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H. Kaul, M. Anders, S. Mathew, S. Hsu, A. Agarwal, R. Krishnamurthy, and S. Borkar, "A 320mV 56uW 411GOPS/Watt ultra-

low voltage motion estimation accelerator in 65nm CMOS,"

IEEE ISSCC, pp. 316-317, Feb. 2008.
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Time step of power control
T
7))

1 10 100 |
Number of power control domain on a chip
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Minimum Operating Voltage (VDDmin)lo
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® V.., IS defined as the supply voltage (Vyp) when the
RQO’s stop oscillation.
€ RO’s are useful Vi, detectors.



11

FIvTRNSD

1.6
' 1|' Vbs GND T 14
" ﬁﬂ ? VI“I Vinsel >|_ 12
o e <l [ e gonm 2 O]
pata TR \ wow  CMOS % 06 B
A -y 2 = 02 400052 R4A
| —ﬂ% o oo | 006575502000 3000 4000
| vl measuredy 2 FSUSXEME (Um)
N seg}“:jmsm or | §/ 100¢
) T = T TE
s 1 < -'-' """" g 10 _
— :\\ > ~ N I.—H — i
FS2 P RAE5DERIE B g | Fy TRV,
*—Hif el [E5DE(F
(1) HEYF OO EHEDTI7L— | SO L
(2) IERTr D=7k 0 "1e3 001 01

ZRIERE (1/um)

® FYTAVLIESDZFFAmMmDEEATIUA L
— AL E DEMR/ AT AHE TIEARETR AT




12

Analysis of Origin of Vyymin

v
W Each transistor

has random V..

VINV o
V,~V,, =

V,,=85mV

40

Fail
Vout Low 72 Vinv s

v, of inverter, V.~V (mV)

Monte Carlo

1 2 3 4 5 6 7 8 9 10 11 SPICE
Inverter number
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RO Circuits to Enable V... Measurement

/VDDZ —]

VDD

Vbp2 1v
Low swing

T

{0 T >

1V swing

>d >o—

Vss
Vsgo(manually tuned) -
 Vss2 i y ), - ~ Y,
Ring Oscillator Output Buffer

€ The low swing output of RO is amplified to 1-V swing by
the output buffer.
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Vyp Dependence of Oscillation Frequency variation

15
%) - 11-stage
E S ring oscillators
8510 13 dies
S O
>
> O
c T
-~ b5
=ale
o. | S
LL

90nm CMOS

0
0001020304050.60.708091.0
Voo (V)

€ Relative frequency variations increases with reduced V.
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Analysis of Die-to-Die V... Variations

400

10 100 1k 10k 100k 1M

Number of stages

& The die-to-die Vi, Variations are not systematic but
random.



Average V_, . (mV)
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Summary of Measured Vg in

400

350

300

250

200

1501 o (1) Large # of stages

100 g A\n\le“e( R (2) Large # of stacked Tr's

* (3) Narrow gate width
o0 increase Vppip-
0
10 100 1k 10k 100k 1M

Number of stages
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Comparison of Measured and Calculated Vg5 ,in

Average V__ . (mV)

400
350
300
250
200

Inverter RO’s

—®— Measurement
--&--MATLAB
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Sim150
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Sim075

Remarks

Sim075

X0.75

Sim100

x1

Sim125

x1.25

Sim150

x1.5

1k
Number of stages

100 10k 100k 1M
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Reason Why Average Vppin INCreases with # of RO Stages

The largest value distributions f__.(x,n) of n samples

S which have Gaussian distribution f(x)

= 1000
c 1085 |\

o 921 107 ]
=

O -
1%

© - -
> 1 f(x)

;L >5 Au |
_g 0 LLLL

E X—-26 X ; X-I—G X+26 X+3G X+4G X+56 X+66 X+7G

X 6
R Xmax at n=10

Xpae = X+ 24/10g,, NO




Comparison of Monte Carlo and Model

400 —a— Measurement

— - ---- Matlab (Monte Carlo simulation) -
E 200 | ——Model calculation s SIm150
\; {(/E‘/‘\' ‘-E{!/'/'/!}‘/‘ [ Sim125
a . et g SIm100
> 200 t Lt AT gy b Simo7s
% et “° ~ .-k /ﬂﬂﬂﬁt_ﬁ,ﬂu}“’* i Im

— = & - - Gtﬂ

$ 100 = “efﬁ I
Z “ A WWNE —

10 100 1k 10k 100k 1M

n: Number of stages
€ The equation intuitively explains the reason why the

average Vi, INCreases with the number of RO stages.
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Adaptive Body Bias Control to Reduce Vypin

Simulated

SIS

Viomin=89 mV (Initial)

Body bias contro

€ The body bias of pMOS is adaptively controlled to
minimize Vpp,i, and the body bias of nMOS is fixed.
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Fine-Grain Adaptive Body Bias Control to Reduce V..,

Simulated

Vbl

Vb2

Vb3

Vb4

Vb5 Vb6

S SdESESESd SdESds Sdi i

Vpmin=89 mV

Vb1l

Vb3

Vb5

Vb2

Vb4

Vb7

Vb9 ([vbll

Vb6

Vb8

Vb10

SRS s e e i

€ When inverter-by-inverter body bias is applied, Vpppin 1S
drastically reduced to 43mV. But it is impractical.

Viopmin=43 mV
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Vppomin Dependence on Body Bias of Both nMOS and pMOS

Measured

120
160
200
240
280

Initial —

€ Common body bias control allows to reduce Vyp,i, BY
only 4mV.
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Importance of 20V generator in NAND

@ Write time is dominant over read time.
=>Write 8 to 16 chips simultaneously.

@ 20V or higher program voltage for write
=»Energy during write should be reduced.

Read time Program voltage:20V
. 1 ,Floating gate
Ol\/ O|V
- HOG
Write time Injection
- |
800us oV

Write operation of NAND flash

High-speed low-power 20V generator is required.



Conventional SSD with charge pumf)o

Each NAND flash has charge pump for 20V.
® 5 to 10% area of NAND flash chip!

NAND

controller
L// )
Interposer NAND
> flash
Charge )
bump /7, }DRAM




31

Issues on charge pump

Serial MOS diodes lose energy.
Large number of stages for low Vp

.. ..

Clk O——— for large current

-4

..:::::-.-.-"-_'.I:.-.-.-.-.-'.-';J[T,.., Large capacitance

® Energy loss Vour

Bucket brigade



Voltage scalability of charge pump

32

’:,T Cg, . Bit-line capacitance
CG B D T
.Iq_‘) I Y E
=L Memory © Memory
o core ocCp V2 core
<+ 1l e
] U S
Charge
> Charge | ® Energy pum?o
o L pump Increases!
LICJ Others - ............................
I
3.3V NAND* 1.8V NAND
(Core 2.5V) (simulated)

Energy by charge pump increases!

*K. Takeuchi, et al., ISSCC 2006



Proposed 3D-SSD with boost converter

© Realizing low power and low cost
Boost converter (shared)

IAdaptive Low-cost Spiral |
controller High-voltage inductor

NAND Smaller
controller die size
\ Ry .:.’*. ST R
0“0. . ’,.’Ch arg e'".“
Interposer RS
L 4




Advantages of Boost converters

Frequency, duty cycle =» Conversion ratio (Voy1/Vpp)

Inductance = Output current
.......... - ONTOFF Vo, Vo
: +—> <>

_ LI Clk

© High conversion ratio, large output current
© High efficiency

© Small chip area

@ Off-chip inductor
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Boost converter & NAND Co-operation

High voltage MOS
(0.35mm X 0.50mm)

16Gb NAND flash

Inductor odar DO/ DOO0OO00

. 4 : PO DOOOOOO0O0
(5mm x 5mm) e ¢ 00000000
N\ _ B V- M O000000

‘LQO0000 ,
. WOO0000 . ]|
000000 / A :

M 000000 ’

000000
000000

000000

“ 000000
000000

TRNO00000

- . -

_l..l..l"-li_-.lii--li.-lli g_)

‘"fUOOOOO

-.........-.
Esee

Adaptive controller
(0.67/mm X 0.28mm)
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Comparison of energy during write

E—? Boost
&S F------ e iniaiaidated Sl converter ||
O with
=T . adaptive
E i Memory Memory control
=) core core

c I 1 Total

5 _ ..0 . . —68%

2 ch Charge .

> | arge pump > | Memory

= | pump *| core

GC) Others ‘

LL

Conventional Conventional This work
3.3V NAND* 1.8V NAND 1.8V NAND
(Core 2.5V) (Simulated)

*K. Takeuchi, et al., ISSCC 2006.



Summary of key features
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This work
(Measured)

Charge Pump
(Simulated)

Transient energy
(0=>15V)

30nJ (12%)

253nJ (100%)

Rising time (0=>15V)

0.92us (27%)

3.45us (100%)

Chip area (HV-MOS)

0.175mm? (15%)

1.19mm? (100%)

Technology 20vCMOSs |
(High voltage MOS) process

Chip area 5

(Adaptive controller) 0.188mm

Technology 1.8vo.18uym |
(Adaptive controller) standard CMOS

Supply voltage 1.8V 1.8V
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