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SRAM Arrays and Cell Failure Probability
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32kB SRAM macro/array = 32 - 1024 - 8 = 262 144 bitcells
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SRAM Arrays and Cell Failure Probability
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32kB SRAM macro/array = 32 - 1024 - 8 = 262 144 bitcells
Failure “risk” (probability Pr.y) due to uncertainties (process variability)

System-level countermeasure: introduce redundancy
Design: need to guarantee Pp,; < 1 — 10 ppm (1ppm = 1079).

— Efficient and accurate prediction of P, at circuit level?
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Subthreshold SRAM

Ultra-low power (ULP) SRAM design [Chandrakasan et al., 2010; Alioto, 2012]:

e smallest transistors (Wiin,Lmin) for high integration density
e ultra-low voltage (ULV) Vpp N\, 400 — 500mV ... ~ 150mV (ultimate ?)

— Robustness against read/write/hold failures?

Subthreshold SRAM architectures [Kulkarni et al., 2007; Jaiswal et al., 2019]:
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all use the same cross-coupled inverter pair (latch) for data retention.

The hold mode is the critical one when the read operation is buffered.
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ULV SRAM Design: Failure Probability

Prai

1 —10ppm A W

VDD, min Vbp
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ULV SRAM Design: Failure Probability

1 — 10 ppm 1
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Estimation of Failure Probability

Monte-Carlo Simulation

Simulate Ny latches. O é Vinon,1

For each latch, ”throw dice” Vibpa
e for each transistor parameter (Vi ), /\ - Vin o =

sampling from the distribution; J Vi h'p’g

e classify as either functional or defective.
— iif the two stable logic states “0” and “1” exist
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Estimation of Failure Probability

Monte-Carlo Simulation

Simulate Ny latches. O @ Vinn,1
For each latch, ”throw dice” Vihop.1
e for each transistor parameter (Vi ), /'/\\ - Vit no
sampling from the distribution; / \\\ ‘t 1 ' :
/th,p,2

e classify as either functional or defective.
— iif the two stable logic states “0” and “1” exist

How many samples (Ns) to estimate Py for some design (architecture, W,

L), in a given corner, at one given T and one single Vpp?

2 1
Prain

Ns = 3(elrf_l(l —0))

accuracy of (1 —¢)-100% }
22

confidence level of (1 —§) - 100 %
(1—¢)=(1-6)=90%, target Ppjy = 10ppm = Ny = 27 million!
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Estimation of Failure Probability

Monte-Carlo Simulation

Simulate Ny latches. 0 @ Vinn,1
For each latch, ”throw dice” Vihop.1
e for each transistor parameter (17},), // A\ - Vinno
sampling from the distribution; Y. \\\ Vi p‘?

e classify as either functional or defective.
— iif the two stable logic states “0” and “1” exist

How many samples (Ns) to estimate P, for some design (architecture, W,

L), in a given corner, at one given T and one single Vpp?

2 1
Prain

Ns = 3(erf_l(l —0))

accuracy of (1 —¢) - 100 % }
22

confidence level of (1 —§) - 100 %
(1—¢)=(1-6)=90%, target Ppjy = 10ppm = Ny = 27 million!

Cheaper but less accurate: accelerated Monte-Carlo (but still Monte-Carlo...);
SRAM analytical modelling (insightful!)

Our methodology “in between”: deterministic simulations + analytical statistics
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Outline

1. Context and Motivation
@ Subthreshold SRAM Bitcells
@ Estimation of Failure Probability

2. Methodology
@ Failure Detection
@ Threshold Voltage Imbalance Representation
@ Failure Probability Prediction

3. Discussion
@ Modelling Assumptions
@ Approximated Closed-Form Formula
o Application: Effect of the Supply Voltage Variation
@ Accuracy: Benchmark with Former Works
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Failure Detection

Static noise margin extraction:

Inverter 1

Inverter 2
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“Butterfly plot” [Seevinck et al., 1987]
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Failure Detection

Static noise margin extraction:

Inverter 1

>

Inverter 2

SNM(8V1,6Va) Z 0?

Cheap deterministic simulatior
(“DC sweep”) at circuit level

Vouri, Vine [mV]

“Butterfly plot” [Seevinck et al., 1987]

150 1

100 1

50 1

50 100 150
Vint, Vours [mV]
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Failure Detection

Static noise margin extraction: “Butterfly plot” [Seevinck et al., 1987]

Inverter 1 150 7
A -
= 100 1
£
2
Inverter 2 \*n
> e
SNM(6Vy,6Va) - 07 0 507
Cheap deterministic simulatior
(“DC sweep”) at circuit level i
0 1OVii= V7 B SR, O

0 50 100 150
Vint, Vours [mV]
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Failure Detection

Static noise margin extraction:

Inverter 1

>

Inverter 2

SNM(8V1,6Va) Z 0?

Cheap deterministic simulatior
(“DC sweep”) at circuit level

+ knowledge of variability,
at the transistor level. :

Vouri, Vine [mV]

“Butterfly plot” [Seevinck et al., 1987]

150 1

100 1

50 1

Vi = 4V
50 100
Vint, Voure [m\/}

“Propagate the statistics” — efficient analytical calculation of P;!
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Threshold Voltage Imbalance Representation

“Transistor to circuit parameter”

Ilustration with Monte-Carlo simulation:
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oV

(Sub-V;ip) model
Rt St :)—{ o

Nn A"/th,pl — Np A‘/th.n)
Nn + Np

Loyl

28 nm FD-SOI SPW latch

RVT nMOS and LVT pMOS transistors

Minimal dimensions (L, = L, = 30 nm
Wn =W, = 80nm);

Vpop =200mV; T = 300K; TT corner.

Two weeks of total
simulation + analysis time!

5M latches
— 235 defective (Pry = 47 ppm)
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Failure Probability Prediction

%
Sub-V;p, ) model
“Propagate the randomness” % @—[>
2 2 2 2
" o2, — (nn TVin p +np thh,n)
Deterministic simulation (“DC sweep”): o (nn +np)?

= 100

% o Extraction of the failure boundary g(6Vh).
el

=

= 0 —> (Almost) ezact calculation of P

<|1 +o0 g(6V1)

LI —2o [ Tamigven) [T s fv(ave)
‘:; —oo —o0

g 1o in less than a minute!

<4 _150

I

P: —200 [Van Brandt et al., 2023, in preparation

for TCASII]
—200 ~100 0 50 100

sV = A‘Vth,pJ’ — AVih,n,1 (mV]
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Modelling Assumptions

100 -
B 1073 1 *
"""""" 5M Monte-Carlo
777777 Latch, Vi, variability only
Latch, all variability
1076 T T 6T SRAM (access transistor)
—20 0 20 40 60 80

SNM [mV]

v The Vg, variability strongly dominates the total variability.
v Modelling SRAM cell ~ latch, in retention.
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Approximated Closed-Form Formula
Using only 2 DC simulations! [Van Brandt et al., 2022, TCAS]I]

[ 2m?2 1% SNM*
Piy = erfc L with m = ———
1+m2 [ 2 2 oV — SNM*
UVth,p + UVth,n L

0 20 40 60 80 100
T Jevo
_20 B N :
"Pass" region
Stable
= —407 Continuous
g ~ 6V = g(5V1)
& 60 < Exact
= (+SNM*,—SNM*)
_80- — Approximation
"Fail" region
100 Bit flip
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Application: Effect of the Supply Voltage Variation
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Accuracy: Benchmark with Former Works

| * Approx. formula _
100 1 % Nonlinear g() & %
) Saeidi [m]
80 4 & Calhoun
— A Agarwal %0
= v Mukhopadhyay ¢
w 60
—
o
— ]
M40 A v
“Exact” calculation
20 A ANO
) Sy
0 . . ¥ . q .
10712 1079 10~6 1073 100

Failure Probability
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Accuracy: Benchmark with Former Works

| * Approx. formula _
100 1 % Nonlinear g() & %
) Saeidi [m]
80 4 & Calhoun
— A Agarwal %0
= v Mukhopadhyay ¢
w 60
—
o
— ]
M40 A v
“Exact” calculation
20 A ALY
P Sy
0 . ! ¥ . q .
10712 1079 10~6 1073 10°

Failure Probability

Accuracy for Pgj down to the ppm still to be proven/confirmed
— further comparison with reliable importance sampling?
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Conclusion and Perspectives

Summary:

e Latch retention robustness critical for subthreshold SRAM bitcells
e Monte-Carlo much too expensive for low failure probability (ppm)

e Novel non-Monte-Carlo methodology:
deterministic circuit simulations 4+ knowledge of V;y, statistics

= Prj calculated exactly in less than a minute!

Further work:

e Thorough comparison with enhanced Monte-Carlo methods
(importance sampling), in terms of CPU time and accuracy.

e Generalisation to different and more complex architectures:
access transistors, other ULV SRAM bitcells,...
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