
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Importance of SRAMs and DRAMs

AMD Phenom Il X4, Intel Corei5, i7

[Core 1] [Core 2] [Core 3] [Core 4]

L3 Cache
full speed

Cache memory (L1, L2, L3, etc.)

'

Millions of SRAM cells

Laptop, desktop, tablet memories

l

Billions of DRAM cells
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6T SRAM cell: Write Operation

1Vdd » Key idea: Back-to-back inverters
M3l (Mg « Writing a 1 to the SRAM cell
— 1 « Switch BL to high, BL_bar to low

—_— M ) —
BL zﬁk ! ﬁQ M, | _I_IBL * Briefly enable WL

Ms| Mg « By the end of the clock cycle

L L * Q should settle to 1

- - e Q_bar should settle to 0

WL
1 1 . -
7 e Cross-coupled inverter pair will
I:-'._LOJ""Tz ’ ® _1|—oBL maintain this (stable) state
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How RTN can impact SRAM write

420 440 460 480 300 520
| 1 time in ns

WL
! *Vdd =L o
| Mg A :
BLe-"2 P ﬁQE{LJ; 5
tM5 - Y M6¢

RTN can induce dynamic SRAM write failure!
(read failures also reported)
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RTN in SRAMs: Experimental Evidence

For each V4, record
min, max fail bit count

Y

Impact of RTS on Write V_.

64kb Array

With RTS

Write to SRAM

B
'

Read from SRAM.
Record errors.

o)

Fail Bit Rate (o)
[o})

> _50mV  NoRTS
0.7 075 08 085 09 0.95

VDD (Normalized to Nominal Operating Voltage)

Fig. Credit: Seng O. Toh, PhD thesis, UCB

-
=)

Measured data
e Confirms temporal SRAM failures due to RTN
e Quantifies RTN in Vuq terms at circuit level
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Noise: An SRAM designer's viewpoint

_ RTN impact 1

1.2 is steadily —»——

2 .l increasing! WL

E 1

Q

S 0.87 RTN

> NBTI

£ o6

e Local

. e Y

3 = pGlobal At 22nm, RTN

T 0.2 Static can drive

S —>hoise | design margins
0

90nm 65nm 45nm 32nm 22nm
CMOS SRAM technology

negative!

Figure credits: Y. Tsukamoto, Renesas Electronics Corp.

RTN-induced SRAM failures
experimentally reported

Seng et. al. (IEDM 2009), Yas et. al. (IRPS 2010)
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‘ What causes RTN? ‘
EMPTY

O

Release

A

SEMICONDUCTOR

FILLED
Filled traps modify number, mobility |

of electrons in inversion layer Random Processes

Y

Change in drain current |——>| Measured as RTN
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| RTN is Non-Stationary

EMPTY

HZ 1200
a Release |
A(t)
Ae(t) )
Capture
FILLED - V.ogs
Ac(t) + Ae(t) = 1/ (0e7¥') Bias-dependence leads

Er—FEp

B(t) = Ae(t)/Ae(t) =g e 7T |4 | to non-stationary RTN
(Er — Er)|s = function(Vys|¢)]
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RTN: Bridging the Gap

Device level
RTN models

<1 MUSTARD p~

Circuit level RTN

measurements

A 4

WL

#Vdd
M

CAD tool incorporating

device level RTN models for
circuit level non-stationary

RTN characterisation
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MUSTARD's RTN Model

Markov state affects

DAE's q(.), (. Continuous

Deterministic

d =
£q(@) + F(@) + 5() = 0

1 - Differential wL
1 i’ Markov chain _ _ T
Go—@2 (RTN) 4—|Coupled |—> Algebraic Equations M1

A=A, (Rest of the circuit) |gLe _T_Q

WL - T

l DiSCrete\/ $Vdd -
a)" | Stochastic M3 b o [Ma

ongoing DAE solution 1
affects Markov propensities Bre M2l 1o M1l oL

6 *—
Core idea: Simulate the bl-dlrectlonally Ms|H L M?

coupled MC-DAE system using an < £
intelligent Monte-Carlo scheme
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MUSTARD: Non-stationary Trap
Simulation with Bi-Directional Coupling

Choose A\* > A(t), V ¢

Generate exp. RV, mean 1/\*
Find )\1

Flip a coin, Pr(heads) = A1 /\*
Keep —> update rate

Generate exp. RV, mean 1/\*
Find )\2

Flip a coin, Pr(heads) = Ao /\*
Discard — don't update rate

Generate exp. RV, mean 1/\*
Find )\3

Flip a coin, Pr(heads) = Ag/\*
Keep — update rate

.. and so on
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MUSTARD: Simulation Methodology
T
T RIN ovent
Y
-

Simulate circuit

until event .
I Exact, non-stationary

statistics preserved!
Discard
/}Keep

i Keep!
Update circuit //\\/‘/WW
equations >
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Discard

Probabilistically
decide: keep (or)
discard event?




| MUSTARD: Individual SRAM cell |

ﬁ - No RTN
6 12 18 24 30 36 42 48 54 60 66 NO V_th Varlablllty

SRAM SPICE simulation with no RTN, no Vth variability
(writing bit pattern [1001 101 0 1] to the SRAM cell)

“‘j’f;;-_ 2 v ] ) No RTN

6 12 18 24 30 36 42 48 54 60 66 YeS V_th Va rlablllty

SRAM SPICE simulation with Vth variability, but no RTN
(Vth variability, on its own, is too small to cause a bit error)

Lo o 1 1 0 olo. 1
K_ ______ k ‘:f; Bit Error! ){__ Yes RTN

6 12 18 24 30 36 42 48 54 60 66 YeS V th va r|ab| I |ty
SRAM MUSTARD simulation with both RTN and Vth variability —

(RTN, coming on top of Vth variability, can cause a bit error!)
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RTN+Variability: MUSTARD on 6T SRAM

across (Vpp,V¢,) landscape

0.6

0.5

0.4

0.3

Vin (V)
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| MUSTARD-generated BER vs VDD plots |

—10/ The likelihood of bit error
diminishes with increasing
Vdd; but at every value of
Vdd, RTN increases the
likelihood of bit error.

10 * log10 (Pr (bit error))

ot . ‘
o : 0 0.8 Viq (V) 0.9
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| MUSTARD: RTN Effects on DRAMSs |

Minimum DRAM refresh time vs Pr(bit error) vs DRAM refresh time
RTN strength for various Vdd across Vth, trap configurations
120 .
- — Increasing 1| The likelihood of
- 0.95V— Vdd bit error increases
——0.90V — with increasing
0.8 refresh time and 0/-95\"
— H — "
~ 100 = 0.85V — = Eiecreas_es with 0.90V
= ~—~—~—— F 06| increasing Vdd
~ o onl T ——0.80V / s 0 asv/
2 90 ——— / -
£ Z F /
o - 0.75V T 04 0.80V
+ 80 a
~0.70V _
70 0.2 /0.75V Increasing
Higher trap counts necessitate 0.70Vv Vdd
60 more frequent refreshes! &
0 2 4 6 8 10 12 30 45 60 75 90 105 120 135
N (no. of traps) Cefresh (S)
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| Summary and Conclusions

e RTN is a concern for SRAM scaling

e Bottom-up prediction of bit errors challenging
e discrete random events + non-stationarity + “feedback”

e MUSTARD offers a simulation-based solution
e strong mathematical guarantee on accuracy: applies to

- any trap configuration
- any circuit (SRAM, DRAM, etc.)
- any device model, any model for RTN, etc.
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