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Heterogeneous embedded systems

e Heterogeneous embedded systems integrate:
— Logic (custom + microprocessors)
— Memories (eSRAM/eDRAM/Flash)
— Analog (PLL, regulators, ADC/DAC, sensors)
— RF (mixers, LNA, PA)
e Common constraint =2 low power
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Ultra-low-voltage operation

* Low-voltage V 4=0.6-1.5V
MOSFETSs in strong inversion (superthreshold)
e Ultra-low-voltage V , < 0.5V
MOSFETs in weak/moderate inversion
= sub-/near-threshold

e Interests of ultra-low-voltage operation:
— Logic: reduces Energy per operation (Eop)
— Memories: reduces leakage power (P,..,)

— Analog: improved behavior
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Subthreshold operation

VQS@VdS _Vdg
Lsub :@X 10 X | 1 —e Vin

3 technological parameters:

- I, reference current
Y UX W/ L X

- S subthreshold swing

[mV/dec]
- n DIBL factor [mV/V]
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

e Ultra-low-voltage SRAM

e Low-voltage co-integration
with analog/RF
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The start of microelectronics

1958: Jack Kilby (Texas Instruments)
invents the integrated circuit

Oscillator prototype
(1 transistor + resistances + capacitors)
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Today’s nanoelectronics

D. Bol
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FETCH 2010



CMOS technology scaling

X

T, X I8 X
K Source m Drain j X X
Scaling @ L

_ a =V2 / generation @

Tox/a L/a .
%

All physical dimensions T_, L, W ~ 1/a
All voltages V4, V, ~ 1/a (constant-field scaling)

- Area ~ 1/a?, speed ~ q, Eop ™ 1/a [Dennard, IEEE JSSC, 1974]
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Source

L/a
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Nanometer limitations on scaling
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Local Variallit,

Source

Contlnuous doplng

45nm technology

Random Source
dopant fluctuations o ’
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

— What is the minimum V , for my circuit?
— Impact of technology scaling and solutions
— Specific design issues

— FD SOl technology

e Ultra-low-voltage SRAM
e Low-voltage co-integration with analog/RF
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What is the minimumV, ?

e Absolute limit (Shannon): '0.13um CMOS technology
Minimum E,,, = kg T In(2) ol emm—
= qmin X Vmin 104:

V...~ 18mV (gq=e) 07|

e Speed limit : increasing logic [ e wewe
. . 0 0.2 0.4 0.6\:\/ [\/]0.8 1 1.2 1.4
delay = application dependent g

e Functional limit:
degrading logic T
levels

[D. Bol, Ph.D, UCL, 2008] @
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What is the minimumV, ?

8-bit RCA multiplier in 130nm technology Top
i op
>,
o Speed
= Functional Il?rfliet
= *
=
N e V)
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> 107°t
= * E ., atone
particular target
-14
10— frequency !
10* 10 f 10° 10°
target [Hz [D. Bol, IEEE ICCD, 2008]
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

— What is the minimum V , for my circuit?

— Impact of technology scaling and solutions
— Specific design issues

— FD SOl technology

e Ultra-low-voltage SRAM
e Low-voltage co-integration with analog/RF

D. Bol FETCH 2010




Impact of CMOS technology scaling

8-bit RCA multiplier in industrial technologies
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Impact of CMOS technology scaling

8-bit RCA multiplier in industrial technologies

15 e T=25°C
= Faster at * MC Spice
3 1} simulations
£ ' Lower e Foundry BSIM
£ os5Fs robustness compact models
= : : e GP bulk
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Technology flavors

Commercial 45nm technology :

LP flavor
T,=1.7nm
Min. Lg =42 nm
Std V, = 0.55V

GP flavor
T,=1.2nm
Min. Lg =35 nm
Std V, =0.41V
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Technology flavor selection

8-bit RCA multiplier in 45 nm technology e T=25°C
0.8 e =
— LP * MC Spice
2 0.6 - : :
3 simulations
E 04f / * Foundry BSIM4
£ 0ol GP | compact models
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O et et e Constant W/L
10° 10" 10° 10° 10’ 10° /
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Energy consumption
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Optimum MOSFET selection

[D. Bol, ACM/IEEE ISLPED, 2009 ' '

40 - 30t B Vo
Hig V 45nm technology -
o—& | [ DIBL |

30} — baseline B Sshon

= MOSFETs  Std-V, Es,,
e 20r -35%
W =)
! t ] ¢
20 ot—o—o——6—9 | 15}
optimum
o MOSFETs 10k
35 40 45 50 55 60 65
Ly [nm] il
Table 1: Subthreshold MOSFET characteristics
Device S n Iy var. Igate/Isub

type  [mV/dec] [mV/V]  [-] -] 0 ) .

; Baseline  Optimum
Baseline 92.5 183 29.7x 0.09

Optimum 81.9 83 13.1x 0.16 Short-| Mid-1
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E_. scaling trend

8-bit RCA multiplier

60 P e T=25°C
Baseline / * Foundry BSIM4
50¢ devices Optimum| compact models
MOSFET]| , GP bulk
40r _%\/ selection | siatistical
=) . variability
£ 30t CLSZ .
L
201
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O |
130 90 65 45 [D. Bol, ACM/IEEE
Technology node [nm] ISLPED, 20009]
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

— What is the minimum V , for my circuit?

— Impact of technology scaling and solutions
— Specific design issues

— FD SOl technology

e Ultra-low-voltage SRAM
e Low-voltage co-integration with analog/RF
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Timing closure

e RC delays are short proportionally to logic delay
[Hanson, IEEE JSSC, 2008] ‘

— Less repeaters

e Subthreshold operation magnifies the impact of PVT
variations on logic delay:

— process = exponential dependence on V,
— voltage = exponential dependence on V,,
— temperature = exponential dependence on V,

e Worst-case design (slow, low V,, low T°) for timing
closure implies prohibitive margins:

— up to 20x on maximum frequency | [D. Bol, ACM/IEEE ‘
— up to 3x on Energy per operation ISLPED, 2009]
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Timing closure

e Adaptive techniques are highly desired
— Adaptive Frequency Scaling (AFS) —

[D. Bol, ACM/IEEE
ISLPED, 2009]

AVS y
critical path replica ad
— Adaptive Voltage Scaling (AVS) [ #—VaaVes
— Adaptive Body Biasing (ABB) 5_ Veg

e ABB is more energy-efficient than AVS
40 r

ABB

e Dual-V, assignment to save ~=- Typical
leakage in non-critical paths
is not feasible because of:

— Large delay difference
std-V, vs. high-V,

— High variability of short paths

Maximum N
N w
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=
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D. Bol
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Impact of RDF on timing

Register A Register B Hold-time
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Q constraint

’D/(Y-Iaunch t‘\’\/)/

ath : :
/\ P Combinatorial /\ TC to-Q,min +1 path,min

logic
clk ° //‘ > Toew T Thold

Capture path

[
[=]

Occurrences
=k
(=]

Occurrences
—
=
[ =]

Delay Norm. to Mean —iD Q D". Q|

0 t
300mV C-Q, min
. - Q tluglc min 200 Lognormal Fit
R1 =2 \ Gaussian Fit
08 1 1.2 1.4 16 18 Combinational ! /
Logic /

) - A
ém P i tskew = tea-tekr _Jthowd
g‘““ clk1 clk2 oLaoi .
. % 0 5 10
058 Dglw 12 14 16 138 tC-Q,min"'tlogic,min > tskew"'thnld Norm. thnl d

Impose hold-time margin or use Statistical STA
[Kwong, IEEE J. Solid-State Circuits, 2009]
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

— What is the minimum V , for my circuit?

— Impact of technology scaling and solutions
— Specific design issues

— FD SOI technology

e Ultra-low-voltage SRAM
e Low-voltage co-integration with analog/RF
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Silicon-On-Insulator (SOI)

MOSFET devices

Sourcj Drain \_Source ) \ Drain
] Buried oxide (BOX)
T Ciunc T

Junc
Substrate Substrate

J—‘Bulktechnology /Wi\ = SOl technology

e Lower C,,., Cuz
* Lower |
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SOl for high-performance circuits

e Typical claims of Partially-Depleted (PD) SOI :
— +15/30% speed @ iso-power | < c. C,,, reduction

junc?

— -20/40% power @ iso-speed | < larger |,
— area reduction ‘
e Drawbacks:

— Self heating (because BOX = thermal insulator) ‘
— History effects (variable delay < floating body) @
e Introduced by IBM at 180nm generation

for high-performance microprocessors,
production down to 45nm
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Fully-depleted SOI technology

Partially-depleted (PD) SOI Fully-depleted (FD) SOI
Poly-Si Mid-gap
gate metal gate
Source ,$\T4ep Drain Source $T.. Drain
Buried oxide (BOX) Buried oxide (BOX)\
Toep ™ 1/VN_, Undoped channel

Doping similar to bulk
to control the SCE

Substrate Substrate
— & ‘ — [Weber, IEDM’08] .

32nm FD SOl MOSFET  No RDF = low variability

with high-k/metal gate &# * No history effect
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FD SOI for ultra-low-voltage circuits

S n lo Ot CL
[mV/dec] | [mV/V] | [pA/lum] | [mV] | [fF/um]

Bulk| 925 | 183 | 340 | 46 | 215
Undoped FDSOI| 702 | 167 | 340 | 151 | 187 ‘

Bl v [D. Bol, IEEE SOI Conference, 2008]
Bl ' | - Energy: Ultra-low-power = no self-heating

45nm technologies

B DBL 60
- Sshort -60% E

min Trend in standard _
_ 7l . S 1, Speed: >0y bulk technologies Optimum
b.é 15+ ‘ 1 10x boost ) 40r selection
’ =30}
Lol | @0.4V o
| | * Robustness: |
minimum Vyy
_ 130 90 65 45
Bulk FD sO1 20 MV O echnology node
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e Motivation

e Background: CMOS technology scaling
e Ultra-low-voltage logic

e Ultra-low-voltage SRAM

e Low-voltage co-integration
with analog/RF
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Read SNM [V]

45nm technology, PTM models,
25°C, oy, = 44mV

0.6

0.1

SRAM stability issue

—©- With variability (4c)
A Typical
- No DIBL

=~ No DIBL - Ideal S

02 04 06 08
[D. Bol, FTFC, 2008]  Vaa [V
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Possible solutions

Read-buffer insertion: FD SOl technology
'Chang, SympVLSI'07],
'Verma, JSSC’08], 0.4 p-O-0-¢ ;iy'.'f,bo".'?f;'m
Kim,JSSC’08] 2N e
FV&\ b _c”i WL, BL, Wee f;lo.z Vaa=04v

H0|d$SN|V| Read 0.0 0.1 (:llz.(V) 0.3 0.4

Read SNM buffer * Inherently higher SNM

* Back-gate bias opportunities

‘ Area overhead
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Channel length upsize

4+ ___ Onedevice 05— OTSRAM
40 read stability

o
\l

Variability mitigation | |

10 ¢ YIRS —
X ~1 WL
s it © PRl 2 06
IS 2| >"
5 10 g 0.5
5| £ ‘
- | £ 04f e
10 ——Typical | = +13nm
| —e— \\Worst case 031
0
10° L= : : - . . .
20 30 40 50 02— 20 &0
L . [nm] L . [nm]

45nm technology, PTM models, 25°C,WC=30, o, = 44 mV [D. Bol, FTFC, 2008]
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e Motivation
e Background: CMOS technology scaling
e Ultra-low-voltage logic

e Ultra-low-voltage SRAM

 Low-voltage co-integration
with analog/RF
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 Increasing integration :
» Higher performance

» Low-power consumption ‘
» Higher reliability

 Co-integration raises new problem: ‘
Digital Substrate Noise (DSN)

J Nanometer technologies increases DSN:

» Low-voltage analog

= higher sensitivity to DSN
» More complex digital

- higher DSN generation

» Analog and digital closer

- higher DSN propagation Noise generator ! Noise victim

FETCH 2010 38




Impact of DSN

LNA circuit
£ 40 ! ! ! !
@ Digital circuit off OF :
— 60 RF input= -60dBm, @1.575GHz :
Digital & ~ - - |
(@]
OFF &
5 -80r 1
S
>
O =100 .
1350 1400 1450 1500 1550 1600
— -40 T I 1 I T
% felock=39.825MHz, tigenay=0.9nsec, : (a) : @--—- measurement
S dutycycie=50%, Coqypie=32.6pF | | o simulated IM
o E -60 | RF input= -60dBm, @1.575GHz ] gz::fudeF-
Digital ¢ - - .
O .
ON S ol e
>
S
-} ! ’ >
O -100 | | . :
1350 1400 1450 1500 1550 1600

Frequency [MHz] [Xu, IEEE JSSC, 2001]
Current solutions: large guard rings
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Experimental setup

1 l I 1
DIGITAL CIRCUIT ! !
1 1

TAP -50

9
-60 ~ \

. '\\DSN envelope |

=3
m
= \
]
g -80 \
a
(]
2 90
[e]
zZ
SUBSTRATE NOISE -100 ‘ ‘ |
. Qi -110 \H“ | Mn\“\ M Ll ‘m M H ‘MMHWM\\MMMMM
Bulk Si / SOl HR-Si 1 5 3 4 5 5
Frequency [GHz]
4 )

O Two circuits: ST 0.13 um SOI and bulk CMOS technologies
O Digital circuit generating noise - inverter trees
» Number of switching inverter trees controllable
» Input clock signal generated by external source
O DSN probing system - active tap connected to coplanar RF pad

xD DSN characterized using wideband spectrum analyzer )

[D. Bol, IEEE SOI Conf. 2007][C. Roda Neve, FTFC, 2008]
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Noise Power [dBm]

Noise Power/Consumption [dB]

S0
60}
70+
-80+}
90+
-100}

-110

50k
60}
70+
B0
m=Tg]
-100+

-110

DSN and frequency scaling

—&— CLK =225 MHz ||
——— CLK =175 MHz ||
—+— CLK =125 MHz
—— CLK =75 MHz

0.5 1 1.5 2 2.5 3
Frequency [GHZ]

o P=832mW@ CLK 225 MHz 4
P=6.56 mW@ CLK 175 MHz
) P=482mW@ CLK 125 MHz |
ok P=3.00mW@ CLK 75MHz

0.5 1 1.5 2 2.5 3
Frequency [GHz]

/EI Setup:

» Bulk circuit

» 8 switching inverter trees
» 1.2 V power supply

O Lowering power reduces DSN:
power divided by 3 = 10 dBm
noise reduction

the same

0 Normalizing DSN with power
consumption shows close
envelop curves

—> DSN is proportional to power
K consumption

O Response frequency shape stays

4

[D. Bol, IEEE SOI Conf. 2007][C. Roda Neve, FTFC, 2008]
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Noise Power [dBm]

Noise Power/Consumption [dB]

-100 ¢
-110

0L

70}
80}
90}

-100}

-110

-80 [\

DSN and voltage scaling

—&—\Vdd =08V |
—+—Vdd=1.0V |]
—+—Vdd =12V
—e—Vdd =14V |]

Frequency [GHz]

P=315mW@Vdd=08V
P=547TmW@Vdd=10V
P=832mW@Vdd=12V
P=18mW@Vdd=14V

Frequency [GHz]

05 1 156 2 25 3 35 4

/EI Setup:

» Bulk circuit

» 8 switching inverter trees

» 225 MHz input clock frequency
O Lowering power reduces DSN

O Lowering supply voltage reduces
maximum noise frequency

O First harmonic of the normalized
DSN at same level > DSN
proportional to supply power

O Steeper edges at high V;
K - Higher DSN at high frequency /

N

Low-voltage design
= low DSN generation

[D. Bol, IEEE SOI Conf. 2007][C. Roda Neve, FTFC, 2008]
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DSN and SOI

1 2 3 4

Frequency [GHz] - IOWESt DSN generation !

[D. Bol, IEEE SOI Conf. 2007][C. Roda Neve, FTFC, 2008]
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o Tl (T )
o 12V Bulk| | O Setup: .
§ =N , » 8 switching inverter trees
2 oot , » 225 MHz input clock frequency
o o0 , > 0.8 and 1.2 V supply voltage
2 oo , Q At1.2V, SOl strongly reduces DSN
10l F : : F level at low frequency
Y eqenyonn | @ At1.2V, high frequency DSN due to
50— : h : : ; power rail ringing is present in SOI
%0 osv | = Sk ) 9_ qttention must be paid to supply
£ 20l rail in SOI
B ol O At 0.8V, DSNis lower in SOI for
° . the whole frequency range
% o0 \_ q y rang Yy
2
o Low-voltage design + SOI ‘
-110 i
5




Conclusions 1

Ultra-low-voltage logic in nanometer CMOS
 Rising functional limit on V
- Logic gate with limited stack height
= Channel length upsize
* Increased E . level
= Optimum MOSFETSs (low-Vt mid-channel)
e E

—> Choice of technology flavor (GP for mid
performances and LP for low performances)

operation at mid-performance frequencies

min
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Conclusions 2

Ultra-low-voltage logic in nanometer CMOS
e Hold-time uncertainties

- Margining
—> Statistical STA
e High sensitivity to V,
= Adaptive technique desired
- No dual-V, technique

e Undoped-channel Fully-Depleted SOI
technology significantly helps for all issues
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Conclusions 3

Ultra-low-voltage SRAM in nanometer CMOS
e Vanishing read SNM

- 8T cell
= FD SOI technology
= Channel length upsize

Low-voltage co-integration with analog/RF
e Digital substrate noise is magnified
- Low-voltage logic and SOI technology
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5ol Trend in standard Optimum
bulk technologies MOSEET
— 40} selection
o,
< 30}
£
LLl
20¢
10}
0

130nm 90nm  65nm 45nm

Technology node

Thank you!

Any questions ?
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