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Overview of circuit sizing

_ Design centering algorithm
Components of the design framework

= Design centering TY l d

" Lifetime yield analysis Lifetime yield analysis
= Performance simulation ¢

= Degradation modeling l d,r,s,t

Degradation modeling As(¢), Performance simulation

Design parameters d MOSFET width (W), length (L)

Operating parameters r Temperature (T), Supply (Vdd)

Statistical process parameters S Threshold voltage (Vth), Toxe

Operating time t Hours, days, years

Parameter degradation As AVth, A
Performances f slew rate, gain, power

Parametric yield Y = Prob {f; < f}
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Degradation modeling

s  MOSFET degradation mechanisms, such as BTl and CHC g
= Change in MOSFET attributes ﬁ Ald

= BTl model [da Silva 2010, Gasser 2011, Barke 2013/4] | AVth | g

= Temperature (T) and Fermi-level dependency (~Vgs)
B B Ey —B - Vgs
A(T,Vgs) = Kexp ( o~ T) exp (Toxe - T)
= Electric field, E, applied
2

AVth (t) < A (T, Vgs) - Z a;-log(1+t/1ci); Teq =1ms, 7.2 = 1ks
=1
= Recovery period, E—0
2
AVth () o< —A(T,0) > Bi-log (1 +t/7e:); Teq =208, Te 2 = 1 Ms
=1
= Variance [Grasser 2013]

Toxe - AVth
W . L

o? (AVth) o
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Degradation modeling — analog implementation

= Differential input stage with cyclostationary analog input

stress+recovery period = 2 hours signal period = 10 ps .

UL~

“Lifetime” = 10 days T ‘| |’ B

= Problem: The bias point is not fixed '
— v(t+dt) — ¢ (t,v(t),Vin(t),As(t)); Vgs(t)=MT -v(t)
— v (t) arethe node voltages, @ () is the circuit state equation, M is an incidence matrix

— Vin(t) is periodic with a signal period gz = 10 us
— As = [AVthy(t), AVtha(t),...] the vector of change in all circuit devices
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Degradation modeling — analog implementation

= Differential input stage with cyclostationary analog input

stress+recovery period = 2 hours signal period = 10 ps

=
Sy

_|
“Lifetime” = 10 days T ‘| |’ B

— At small timescales when Tsig < Tc,1 , AVth(t 4 7e) =~ AVth(t) (fixed)
— Average the Fermi-level dependency over the input period

_ ~ T=tTgig
A (T, vgs) — / A(T, Vs (7)) dr

T=t

Tsig
— Recalculate A (T, Vgs) at large time steps to accommodate changes inAs
— Computational cost: a transient simulation for each recalculation
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Degradation modeling — analog implementation

= Differential input stage with realistic cyclostationary analog input
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Degradation modeling — performance simulation

= Simulate the effect of degradation on circuit performances f
— tsim IS the duration needed for calculation of f
— Performance simulation: v (¢ +dt) < ¢ (t,v (t),Vin(t),As(t)); v(7)

T
T

:tSlm — f

Design centering algorithm

[v |

E— Lifetime yield analysis
f

e e —

Degradation modeling As(¢), Performance simulation I
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Degradation modeling — performance simulation

Simulate the effect of degradation on circuit performances f
— tsim IS the duration needed for calculation of f
— Performance simulation: v (¢t + dt) < ¢ (t,v (t),Vin (t),As(t)); v(r)_sim s f
Example: simulate step response to calculate settling time

T

i
n
—

A time (log scale)

msr

(LN VL I
0pus”

Step response

tsim = 4 “S

v
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Degradation modeling — performance simulation

Simulate the effect of degradation on circuit performances f
— sim is the duration needed for calculation of f
— Performance simulation: v (¢t +dt) «+ ¢ (t,v (t),Vin(t),As(t)); v(7), _™ — f
Problem: need to model degradation during performance simulation (¢, )

T=t

i
n
—

- time (log scale)

msr

(LN VL I
0pus”

Step response

tsim = 4 “S

v
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Degradation modeling — performance simulation

Simulate the effect of degradation on circuit performances f

— tsim IS the duration needed for calculation of f

— Performance simulation: v (¢t + dt) < ¢ (t,v (t),Vin (t),As(t)); v(r)_sim s f
Problem: need to model degradation during performance simulation (¢, )
= if tsim < 7¢,1, then As(t + tsim) ~ As(t);
v(t+dt) — ¢(t,v(t),Vin(t),As(t) = const); v(r)_sm — £ the flow becomes
[Habal and Graeb, ICICDT2013]

Design centering algorithm

[v |

Lifetime yield analysis

f
d,r,s ld,r,s,t
Performance simulation €« Degradation modeling
As(t)
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Circuit example

= 45 nm tech [pdk.cadence.com]
= 39 process parameters

= 33 design parameters

= NBTI and HCI modeled

= QOperating parameter ranges

0 < T <110 °C
1.8 < Vdd < 22 'V
0 < mag{Vin} < 04 V

= Sized without considering degradation

(a)

LI vdd <
P23 —I— P22 P18 T P17
L. ]
P24 —I— P20 P16 | |+ | P15
f in+ in- [ :l
external '*{ I_/I;Il.? Nlﬂ > NI11 | r*1| N14
]gbarsrent * ﬁ :I

Nl,ﬂ }"’—i E\IT9 N10 N8
| Vss [ —>,
(b)
signal period = 100 ps _}Iin (t)
S+R = 2 hours - +
. 1

-~

lifetime = 10 years

S: stress cycle, R: recovery cycle
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Vth of P16 (mV)

Circuit example

-3601

-3801

-400

-420

-440

-460

+

fresh samples
after 10 yrs

—~®-—meanat0,1-10 yrs

-440

420 -400
Vth of P15 (mV)

-380

-360

P

(a) X
L vid <
23 —I- P22 P18 T P17
L ==
P24 —I— 20 |P16 -+ | P15
.__— |
17 in+ in- [
external °‘{ N13 Ni12 N11 | *{| N14
tc){larsrent ﬁ j
ng__| )*—{ N9 N10 N8
L Vss &

(b)
signal period = 100ps ~ Vin (t)

lifetime = 10 years
S: stress cycle, R: recovery cycle

HF
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Circuit example

84

83

82T

79

787

77

i (a)
Yield estimates (% C
(%) PEESN Vol <,
fresh aged P23 P22 P18 P17
- Gain 999 596 T — — T
Slew Rate 99.8 56.4 T: ]
—» <+
o, e P24 P20 P16 | e | P15
+ 0‘ ’ _I_ — — }
4+
‘ '“"ﬂ‘ f in+ in- [
B MR ¢ external b"{ N13 N12 N11 —— | N14
v & AR bias ]
A ":“tg current
IR ' Nis | —{[ no nio | K s
IR RE ) L Vss =
. ot C T payeed’ o )
+ Ve 00: "*’& , -, 0‘ (b)
+
i N e, '2’,; ., ¢ “ signal period = 100 us yin (t)
I' + + + -— -
1 LA
*  freshsamples 1 o +
¢ after10yrs i ’ng B 1118 5 _ ——
""" specifications i - 1
l ! lifetime = 10 years B
4 4.5 5 5.5 6 S: stress cycle, R: recovery cycle
Slew rate (V/us)
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Circuit example
(a)

= Operating parameter dependency 0T Lol [ Vdd o 1L
_0< T <110 °C T — =i
1.8 < VvVdd <22 V L, —
0 < mag{Vin} < 04 V P24 T P20 P16 T P15
— Need to consider the worst-case f it i »_j }—‘
operating corner for degradation: external w{ |_/I;Jl3 Nlﬂ > N11 N14
lc%barsrent t ﬁ j
_ Open loop Gain N15 E\JT9 N10 N8
& 100r R S }_‘b_i | Vss I —
E 80} (b)
b signal period = 100 s Vin(t)
% 60 -
£ ¥
i

fresh 1yr 2yr 5yr 8yr 10yr
I With [T,vdd,mag(Vin)] = [27 deg, 2.2V, 0.4 V]
)
)

1
[ |with [T,vdd,mag(Vin)] = [90 deg, 1.8 V, 0.4] I

: : lifetime = 10 years
I with [T,vdd,mag(Vin)] = [110 deg, 1.8 V, 0.4]

S: stress cycle, R: recovery cycle
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Fresh yield analysis [Graeb 2007]

Y
N
s

%
”l’"'i 9%

SO
5

B = constant

1

pdfy = _52(S—SO)>

(2m)s1/2 . | /det(C) o ( 2
B (s) = (s —sg)" -C"+ (s —s0)

Gaussian distribution of statistical parameters with mean so and covariance C

19
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Fresh yield analysis [Graeb 2007]

£ = constant

Vdd
A (S)Q
A
//, ; T
A,
./4 . T TminS T STmax A\
T Vdd | | Vddpin<Vdd<Vddax

= Gaussian distribution of statistical parameters with mean so and covariance C
= Tolerance box for the operating parameters

20
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Fresh yield analysis [Graeb 2007]

Vdd 1ncreasmg (f), increasing "min (f), over A,”
: (s)a_ 54
4 /\/ _____ min (f), over A, AU

\

g

I/,
,
A,

v
_l

gives

= Fresh yield analysis: minj? (s)s.t. ( min (f)i) < (f), “olvine B2,

_ . s Pui 1 L,
= Bijective mapping bwtween 3, ; and yield: Yfresh: = V-t 5¢& ) ds

B -1 0 1 2 3 4
Y 159% 50% 84.1% 97.7% 99.9%  99.99%

21
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Lifetime yield analysis

= Extend the domain of operating parameters with a circuit lifetime

vdd _Tmin Tmax
e ! A, @ 7lifetime”
vdd, Operating |
domain !
T T . Lbeooo % T
= Lifetime yield analysis becomes tife "\ gime
: : lvi
min/3? (s) s.t. min (f), | <(f), TTRE B2
S r € A:A gives ’
S t < ife

= |ncremental cost is the cost of an additional operating parameter

22
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Design centering

1 iteration
d1 — dQ

= Puw, is a function of the design parameters d
= Design centering formulation

dsolution = argmax mln Bw,i (d)
1<i<|f]

= Terminate when yield is satisfactory or no new step is possible

24
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Design centering — circuit example
(a)

= 39 process parameters PE— Vol <,
: P23 P22 P18 P17
= 33 design parameters T . 21T
= Operating parameter ranges [ R — ]
0 < T < 110 °C P24 T_on P16 | | PI5
18 < Vdd <22 V f _ _ ] :
0 < mag{Vin} < 04 V n+ -
0 < t < 10 years gi(atsemal hH_/I:B N]; NI1 |7 | N4
current [? ﬁ j
N15 N9 N10 N8
J }—0_* | Vss I —*
(b)
signal period = 100ps ~ Vin(t)
+
. 1

lifetime = 10 years
S: stress cycle, R: recovery cycle
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Design centering — circuit example

= 39 process parameters
= 33 design parameters
= Operating parameter ranges

0 < T < 110 °C
18 < Vvdd <22 V
0 < mag{Vin} < 04 V
0 < t < 10 years
=  Specifications
60dB < CMRR
80dB - Gain
1.5mV - [e)Y, < 15mV

5V/us < Slew rate

60 dB PSRR

A

A

7 MHz uGBW

Yield values at worst-case operating parameter values

100

80

40

Estimated Yield (%)

20

CMRR

Gain

IOV

Slew rate
Settling time
PSRR

10 year yield after traditional yield optimization

- Initial yield after traditional yield optimization

10 year yield after lifetime yield optimization

UGBW

Total
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Design centering — circuit example

= 39 process parameters

= 33 design parameters Fresh yield Lifetime yield
optimization optimization

= Operating parameter ranges
0 < T < 110 °C
18 < Vdd <22 V Performance
0 < mag{Vin} < 04 V simulation
0 < t < 10 years

= Costin CPU time (hours)

= For lifetime yield analysis:
~ 1000 Performance simulations

~ 3000 Degradation simulations - Initial yield after traditional yield optimization

Degradation
modeling

10 year yield after traditional yield optimization

10 year yield after lifetime yield optimization

27
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Design centering — circuit example

= 39 process parameters _ _
Yield values at worst-case operating parameter values

= 33 design parameters 1001
= QOperating parameter ranges < 80f
@
0 < T < 110 °C > 60
1.8 < Vvdd <22 V 2
0 < mag{Vin} < 04 V ‘g 40t
< < @
0 < t < 10 years R ool
= Multi-objective optimization s s = o B - —
o © o © E o o S
— Yield versus circuit area 8 © = > & © =
S I
= 3
- Initial yield after traditional yield optimization
o
© 10 year yield after traditional yield optimization
Sr - 10 year yield after lifetime yield optimization
o
N \
none <400 <360 <320 <300 <280 (um2)
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Conclusion

= NBI degradation model suitable for analog circuit design

= Decoupling of degradation and performance simulation [ICICDT 2013]
= Simple extension to calculate lifetime yield analysis

= Demonstration on a circuit example

Future WOl'k PIE”T”EIG I p@_h{ P13

N TSN l _JP‘HHP'I@ "EFE’-*-jé
o ew circuit examples : ﬁHﬁ::jHi Y

% N B [ns | '_”——;14
p10 | | P11 i

+— [N

< | i .
Nf—_||'l'| il N10 N;EHJ'l—E‘Q :
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Significance of lifetime sizing rules

= Define the feasible region of operation | -

after 10 year: only 82.2 % of samples satisfy Vth-Vgs > o, :
30 : H i : ; : :

= Aid optimization and reduce cost '

performance functions will be avoided : | e

90 T .......... ......... ......... ......... .......... AR P

VthP1 B-Vgspl 5 (mV)
=)
%.

)
: : : : ; : 5 A : 1 E i : ﬁ f
80 I pa—— _-- _--_--_-_---_-_ --_-_-._-_-q“-_--_-- 0 fo - - ---1- - -- -

: : : : : : \‘ o ESS - O 3% 5 OSSR . fresh samples
¢ fresh \\ ﬂ after 10 years
700 H b .......... \‘ .......... -10L ] ----‘-- VgS.=Vth
Syrs TR IR N = | I
‘\’ _15 1 1 | 1 1 1 1 L J
: : ; : : -20 -15 -10 -5 0 5 10 15 20 25 30
1 0 yrS Vth,. _-Vgs,.. (mV)
60 I 1 I i i

P15 P15
O 10 20 30 40 50 60 70 80 90 100 110
Temperature (deg)

Gain
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Background

Wariation in AVth observed at (at least) three different time scales

= Scale of large signals, transient response to input stimulus, small stress
and recovery time constants.

» Large signals cause a significant change in Vgs(t)
= The change typically has a period in ns to ys
" Ty =1ms, 1, =1us

= Scale of stress-and-recovery cycles
= Recovery when the oxide electric field E = 0
= Rest cycles are in the length of, e.g., minutes to hours

= Long-term increase in the envelope of AVth
= Significant over days to years

32
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Problems

s Tradeoff between computational cost and the number of simulation steps

= Small simulation step (6t) due to the difference between time scales

. i 100d
= In the previous example, number of steps = -1 = — mzy ® = 8.64E9

= |gnoring the smaller time scales leads to error, e.g., mismatch error

_|

ot = tsg=2 hours

0 . ZIZIIZZi . IIIIIIIi N IZZZZIZE .
1e3 1e4 1e5 1e6 —| g
time (s)
{1 el

=N »h O @
T T T

e3 1e4 1e5 1e6
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Problems

s Tradeoff between computational cost and the number of simulation steps
= Degradation modeling and performance evaluation are coupled

= [ssues using gradient-based numerical algorithms

df + dAVth dAVth
dt avth  dt ' dt

flips sign in recovery cycles

AVth(t)

dAVth
dt

34
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New solutions

4. Rule to decouple degradation from performance simulation
2. Partition degradation simulation into long and short term components

t= tl + tz
Long-term component t; = M - tgg
Short-term component 0 < t, < tgg

Coarse long-term model: [0,t;] ~ AVth, (t;)
Accurate short-term model: {t;,Vth,(t;),[0,t,]} = AVth,(t;,t,)

Components combination: AVth(t; + t,) = AVth, (t;) + AVth, (t{, t,)

35



Technische Universitat Minchen m

New solutions

4. Rule to decouple degradation from performance simulation

2. Partition degradation simulation into long and short term components
" t=t 4+t
= Long-term component t; = M - tgg
=  Short-term component 0 <t, < tgg
» Flowchart of calculation procedure

L

Long-term degradation simulation up to t;

l t, l AVth,

Accurate degradation simulation from t; to (t; +t,)

l AVth, + AVth,

36
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New solutions

4. Rule to decouple degradation from performance simulation
2. Partition degradation simulation into long and short term components

3. Extended domain of operating parameters
= Two time dimensions, t; and t,, are used in worst-case analysis
= [|ssue with the gradient sign flip is avoided

0 < t1 < tyjfe

AVth, (t)

AVth, (t) / \

37
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Conclusion

= Flowchart to evaluate a performance indicator as a function of time

L

Long-term degradation simulation up to t;

ltz l AVth,

Accurate degradation simulation from t; to (t; +t,)
1 AVth; + AVth,

Simulation from tto t + tg,
to calculate performance indicator, f

K
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