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Introduction: reliablility problems
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RTN: random telegraph noise, also known as random telegraph signal
NBTI: negative bias temperature instability




Introduction: random telegraph noise

T

» RTN: a serious reliability mechanism that can
Increase Vth and Id variations
® \/th variation can be ~70mV @25nm [Tega, VLSIT 09]

® RTN increases superlinearly with the scaling down of the
technology node [Ghetti, IEDM'08]
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Introduction: physics of RTN
» Charge trapping/de-trapping [Campbell, IRW’08]

® Traps (defects) exist in the gate dielectric

® A trap can occasionally capture a charge carrier
v'Vth increases

® The captured carrier can be emitted back to the channel
v'Vth decreases

® The capture/emission process causes random Vth

fluctuation
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(a) Capture/emission of traps. (b) V;;, fluctuation.



Introduction: related work & Motivation

» Physics of RTN
® [Campbell, IRW’08] [Grasser, IEDM’09]

» RTN evaluation/simulation
® [Tega, IRPS, 08] [Aadithya, DAC’11 & DATE’11] [Ito,
ISQED’11] [Joe, TED’11] [Toh, IEDM’09] ...
» \Weakness of existing studies on RTN simulation
® SPICE-based simulation, high time complexity
® Single-trap RTN

v’ But there are 2-3 detectable traps in each device [Nagumo,
IEDM’09]

» Motivation
® Propose a fast algorithm to evaluate multi-trap RTN



Introduction: our contributions

» We investigated the impact of multiple traps-induced
RTN on digital circuits.

» \We pointed out that the multi-trap problem can be
solved by a statistical static timing analysis (SSTA)
method, so our method integrated RTN analysis into
timing analysis, to obtain the temporal distribution of

circuit delay

» A statistical algorithm was proposed, which is on
average 41X faster than Monte-Carlo.



RTN Modeling

» Capture/emission time constants
® 7, : emission time, time to be emitted back ‘»T mw
® 7. : capture time, time to be captured | S
®7 =0.001ls~0.0ls, 7, =0.1s ~10s [Campbell, IRW08]

® Bias condition dependent time constants [van der Wel,
TED'03]
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® Average time constants. SP is the duty cycle
r =SPxt +(1-SP)x "
r, =SPxt +(1-SP)x "



RTN Modeling

» RTN-induced Vth shift
® Single-trap induced Vth shift [Tega, IRPS'08]

q
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® Number of (detectable) traps [Nagumo, IEDM'09]
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RTN Modeling

» RTN-induced gate delay shift

® Each trap can be described by a two-value discrete
random variable X: 0<-->empty and 1<-->filled

P(X=0)=—< _ P(X =1)=—"
Te+Tc Te+Tc

® Multi-trap induced gate delay shift

N gy

AD =) ADj,
i=1

N,y ~ Poisson(rA),r = P(X =1)

AD is the delay shift caused by a single filled trap, , is the average number of traps



RTN Modeling

» RTN-induced gate delay shift

® Each trap can be described by a two-value discrete
random variable X: 0<-->empty and 1<-->filled

P(X=0)=—< _ P(X =1)=—"
Te+Tc Te_l_z-c

® Multi-trap induced gate delay shift

N sy
AD = Z ADq, Compound
i=1 Poisson
. distribution
N,y ~ Poisson(rA),r = P(X =1)

AD, is the delay shift caused by a single filled trap, ;1 is the average number of traps
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Our Method

» General ideas

® SSTA may be used, because delay of each gate is a
distribution
v'ADD: calculate the delay of a path
v MAX: calculate the maximum arrival time of all fan-ins of one gate

® SSTA faces some difficulties in RTN simulation

v In SSTA, a canonical form is usually used to express the delay of
all gates

v'However, MAX of two compound Poisson distributions is not a
compound Poisson distribution. More specifically, it has no
analytical form
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Our Method

[ T
» General ideas

® Represent an arbitrary distribution by sampling the
probability density function (PDF), using M nodes

o

__ PDF
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Our Method

» RTN simulation framework
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Our Method

» ADD operation: LT(i)= AT(i)+ D(i)

Algorithm 2 cCalculating Z = X + Y, X and Y are of sampled length
M~ and My .

l:

11:
12:
13:
14:
15:
16:
17:
18:
19:

RSN AEWLD

Alloc two vectors, value and prob, both of length My My-;
/lconvolution
fori=0to My — 1 do
for j =0to Mx — 1 do
valueli ¥ Mx + j| = Y.valueli] + X.value[j];
probli * Mx + j] = Y.probli] x X.prob[j]:
end for
end for
/lgrouping

min = MIN {valueli]}; max = MAX {valueli]};
<< My My 1< My My

step = (max — min)/M;

Clear Z;

fori: = 0to Mx My — 1 do
Z.value[(valueli] — min)/step]4+ = prob[i] x valueli];
Z.prob[(value[i] — min)/step|+ = prob[i];

end for

fori =0to M — 1 do
Z.valueli] / = Z.probli];

end for
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Our Method

E
» MAX operation: AT(i) = MAX{LT(}),LT(},), "}

]l,jz, -+ are the fan-ins of gate |

————— LTG)--
|
I !
Algorithm 3 calculating W = MAX(X,Y), X and Y are of sampled | |
length Mx and My . ____LTUZ)___*} |
I: min=MAX{] ELN { X .valueli]}, I’Lf!N{YvaIue[z]}} : ! }
| ; 1
2: max = MAX{ MAX{X valueli]}, MAX{Y valueli]} }; ! :
1< 'X 1< -'E' |
3: step = (max — min)/M; _ ' !
4: fori=0to M — 1 do ____LTQB}___: |
5:  w=min+ stepx (i + 1); E: | |
" Wearoihl (@ (o) &1 (p2) ) o
7 "probli] = &2(®(p1), 2™ (p2); PxY): N |
8: W.valueli] = w; “““"AT(I) ““““ d
0: end for
10: fori =M —1to | do

11: W.probli]— = W.prob[i — 1];
12: end for
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Our Method

» MAX operation: A7) = MAX{LT( JOsLT(jy), )

]1,]2, -+ are the fan-ins of gate |

“““ LT )-—-—
|
I !
Algorithm 3 calculating W = MAX(X,Y), X and Y are of sampled |
length Mx and My . ————LT(].Z)————H: |
l: min = MAX{P:?}{IN{X wvalueli]}, ﬂiUN{YvaIue[z]}} : ! }
| ; 1
2: max = IVIAX{MAX{X valueli]}, MAX{Y valueli]} }; ! :
1< ’X 1< "y'
3: step = (max — min)/M; i
4: fori=0to M — 1 do |
5: w = min + step * (i + 1); |
6:  p1 = Fx(w): p2 = Fy (w); |
72 Wprobli] = ®2(2*(p1), @ (p2); |
8: W.valueli] = w;
0 end for correlation
10: fori =M —1to | do =
11:  W.prob[i]— = W.prob[i — 1]; coefficient of
12: end for two gates
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Our Method

» Correlation coefficient of two gates

LT(b)=LT(a)+ PD(a,b),LT(c)=LT(a)+ PD(a,c)

E(LT(b)LT (c))— HirimyHir e

Orr»)Orro)

Prr).orc) =

Orr»)OLr(e)
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Simulation Results

» Experimental environment
® Benchmark: ISCAS85 and some ALU circuits

® 16nm high-performance PTM model (http://ptm.asu.edu/)
v'Vdd=0.9V, |Vth|=0.4V

® Single-trap induced AV, =30mV
® Algorithms are written in C++

19



Simulation Results

B
» Comparison between our method and Monte-Carlo
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Fig. 7: Comparison with MC on circuit delay distribution.
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Simulation Results

B
» Long tail of RTN-induced circuit delay distribution
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Simulation Results

» RTN-induced circuit delay varies in time randomly

® |f chip operates long enough, circuit delay can always get
its worst value

® For a reliable design, we may ensure that the maximum
possible delay does not violates the design specification
v'large design redundancy and large design overheads
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Simulation Results

» Large delays can hardly appear during circuit lifetime

> Ensuring that circuit functions correctly with 1-107"°
probability or 1—107" probability has no essential

difference
® However, the worst-case delay of the two conditions is

r—\

quite different 1105

Cumulative probability

— 79 8 &1 82 83 84 85 8.6
Circuit delay (ns) 23



» It is NOT practical to protect the circuit under the
maximum possible delay due to large design
redundancy and large design overheads

» We can ensure that circuit functions correctly with a
certain probability P=1 during the whole lifetime,
such that timing violations can hardly happen

®Weuse P=1-10", according to circuit lifetime and 7,7,

® The corresponding circuit delay is called “RTN-induced
maximum delay” ( d_ )

max

24



Simulation Results

[
» Results of aII benchmarks

benchmark | #gate | d(ns) Statistical algorithm | error(%) o/, _ 0]
T T s  RTN causes 7%-40%

432 169 | 2.81 | 0.256 [0.008] 166 | 31 0.21 : : :
499 204 | 223 | 0316 |0.007| 399 | 46 2.03 circuit delay degradatlon,
<880 383 | 1.13 | 0.564 |0.018| 138 | 32 0.43 .
S5 [ Sis [ Tor [om [omI[ 215 | 5 [ 0w the average degradation
cI908 | OIT | 2.77 | 1.364 [0.039| 27.0 | 35 0.94 . o

670 | 1279 | 1.38 | 2.044 [0.061 | 275 | 34 0.73 rate is 20%

3540 | 1699 | 2.14 | 2492 [ 0058 | 325 | 43 201

c5315 | 2320 | 1.87 | 3.667 [0.110| 286 | 33 0.13

6288 | 2447 | 636 | 3411 [0.091 | 120 | 37 0.37 .

c7552 | 3566 | 1.80 | 5541 (0193|308 | 20 | 03 | ¢ QOur method is on average
arraydxd | 69 | 0.84 | 0.101 |0.004| 182 | 24 0.00 41X faster th 10000
array8x8 | 375 | 2.86 | 0541 |0.025| 175 | 22 .03 -
bkungl6 | 81 | 1.00 | 0.124 [0.002| 9.1 57 0.27 aster than

bkung32 | 165 | 1.04 | 0.257 |0.004 | 7.1 63 0.13 H '

boothox9 | 412 | 1.00 | 0.593 |0.014| 224 | 42 0.23 times MC’ while the

koggel6 | 81 | 1.00 | 0.124 |0.002| 9.1 58 0.26 : )
Fogees2 | 163 | 197 [ 0259 oo0s| 70 | 61 | 0.3 average error is 0.53%
logl6 | 140 | 0.54 | 0.208 [0.006 | 197 | 32 0.22

log32 | 371 | 0.85 | 0.556 |0.020| 31.0 | 28 0.34

loghd | 862 | 1.52 | 1.318 [0.038 | 315 | 35 0.13

pmultdxd | 72 | 003 | 0.107 |0.004| 182 | 25 0.01

pmultSx8 | 356 | 1.03 | 0.515 | 0011 17.1 | 47 0.05
pmulti6x16 | 1672 | 3.80 | 2.4%6 |0.058 | 11.6 | 43 0.12
pmult32x32 | 6814 | 7.44 |22.442|0235] 95 96 0.15

average 20.0 41 0.53

dy = circuit delay without RTN (intrinsic delay)
T = simulation time
A= d""””;i—z_dﬂ, dmaz = RTN-induced maximum delay

0 e
error = error of the mean value of delay distribution 25




Simulation Results

» RTN depends on Vgs [Nagumo, IEDM’10]

® The time constants have approximate exponential relations with
Vgs 7™ =y, exp(-0,-V,)

' =y exp(d, V)

® The RTN-induced maximum delay d___ keeps decreasing while
Vgs increases

v A simple guard-banding method can protect circuit from RTN
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T ORTN-induced maximum delay

L
9
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L D

I IR TR R A o
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0.7 075 08 085 09 095 1 105 1.1 1.15 1.2
Vegs (V)

Delay (ns

Fig. 9: Intrinsic delay (dy) and RTN-induced maximum delay
(d,paz), for pmult32x32.
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Simulation Results

» RTN depends on Vgs [Nagumo, IEDM'10]
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Fig. 10: RTN-induced maximum delay degradation (d,,q. —

dy), for pmult32x32.

* Vgs<1V: with Vgs

Increasing, 7. increases,
7. decreases, so the
delay degradation
Increases

Vgs>1V: 7, >> 7 _, all the
traps are almost filled
(saturated), while the
intrinsic delay decreases
due to higher Vgs, so the
delay degradation
decreases
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» An SSTA-like algorithm was proposed to study multi-
trap RTN. Our method is 41X faster than Monte-
Carlo

» Circuit can be protected from a degraded delay
which is on average 20% larger than the intrinsic
delay to ensure 1—10~ correctness during the whole
lifetime

» A simple guard-banding approach can effectively
protect circuit from RTN
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Thanks for your attention!
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