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Abstract 2

TOKYD TECH
| will discuss low power LSI design featuring low power ADC desigh.
Power break through often made new applications and markets, such as
watch-like cellular phone, handy digital camera, and on-board DVD in note
PC. Current and future big market must be the loT systems.

Logic circuit has progressed from fast but power hungry CML to CMOS
that doesn't consume any static power and no relation between speed and
consumed energy. Small capacitance and low voltage operation are the
key.

ADC plays an important role for all electrical systems, however unlike logic
circuits; accuracy, distortion, and noise should be considered.
Furthermore, these factors have tough tradeoff against low energy
operation and conventionally uses OPamps that need static current.

CMOS technology that had been regarded as not suitable for ADC
application due to large mismatch, however conquered it by using
capacitance to realize S/H and to absorb mismatch voltage.

Recent advanced ADC uses dynamic CMOS circuit and more aggressively
replaces conventional amplifier.

A. Matsuzawa
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Low power digital LS| design

A. Matsuzawa



Progress of logic circuit and devices 5

TOKyO TI=CH

Logic circuit and device have been progressed to no static current

for low power consumption

CML E/D NMOS
-
) ] |_|[ DMOS
o+ -
Bipolar o—| NMOS

Static current Static current

Main frame PC
1960-1990 1970-1985
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Feature of CMOS logic circuit 6

_ _ _ TOKYD TIECH
Large dynamic current is needed to reduce logic delay.

However lost energy is not determined by the current, but electrical energy.
This means CMOS can realize high speed and low energy circuit.

No static current can realize low power circuit, basically.
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Low power digital LS| design

Power dissipation can be reduced to 1/10

/

7
raKkyg '/I.:L' H—

PursuingExcellence

Clock circuit (Flip Flop) consumes power of 75% of total P, in this LSI.

Power consumption (A.U)
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Volt. lowering
3.0V->1.5V
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Reconsider Flip Flop circuits /
TOK} ﬂ/l.-EH—

1ing Excellen

We can reduce power consumption by reconsidering F/ circuit.

| P, of 1/2 or 1/3 is possible

1 Q
o> E By reducing gate capacitance to the clock
Data activation: 25%
CK— ° 25

(a) Conventional type

p D= 20
= £ £
=

CK }5/7
e | 1S
L[>G [ }-‘ a L — }—l
CK—'—":r _[>O_":|
(b) Differential type (c) Memory type
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DSP with adaptive supply voltage control [

TOKyO TIECH—
We developed low power DSP using adaptive supply yoltage

control technique that was early work of DVFS technique

S Saklyama and A. Matsuzawa Symp. on VLSI Circuits 1997

5 Adaptive supply voltage
&l control circuits

|y RS

.~ On chip DC/DC

0.35umCMOS

2.2M Tr

20MIPS

12mW (1.2V, internal)

leakage current
e | Ji5  S00uA: active
S T SIS B SO E 0/0 E8 Ce0a000008000000000000000a000R0RER RO R R RSSO SIE. LHa 0D “ | 1uA: Standby
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Adaptive supply voltage 10

TOKyd TI=CH

Supply voltage can be reduced with the reduction of clock freq.
This makes more aggressive power reduction.

150 |

Power dissipation (mW)
3

9]
o

Fixed supply voltage

(3.0V) K/-

V,,=0.6V
V,,=-0.7V

k, :CVD2D
P, = fCV,,

— Adaptive supply voltage
+Low VT transistors

(1.0V-- 2.2V)

V,,=0.30V

10 20 30 40 50

Operating frequency (MHz)
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Find minimum operating voltage 11
TOKyD TI=CH

Feedback loop can find minimum operating voltage by using
replica delay that satisfies required T, for critical path in the
DSP.

External
supply voltage
Q 60 )
Internal supply voltage \\
I 50 | Q Pass
DSP Core COSItSrZI e \
(Critical P S 40 O Minimum
th DC/DC o margin: 25mV
path) . =
Replica o
Q Maximum
\ < 30 |
= : Q - margin: 100mV
) oV NR 8 Fail D
Clock ¢ )_1[>o.‘>o So—0- 20
Td Feedback
o loo | ! | | |
Replica delayl P 10
= 1.0 1.2 1.4 16 1.8 2.0

Internal supply voltage (V)
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World’s first watch-like cellular phone / 1
PO etes
We developed the world’s first watch-like cellular phone[usigng
developed low power DSP

This cellular phone was used in Nagano winter Olympic game
(1998)

World’s first watch-like cellular phone
12mW @20MHz 0.35um DSP

A. Matsuzawa



Wireless PDA with ambient energy 13
roKyd TIECH—
We developed wireless PDA using FD-SOI that can opé?’séi”’fgefm”m
with ambient energy. This is an early work for loT.

Getting energy from temperature difference | Technology is

described in this book

Fully-Depleted SOI CMOS

Circuits and Technology
for Ultralow-Power Applications

Using heat of a hand

Bi-Te based thermoelectric converter

Battery-less wireless signal transmission using

Takayasu Sakurai

temperature difference Akira Matsuzawa
Douseki, A. Matsuzawa, Generate1.7mW/ 0.7V
ISSCC2003,

A. Matsuzawa
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Progress of video-rate ADC

History of video-rate ADC

A. Matsuzawa



Progress of video-rate ADC 5

TOKYD TIECH.
* Module

‘ — NO precision monolithic IC technology

« Flash: Bipolar technology
‘ — Only bipolar has low mismatch voltage
— CMOS has large mismatch voltage

« Two-step flash: Bi-CMOS technology
‘ — Two-step flash can reduce power, but needs S/H
— CMOS S/H + Bipolar comparator

« Two-step flash: CMOS technology

— Chopper inverter comparator can realize high precision
‘ comparator and also S/H circuit

— Capacitive interpolation method reduce error and power more

« Gate-weighted interpolated flash: CMOS technology

— Gate-weighted linear region MOS + dynamic flip/flop
(No static current)

A. Matsuzawa



Development start for digital TV&VTR [

16
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PursuingExcellence

In 1979, Panasonic ({2 T %&E=%) succeeded in developmen
of 6 hour VHS and became world’s No.1 VTR supplier.
The video equipment used high level analog technology.
The development project for digital TV& VTR has started.

7 LN\ t

Central research Lab. In Panasonic Panasonic VHS Video NV-6000, 1979

A. Matsuzawa



Video-rate ADC at 40 year before / 17
KyQd i

TOKYD TIECH—
Video-rate ADC was very expensive and power hungry mgdtile”

when | started development of video-rate ADC IC in 1980.

There was no monolithic video-rate 10b ADC at that time

10bit 14.3MHz ADC Almost same price as a small car!

10,000 USD
20W

Analog Devices Inc.

A. Matsuzawa



The world’s first video-rate 10bit ADC 18

roKyd TIECH—
Purs ingExci'Ilence

We developed the world’s first video-rate 10bit ADC IC using bipolar/technology

Price and lower dissipation are reduced by 1/10

The ADC was used in professional digital TV and video systems

T. Takemoto and A. Matsuzawa, IR100 Award
JSC, pp.1133-1138, 1982. AT ALy e

HIZ7;
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Why Bipolar, not CMOS?

Only bipolar can satisfy the target of mismatch voltage.

Niks - ® *
( SR. 51
Vine :/R(‘ s T - Oy
™ G V
Vr . P (J, A B O
! (S C
Mgy i
T Y r,‘-‘. ‘ :, /F \,
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- . ‘2
e 2 CLK
Comparator — 1
1R )
v l\% 7 ¥ \‘;)j Iy
Creer - O
Ideal o
quantization off
voltage Offset voltage
distribution

Actual quantization

L a  voltage
v, -V,
DNLon, = -

rokyai /I:L'I-I—

PursuingExcellence

Mismatch voltage should be L.T. 0.2mV

MOS: several mV to several 10mV

100

10

Yield (%)

Analog bipolar

/ Digital bipolar

0.1

A. Matsuzawa

DNL<0.5 LSB

/

/ DNL<1.0 LSB

Ly g 1 11

MOS

'

i |
0.5 1.0

1.5

Offset voltage (mV) at sigma



Two step flash ADC 2

TOKYO TIECH
Can be reduced by 1/16, but needs S&H

1st conversion . , :
Bipolar can’t realize S&H, due to base current

12 (3) Circuit size
(1+£] N
D=4+1=5 , _o¥ LoV 00 2/ g M = —
8 (2) 2
2nd conversion
3 10bit Flash ADC: 219=1024
Signal | 4(1) | —
0 10bit two step ADC: 26=64

A. Matsuzawa



Bi-CMOS two step ADC

/ 21
I'ﬂI(‘ﬂ'/EL'H—

PursuingExcellence

Bi-CMOS technology can realize MOS input OPamp for
sample and hold to realize two step flash ADC.

10b, 30MSps, 800mW

Bi-CMOS S&H A. Matsuzawa, ISSCC 1990. World first’s home HDTV
lj AI‘; 4= JS‘ vc: J : :
br—4 4 A— 3
%E %E 4 » d
YY i K K I".
" { ¥y | < ;q ::l" - | : :
GNDC ! l L_“;—' ‘i
 [3] Wl 8
éHeIchKJ) Sample CLK ' O ;'.,.—- e e ly |
FIGURE 4-BiCMOS S/H cireuit. BT (el ted (el el 1ol TONE

Fu TER

A. Matsuzawa



1st

24

2nd=1st

2nd>1St

1st: Coarse conversion
2"d: Fine conversion

2nd<1st

Original AD conversion technique: Interpolation |/ 22

TOKyd TI=CH

Multi-step conversion can reduce circuit size and power consumption
However, apt to cause large conversion error, due to stringent matching
between the coarse conversion and fine conversion.

Fixed scale causes conversion error

o= IN(W|hjOo|o |y

o=V w|lOl|O]Y

o=Nw|dhjao| N

Conversion error

No conversion error |
( \
2nd=1 st 2nd> 1 st 2nd< 1 st
17 17 17
16 16 16 16

16

o= INvVw|dlo|lo|d

OoO|l= |IN|w|~|jlor(o]w

o=[Nw|dhjaj®| N

15
14
13

14
13

: 15
(15 mlssedk4
13

(15 is very long)

A. Matsuzawa



Interpolation

Interpolation can realize smooth connection between 1st and 2"

[ ﬂ(!( /I-L' H—

PursuingExcellence

conversion area, as a result, small DNL can be achieved.

to 1st Comparators
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Mathematical expression of interpolation y

» _ _ _ o _ TOKYO TI=CH
Addition of weighted two signal makes internal division point.
Using this method, we can realize A/D conversion without reference voltage

Internal division

A My n B
N N na + mb
-0—O - x=——
3 X b m-—n
Weight of for signala  weight of for signal b
m+n m+n

And sum them
Our proposed interpolation techniques

*Resistive interpolation: using resistors

-Capacitive interpolation:using capacitors

-Gate weighed interpolation: conductance of linear region
*Time interpolation: using delay elements

A. Matsuzawa



CMOS comparator

PursuingExcellence

T ﬂl(/ﬂ /I-L' H—

CMOS comparator (33 year ago) had not good performance to the bipolar
comparator. Mismatch was 20 times larger and consumed large power.
Conventionally larger size is needed to reduce the mismatch.

Gate area vs. mismatch
Yukawa, et al., JSC, 1986.

100 ——
f TOX
' AV
I JLW
|
1
Vr
B,
, ] ~ ?\L
i | ]E ﬁh"“‘%-._‘ 0.4um Nch
ri] P[Q‘ L@, LI ™~ 0 13um Nch
| FAEHT AVss , 0 13um Nch
ey LLLL
ANEEVI  Sous 0.1 10 100 1-103
B5-5 (b) MOSEERIV/IL—% LW(Iqu)
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Chopper CMOS comparator 26

. . TOKYD TECH
Invention of CMOS chopper inverter comparator realized

high resolution and low power CMOS ADC.

1) absorbs mismatch voltage

Y :
Vg O ¢ L , Capacitor 2) Sample & Hold
g 9 out 3) Auto level shift
1 (O_l |_’_§2/°_'_O N Amplif
v i ) Amp imier
of O— Inverter 2) Self bias
Dingwall, RCA, 1979 1 3) Simple and low voltage

A Vg = Vdiode

Chopper inverter comparator
pp p out — G(Vsig o Vref)+ Vdiode
- —_— Vdd
Vg_Vdiode
Vsig ° C |: VOUt Vref C Vout V | Vsig
O_l I )\ +—O O_.| I_' out
||: _| Vref
777 ! -
: : Sample and ampli 0 )= ' -
Signal tracking P plify 0 v Ve

A. Matsuzawa



Ultra low power Video-rate 10b CMOS ADC/ 2

. _ roKyd TieCH—
The ADC demonstrated superiority of CMOS technology in ADC. [ fursuingbxeelience

Since then, all ADCs use CMOS technology and no use of bipolar.
Consumed energy is 1/8 to other ADCs.

FoM of ADC was invented to show the significance of this development.

K. Kusumoto and A. Matsuzawa

ISSCC '93, JSC 1993. CMOS 10b, 20MS/s, 30mW
e s T 100 ——————r - Bipolar
4 /IBi-CMOS
y ® CMOS —
7
2 !
s "’ i w NEC
9 B ycLA

Our development "?

87 88 89 90 91 92 93 94

Published year

A. Matsuzawa



Capacitive interpolation 28

— =TOKYO TECH
Chopper comparator had a accuracy limitation of 8bit.

We invented capacitive interpolation and realized ultra low power
CMOS video-rate 10bit ADC Absorb mismatch

CMOS 10b, 20MS/s, 30mW by interpolation
Vin

U O
re?gfernce & ‘_oofg__}—l I-@l—-l I—-@—ﬂ
voltage

Upper Sub-ADC =’

Voff
Vr+4Vq o— —tg:g}_‘ %]—’—M
Lower G ib
e
O™ 0

' Vr12 Latch

Voff

Gla 2Vq+V°‘f

F\‘emaved inverter

K. Kusumoto and A. Matsuzawa
JSC, pp. 1200-1206, 1993.

A. Matsuzawa

A

Step size Step size

y

Mismatch
voltage

Vrit
G2b

Lower SUb-ADC  re———



Early stage mixed signal LSI /

TOKyo'| /I.-L'I-I—
Success of CMOS video-rate ADC triggered the development of mix&d sigi4l

LS| for portable AV equipment; Handy digital video.

This paper triggered the low power electronics
A. Matsuzawa, “Low-Voltage and Low-Power

Circuit Design for mixed Analog/Digital Systems
in Portable Equipment,” IEEE Journal of Solid-
State Circuits, Vol.29, No.4, pp.470-480, 1994.

6b Video ADC Digital Video filter

+ Digital image stabilizer
' System block diagram

Digital image stabilizing

Digital auto focusing

LI 1 Bapciic out
. e R B O |l|.ﬂr|- [¥ ]
L_.{ S Proosss Proqess

Cylinder metor

Video cant
Analog audio, video processing
Digital serve

Capstan molber

A. Matsuzawa



High speed digital signal processing for DVD

; ; N roKyQ i /l.-L'I-I—
Error rate in DVD recorder is quite high due to low SNR Pursuing Excellence

High speed DSP is needed for waveform equalizer and error correction
This means an ultra-high speed (400MS/s) ADC is required.

. . Data
_ o Viterbi Out
Variable Analog | AtoD | | Digital | | Eror LY
Gain Amp. Filter Converter FIR Filter Correction
DVD, HDD 7b, 400MS/s
Voltage Analog circuit
Controlled Clock
- _ Oscillator Recovery Digital circuit
Pickup signal

Data Out
(No error)

Data In
(Erroneous)

A. Matsuzawa



Development of high speed CMOS ADC [ s

PursuingExcellence

T ﬂl([ﬂ TECH—

Huge power reduction is needed to realize consumer products

2W,
1.5um Bipolar

10.0

World’s fastest CMOS ADC at 2000

@ K. Sushihara and A. Matsuzawa, ISSCC 2000.

i

6b, 800MHz ADC
400mW, 2mm?
0.25umCMOS

T i, 5

P, is down to 1/8 with keeping speed

Ll

=l 7b, 400MHz ADC
pe—= || 50mW, 0.3mm?
s emcsemvs0.18UMCMOS

L] ke 0 e

A. Matsuzawa

K. Sushihara and A. Matsuzawa, ISSCC 2002.

S

)

1.0

P /2N (mW

0.1

World's fastest 6b ADC at 1991, Bipolar

6b, 1GHz ADC A Matsuzawa, ISSCC 1991

10mW/Gsps
1= @
® [ -"® ‘01
.~ ‘
_ %9 Yo
74 . 01
_ |
_-7 | 98 ‘00 Others
/,/
/’/
”
110 &=° —
T+ 1mW/Gsps —
/’ | ]
sl ]
- @] Our ADC |
,z" ‘02
200 500 1000 2000

Conversion frequency (MHz)



Gate weighted interpolation with dynamic comparator 32

C : ) . . : TOK YD TIE=CH
Interpolation is realized using the additivity of drain conductance in

MOS linear region. Very low power due to dynamic action of MOS Latch.
Input referred mismatch can be reduced using distributed pre-amplifiers.

A W W.
CVn Vh-1 Gl - I{p|:f1 (‘/inh- - ‘/th) + TQ (‘/in2+ + _‘/th ):l
n (m-n)Va_-14+nVhs
£ A m W, W,
"5 o * GQ :Kp T(%nl—_‘/th)+f(‘4n2—+_‘4h)
5 £
o © e o
S ofcvna - et T NN , 4y _m-n . n
8 E o el ) ) If M/1 ; I/V2 — - -
] then’ (m - n)Vin1+ + nVin2+ = (m - n)Vinl— + nVinQ—
:" X oA ; (m =n)CVa_1+nCVa No static current
1 y . .h ! m Voo
| ’ |
Vrn-1 e » Vrn 7b, 400MHz ADC

50mW, 0.3mm?

C t
e AN N A A A 0.18umCMOS

with (1 “—

Interpolation .
Circuits Gate weighted
CVn-9/N-AVN-1 CVn/ "\ \Vn

Pre-Amplifiers

¢ ¢ Vin

AANM.
\AJ

Vrn-1 Reference Vrn
Resistor Ve O
A. Matsuzawa




The world’s first fully integrated SoC for DVD | 3

. _ _ TOKyd TECH—
We developed the world’s first mixed signal SoC for DYD"""

that can integrate full DVD system.
Okamoto,. A Matsuzawa ISSCC 2003, JSC 2003. 0.13um, Cu 6Layer, 24MTr

- ——

_______
" et et [ L

s 11

7b, 400MS/s | ...................... ; = = ===
ADC i =l S| -

Front End' | L

MR A M A MmN A EA RS RAEEANRAEEEEES L E e

A. 'Mats'azawa



The effect of Fully integrated SoC [ s

rakyd Ti=CH—

PursuingExcellence
Developed fully integrated SoC can reduce the # of components dr sticglly.
It contributed increase of performance and reliability, reduction of product cost

and system space. It enabled on-board DVD system in note PC.

SoCs for DVD shipped 520 M chips and the total sales is 2.5 Billion USD.

DVD Recorder : i
2000 Model (before SoC) SoC: System on a Chip

’2003 Model (after SoC)

A. Matsuzawa
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Advanced ADC design

Discussion in recent low power
and high performance ADC design

A. Matsuzawa



Typical ADC architectures 56

TOKyd TIECH
Flash, SAR, Pipelined, and AX are the major ADC architectures

Stage 1 Stage 2 Stagem Comps.

(b) Successive Approximation Register (SAR)

A. Matsuzawa, Tech Idea



ADC architecture and perfornmiance |/ s7

TOKyd TI=CH

SAR ADC and AX ADC are the dominant architecture

N

100G [

-~ o
o @

-_—
o
=
=

10M

N
=

100k

10k

Conversion frequency (Hz)

1k

100

Interleaved For the sensor applications

SAR

K\ 1kHz<f,<10MHz

as .

: e 10uV<V, <200pV
Sensor applications

2 10bit<N<18bit

. SAR

4 I6 I8 =1J0 12 114 116 1I8 20 ’

Resolution (bit)

A. Matsuzawa, Tech Idea



Basic idea for advanced ADC design |/ s
TOKYD TIECH
Challenge to design of ADC circuit like CMOS logic

No or less static current, minimum capacitance.
Power should be proportional to clock frequency.

CML logic and conventional amplifier CMOS logic
- VDD
R, L
v,
v,.0—¢
V,
f £
togle
L VDDCL
- Pd — VDDIs =
Consume static current No static current
Should increase current No need to increase current
to increase speed. to increase speed.

A. Matsuzawa



Advanced ADC design 39

TOKYD TIECH
« Mismatch limited ADC architecture: flash ADC

— Use dynamic comparator

— Transistor and circuit should be small as possible

— Mismatch increase with decreasing transistor size
— Compensate mismatch by digital calibration method

* Thermal noise limited ADC architecture: SAR
— Use minimum capacitance determined by thermal noise
— Use no or less static current circuit
— Compensate capacitance and MOS mismatch by digital calibration
— Use low-noise dynamic comparator
— Delta-sigma method should be used for further noise reduction

— Open-loop integrator with dynamic amplifier can realize low energy
and high speed complete integrator

A. Matsuzawa
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1ing Excellen

Mismatch limited ADC: Flash ADC

A. Matsuzawa



Developing baseband SoC [

: : . : TaK; ﬂ/l.-EH—
Developed chip for 60GHz transceiver integrating AD Q- mtxeetine:

DAC, VGA, and PLL, using 40nm CMOS technology.

K. Okada and A. Matsuzawa, et al.,
RX: 300mW, TX: 110mW ISSCC 2012.

40nm CMOS technology ADC  5b, 2.3GSps, 12mW/ch

N Wit IEEEEEREEEEREEEEEETERE EEEEE IRARIEIRS. 0.22 mm
4 Lk e i [ >TE’§ T

3 mm

Www 6z°0
Y|

U20

| &
~

3 mm A. Matsuzawa



Analog Baseband : ADC 42

TOK YO TIECH
" 1152 MHz  5bit x 4, 288 MHz
VGA —> 5bitFlash | | siP |2
ADC1[ | 114 | —o0 o x s
—0 it X , .
zscéﬁnkHz af— I z o 288 MH» Or;_—g:th foreground
—o . Digital calibration
PLL —> 0—pp{ 112 |aB_— . »ﬁ o>t
| x —O
® —0
| 5bit Flash | | S/P —O0 M. Miyahara and A. Matsuzawa, et al.,
VGA = O ADC2 14 RFIC 2012.
0 -
: VGA Gain range 0-40 dB
— Fin = 100 MHz
R - ‘ ADC Resolution 5 bit
5 .30 VGA Gain = 12 dB Sampling rate 2304 MS/s
3 40 Power VGA:9mW _
S .50 M | Consumption ADC : 12 mW
(V)
S 60 ‘ DNL, INL <0.8LSB
£ .70 | | SNDR 26.1 dB
2 -80 FoM of ADC 316 fJiconv.-s
0 288 576 864 1152

*single channel inc. S/P
Frequency I:N""JE]Matsuzawa



Flash ADC design 43

TOKyd TI=CH

Offset mismatch determines the effective resolution.
Thermal noise can be neglected because of low resolution.

Probability

mismatch distribution

Flash ADC j
V.

/1

N Reduction of ENOB by mismatch

AENOB :llog2(1+12£M] )
%k ) L Yo J

Comps.

>

Encoder
p

o Effective Number of Bit
_ . @O Simulation -
= = Estimation
-0.6
o0
S 44 A
Ll
< 1.0 \
-1.2
1.4 N\

1.6
0 0.125 0.25 0.375 0.5 0.625 0.75
Vort (o) [LSB]

A. Matsuzawa



44

Strategy for low energy flash ADC /
yO TEL,

; ; ; raK /——
Small area is required to educe energy, but increases mi maffeﬂﬁem

Therefor, (digital) mismatch reduction technique should be applied
1

P, - QAENOB Vi) —=— E oc C. oc LW
FoM  =~¢ 5 e JLW . Ce
fe Small transistor increases mismatch
Small area realizes low energy ,s - Mismatch should be reduced 5,
10 T
e from 20mV to 3mV
- ‘ 300
o 7 =‘20 o’ -". .:
— / Ceant’ |
§ /; o _ 250
n 1
> . E 15 200 2
8 i 5 &
S 7 S 10 L 150
<01 ; =S 100
2 +7— Published 5b, 6b ADC 5
i 50
arget 3my
// 0 ‘ 0
0.01 % o 1 10 0 0.2 0.4 0.6 0.8 1
Area (mm?) Transistor size (um?)

A. Matsuzawa



Mismatch compensation for the dynamic comparatoras
TOKyO TIECH

Mismatch can be compensated by capacitance or current

Equivalent circuit for the fist stage

O—— ¢ O O

v gmvi CL VDD
IO OM }L =
O r 4 —0

NIVZS

D I t t — VDDCL ID o (Vgs _VT)H = Ve?f
elay time d o1 dl, I,
D Im = V. aV_
eff eff

dt, _ dt, _dID __VDDCL I _ _, @ >
dav, dI, av, 2I, I, ‘ Vg 7P Ver

CAt, AV, A, (ACL AIDJ

Voo — FPorFN

=

t, Vs

A. Matsuzawa



Digital calibration methods for mismatch / 46
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Resistor ladder type Capacitor array type

CAHAC Vp C.
o ') A~ 5
' r 4 '
0 b . 1o foC-s — ]
f i f:
L =. I
Current Capacitance
calibration calibration
VRT C
mux Comparator
- Node Comparator Node
- o i
: |t eeee- t """"" '
: : |1 |2 K2 2K1:
codes El I:l |:| I:l 0
v = Al=gmc(Vbac-Vem) : Ll—rl Ll—rl. oo '
RB K ] 0
I A A A
K (]
K to 2" Decoder eccccceee ‘.i\.K. .........
‘i\K D[0-+-K]
D[0---K]

Binary weighted capacitor array
Y. Asada, K. Yoshihara,T. Urano, M. Miyahara and A. Matsuzawa,

“A 6bit, 7mW, 250fJ, 700MS/s Sub-ranging ADC” A-SSCC, pp. 141-144, Nov. 2009.
A. Matsuzawa



Comparator with digital mismatch compensation / 47
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Area for digital compensation can be reduced by tech. scaling.

30pum 90um \

| Comprator T Strage Capacitor & Charge Pump |
120pm
30pum
(3, -
E === Resistor ladder > 90 nm
Comprator T Decorder Register 4b
) MUX
« S5 ,

25pm 10pm 30pm

(S k- .
E I _5_5 __ Capacitor array
I Comprator I cap Register 4b J
< Array >
65um
N
©

=
3 <€ ' B g
I” Comprator | UpDownCounter |
&Cap Array 5b .
) 41pm '

A. Matsuzawa



Effect of digital mismatch compensation 48
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The mismatch voltage can be reduced from 14mV to 1/7mV.

— Calibration ON

Measured result ---- Calibration OFF
40 Min/Max : -3.9/+2.9 mV = |
20 .69 mV
> | §
E | |
5 0 z
X ‘ |
-20 i
: : : :: offset(G) - 13 7 mV
- MinlMax : -38.4l+32.8 mV: ..............................

40046 32 48 640 10 20 30
Comparator Number Probability [%]

M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa, "A Low-Noise
Self-Calibrating Dynamic Comparator for High-Speed ADCs," A-

SSCC, Nov. 2008.
A. Matsuzawa
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PursuingExcellence

Thermal noise limited ADC: SAR ADC

12bit SAR ADC

420pm

S. Lee, A. Matsuzawa, et al., SSDM 2013

A. Matsuzawa



Sampling rate vs. power dissipation

50
50
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SAR ADC is the lowest energy ADC architecture

10
n
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2100y e s
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+ Phe
% 10” X * * :,' \““1' ¢ Flash, Folding
A P ® Pipeline
g, 1M - 2 “ Il AV ASAR
- -x SDCT
o 100n N . e S i(SDDT
Q. 10n - | el VCO
| -7 +Incremental
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Sampling Rate (S/s)

A. Matsuzawa, Tech ldea



Rapid energy decrease of SAR ADC | s,

Conversion energy of SAR ADC has decreased ré’ﬂféﬁ‘}."""”

1/1000 has been achieved in recent 12 years.

FoM = —*4__ (Jour) 1/1000 in 12 years
fox2 N’: Effective # of bit
10000.0 |
10bit
1000.0 '*\\
. 12bit - S
:.J: \\\, \\\ [ )
% 100.0 — L ~. @
Z -9 >~
g 1/1000 =i ! &\; $ :
S 100 T i
LE [ ] ‘\\I —
W \‘~Q\

1.0 <

0.1 .
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year
A. Matsuzawa



Theory: SNR and consumed energy 52
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Signal and noise in ADC SNR(dB)-190)

E, :10[ o))

V.. Ves: Full scale voltage

Quantization voltage v, :2_]5 N: Resolution

Thermal noise nt

. PS
Input signal @ + N

2
L . 17, V;
o Quantization noise P =—| | = —2—
Quantization 731 2 12-2
noise an
Thermal equilibrium _ kT
; ; Thermal noise B, = m? m: # of noise source
—CV? =—kT . . 2N
2 ) Required capacitance C:12kaV_2 P, =P,
Electrical energy=Thermal energy FS
o g o6 Consumed er;ergy
! Capacit
J_apac' > o E =20] Vs | —omkT 22 ~5x10% x 2 (J)
cC =/ — w 2
SNR(dB)-19

ST
= = = = E =100 " ()
Track g & H circuit Hold "

A. Matsuzawa



SNDR vs. Ew

/

53
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Theoretical trend has good agreement with experimentaldata’-

Consumed energy is proportional to SNR (SNR(dB)—l%j
_ 10
E, =10 )
1.E+07 —
m ISSCC 2018 X o
1.E+06 1| ¢ VLSI2018 o ©
o ISSCC 1997-2017 °6 o 0 _o. % |
1.E+05 4| x VLSI1997-2017 A SUSE-a L
----FOMW=1fJiconv-step | * O o oo, 0@ o0
__ 1.E+04 {{——FoMs=1850B s' e 24 FoM.=185 dB
) 2 RS %
OX 2K A 2 )
& 1E+03 - B R0
g XY
s 1.E+02
=
o 1.E+01
1.E+00
1.E_01 1 1 1 1 1 1 1 I I I
10 20 30 40 50 ©60 70 80 90 100 110 120

SNDR @ fi,ns [dB]
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SAR ADC 54

TOKYO TIECH
SAR ADC can be composed with no circuit that flows static current

Capacitive DAC Dynamic _
comparator CMOS logic

———————————————————

*No resistance
*No OPamp
*No static current

A. Matsuzawa



To address capacitor mismatch -

Ky TI=CH
Use small capacitor that satisfies the thermal noise F

Capacitor mismatch should be compensated digitally.
Capamtance mismatch CAL Floating capacitance CAL Split capacitor D

------------------------------------------------- Tt 1§

e TTW I

Capacitance mismatch CAL

4
_ oL Before 12bit . Floatina capacitor CAL
% 0 L 4 H — After
z n 4 / AN

-2 % 0 r / [ l{ Jm """ J?L‘(I%F‘f """""" V’b 'I ,
.2 Z:;'#CV?{"/IIIH'//IIIIIII
@ — 3y Yy )
?o 4 V ) v v
-2 5 |
=4 2048 2176 2304 2432 2560

0 1024 2048 3072 4096
OUTPUT CODE OUTPUT CODE

A. Matsuzawa



Use of MOM capacitor /
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ﬁgfxcellence

MOM capacitor uses the capacitance between the lateral interconnectiofi’
The capacitor density can be increased by technology scaling.

Smaller occupied area (same C) can be expected by technology scaling.
Furthermore, parasitic capacitance can be controlled.

3
R

MOM capacitor

2 Q\
B \
E N
= AN
=
>
e MIM it
I capacitor .
()]
A 0.9 X
-
0.8 \
0.7 \
0.6 \
0.5 3}
50 60 70 80 90 100 200

Design rule (nm)

A. Matsuzawa



Effect of comparator noise to SAR ADCs [ s

T UIZH ',I.-'EL' I;/I—
. . . . ursuingcxcelience
A comparator has noise and this results in conversion error.
Comparator noise determines SNR of SAR ADC
5b Charge Redistribution (CR) SAR ADC bO b1 b2 b3 b4
HITE= -
TITIL i
Vi@ P _|_ V/IFSAR
LIV
14381
Noise Distribution
H : :V Giannini, P:N zzo, V. Chironi, A. Baschirott
—3o ~lo T"’l" +3o : G. anlder las, uanc;)J Cranlﬁckx Ar?SéCZOJ)WOQb

10 1
INn ... - | 40MS/s Noise Tolerant Dynamic-SAR ADC in
90nm Digital CMOS,” IEEE ISSCC 2008, Dig. of
Tech. Papers, pp.238-239, Feb. 2008.

Comparator Threshold

A. Matsuzawa



Invention of low noise dynamic comparator 58
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We invented low noise dynamic comparator.

10 bit is a max. resolution when using conventional comparator
But this comparator can realize 12 bit resolution.

This paper has been cited more than 200 and becomes major comparator
— _kTy Ve

ni
. - CL Vos
Dynamic amplifier
G —— — o Voo é : : 5
CLK'/ ‘\ l 4.0 -Conventlonal ,,,,,,, 3
1 . . . I
OI_"_C”: :”o_“ I | o e el e
| | - I — 30 b TP D SR B
- > A
: C C I I‘ I E _ ............. R4l R B e
L L I g I s 0 I SR e
HE - ;%\ ' O T 20
I | | (I Lo Output G i Ml o g
Vil’]+ | D D Vin- — —= | I..' -, [ 1.0 _ ............. .......... i ............
|O—| |—OF - CA-L : : Fy I 5 — . Proposed
or ] ? : ; :
LM T, P ! ool——1 1
\ S T e R4 04 05 06 07 08 0.9
. . . . vcm [V]
M. Miyahara, Y. Asada, D. Paik, and A. Yusuke Asada, Kei Yoshihara, Tatsuya Urano,
Matsuzawa, "A Low-Noise Self-Calibrating =~ Masaya Miyahara, and Akira Matsuzawa, "A 6bit,
Dynamic Comparator for High-Speed 7mW, 250fJ, 700MS/s Subranging ADC," A-SSCC, 5-
ADCs," A-SSCC, Nov. 2008. 3, pp. 141-144, Taiwan, Taipei, Nov. 2009.
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Dynamic comparator 59
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A dynamic comparator is widely used to reduce static power.

The difference in input voltages causes a difference in discharging speed.

FP
FN

SP

3

D. Schinkel, E. Mensink, E. Klumperink, Ed Van Tuijl, B. Nauta, O

“A Double-Tail Latch-Type Voltage Sense Amplifier with 18ps S N
Setup-Hold Time,” ISSCC Dig. of Tech. Papers, pp.314-315, O ,i 2
Feb., 2007.




Deriving noise equation 60
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Transistor Sampling . . .
noise noise 1) Sampling noise of Switch
- —— r- @7 T\
Oo— { ¥ O— S ' 2 kT 2 <Uf21> kTC,
Vi ! 2 ! <v > =——, 6, = -
g., ! nl l ' vV n C d I 2 I2
I C DD L D D
V, — : | =] (C J
O o : : O T )
- - 2) Transistor noise
Equivalent circuit ot = g Sv Noise voltage of output by current noise
D
17 c? WICTAY
vn:_ lndt 52 = L52 = | dt
N~ CL E[ ty I2 vn Ig <£.(|;ln ] >
1 T %4
L, 5Z=k2CL(a7/ﬂ+1]
Ids Veff
: td }
.
rme Vy 6,) 4kTV. v
6V.2 _ eff Ytd _ eff ay dd 4 1
Voltage and timing TR noise in a t, chded Veff

A. Matsuzawa," IEEE 8th International Conference on ASIC(ASICON), pp. 218-221, Oct. 2009.



P (out=high) [%]

Match with noise simulation 61
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The derived equation has a good match with simulation.

2
V2= e TVeyy [ayvdd+ IJ

" a’C\vZ,

Noise in comparator

100 1.4
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Scalable P4 of SAR AD

C

62
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Pd of SAR ADC is proportional to the sampling frequency.
This nature is very suitable for loT applications.
Very low power when the sampling frequency is low.

5.0
4.5
_ 40
=
E 35
S 3.0
®
225
(7]
(7]
5 2.0
215
5
1.0
0.5
0.0

0

\"/
/ reduction
Vyp=1.0V
/'/ ——1.2V ||
eduction | 1.0V |
——0.8V
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Sampling frequency [MHz]

A. Matsuzawa

80

1.2V

Pd oC fclk 'CVD%

Like CMOS logic

Further Pd reduction
by low voltage operation

Suitable for loT applications

50MSps: 2mW
SMSps: 200uW
500KSps: 20uW
50KSps: 2uW
5kSps: 0.2uW

S. Lee, A. Matsuzawa, et al., SSDM 2013
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Thermal noise limited ADC: SAR+DS ADC

SAR+DS ADC
using open-loop complete integrator
with dynamic amplifiers

M. Miyahara, A. Matsuzawa, CICC, 2-1, May. 2017.

A. Matsuzawa



Hybrid ADCs y

TOKyD TI=CH
Recent ADC development trend is a hybrid architecture based on SAR ADC

CDAC
............................ Integrator |nteqrator SAR Comparator

|c/2|C/4 | } J~ | J’* _?E;I> Logic —> Output

High resolutlon = i—z[ i—[[ — =
VR+c:- ® ;

Residue : | 4
CDAC Ve Ot K
____________________________ \L Comparator

SAR Pipeline ADC

A. Matsuzawa



SAR + Delta-Sigma ADC -

_ _ _ _ . TOK YO TIECH
Further noise reduction is possible by delta-sigma
modulation that uses integrators ) 1
However, integrator needs power hungry OPamp an oC T
Binary-mode M
DEM M: oversampling ratio
L: # of integrator
" SAR Dot
‘/in O_ ;I: —.+}°u
psm [ | Logic Bbit
DSM: Delta-Sigma Modulata 4_- ........
DSM Integrator Integrator DSM
Output

input [ 'j"*; T

G, 0.5, G, 0.33,G; 0.33

J

g

A. Matsuzawa



Proposed open-loop Integrator 66
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It can realize complete integration with minimum energy

C.
Sz%(ﬁz S; | |l

Phase: ¢,
vout = vout_n-1
Conventional closed-loop integrator
¢1 Ovout_n-1
Phase: ¢,
n_-2 n-1 n vout= out_n-1
Z —I_ s Vi = AV,
bV b b ¢'C 3 V, = A, Vout n-1
Vin O b oG 04— 0—@
S1 Sz S4
C, 0+ C.0/ C,—r
T I T

Proposed opgen-loop integrator



Proposed Open-loop Integrator 67

: : : : T OK YO TIECH
Open-loop integrator can realize complete integration with minimuny énergy

Phase: ¢,
V = vout n-1
Phase: ¢,
V.=V +V.
Conventional closed-loop integrator 1 °*-""
¢1 O Vout
Phase: ¢,
n-2  n-1 n b V.= Voue na
’ —l- ¢| “ S Vi =A\V,
3 V,=A,V, ..
¢I Vi ¢2 ¢2 ? V, 2 2 Y out_n-1
i © s S ! OS_C ! Phase: ¢,
1 p— 2 p— ) — vout = (vout n- 1+v1+v2)l3
Co—+— Cuo/— C.u—/
u u u A1_3 A2_2
T T T Vout = Vout_n1*Vin

Proposed opep-loop integrator



Proposed dynamic amplifier 68

TOKyD TI=CH
Dynamic amplifier does not require static current
Ultimate low power, it consumes just wasted charge

1 Voo 51
Vout1 Vout2l vV
c Le

LI L
T

AV V|n2 V|n1
N i (a) Pre-charge 1 (b) Amplify i (c) Sample and hold
{a) (b) . v _AQ_ALT,  gAV, T,
Vb T, e, C, C,
Detect Vcom_O CL (VDD — ‘/com ) G AI/out _ gm Ta — _ gm ) (VDD _VCOm )
E L= I CAY, C, I p,
DA
2 | 3 \kij}z 2
§ et ot G =- (Vo0 Veom) Gain is almost determined by Vp
(VDD/2) . ‘\“:s\\‘\ out1 Veﬁ”

AL N N J. Lin, A. Matsuzawa, ISCAS 2011.
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Dynamic Amplifier Design 69
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* No DC current and No timer
 Gain controllable 1.5x~4.5x, 5bit resolution

VDD --eeeemememmmemeeecieeeeee, possesesseesseesscsssecssenssenotset ot aor et en e .0+
. 1 | 1] I
CLK; N MP1’J Mp. Mps ~ 0.8
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Mp, }3 > _i 0l v; op
| oo | ¥ ;
Von Cem Cewm Vop —
Ven' ) Ms EOC | Mia < 08 CLK
¢—9d S - | 2, EOC
::VII° Gci V.,
O— Mn1 M2 |—O 0.0 L Output __
MN5§£ Cc 5 16.0 pre-charge
' Mcc -y c
' R R ; ommon:mode
s s i £ 8.0 detection
R | 5 A i
........... b el
Common-mode : . V %4 70 = 86
: . Dynamic amplifier Time (ns)
detection circuit No DC current

A. Matsuzawa, Tech Idea



Dynamic amp. vs. OPamp. 70
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An OPamp-less integrator achieves 50~90% power reduction

2000 Proposed | Opamp
% 1800 F DC Gain(V/V) 3 100
= 1600 Folded cascode % of unit 2 1

14
,@. 00 !Ptegrator Open Closed
< 1200 ybe
= Integrator
§ 1000 Output noise 100uV RMS
§ 800 Settling error - 1%
g 600 | Telescopic| Settling time 1.8ns
©
g 400 | Opamp Jfo//ﬂ/ Clock Freq. 150MHz

i Pr
0 A S S N W S W R— time (6.7ns)

o 1 2 3 4 5 6 7 8 9 10
Opamp recovery time (ns)

A. Matsuzawa, Tech ldea



Chip photo / )
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Pursuing Excellence

« 65nm 9M1P CMOS technology
« Chip area of 0.08mm?
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A. Matsuzawa, Tech Idea
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Clock scalability 73
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FoMs > 170 dB for different sampling rates of 2.5 - 25 MS/s.
Power of the dynamic amplifier is clock scalabja=2
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A. Matsuzawa, Tech Idea

0
f.=125kHz- 1.25MHz

P.@ 10MS/s

Analog : 60.0uW (23.3%)
Ref : 35.1uW (13.6%)
Digital : 162.7uW (63.1%)



Performance Summary

74
74

TOKyd TI=CH

Recent noise shaping SAR ADC

This Work 23/1'%3['3] 2|(?1S sc[(1: ] 2|§1S 4C[(2:]
Architecture NS SAR NS SAR NS SAR [ NS SAR
Process [nm] 65 28 55 65
Active Area [mm?] 0.08 0.116 0.072 0.18
Supply [V] 1.0 1.55/0.75 | 1.8/1.1 1.2 0.8
Sampling rate [MS/s] | 2.5 10 25 0.1 1.0 1.0 0.128
BW [kHz] 62.5 250 625 2 20 4 16
SFDR [dB] 88.3 965 | 899 | 1118 | 108.0 | 105.1 86.9
SNR [dB] 84.3 84.2 | 822 | 9857 | 9444 | 96.8
SNDR [dB] 82.3 834 | 804 | 9799 | 9395 | 96.1 76.1
Power [uW] 66.3 257.8 |630.2| 371 493.1 15.7 1.37
FoM [dB] 172.0 173.3 (1704 | 1753 | 170.0 | 180.0 176.8

A. Matsuzawa, Tech Idea

The ADC has achieved high FoMs at the highest sampling rat



Performance
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Highest FoOMs and lowest FoMw from 50kS/s to 500kS/s

High SNDR of 83dB at 625KS/s
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P, of 630uW was obtained

FoM (dB) =SNDR(dB)
+ lOlog(fS /2j
P

d

f x 2ENOB

N

FoM ,,(J)=



Summary 76
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Power break through often made new applications and markets.
Current and future big market must be loT systems.

CMOS is ultimate logic circuit that doesn't consume any static power and
no relation between speed and consumed energy.
Small capacitance and low voltage operation are the key.

ADC should consider accuracy, distortion, and noise. Furthermore, these
factors essentially have tough tradeoff against low energy operation.

CMOS technology conquered many drawbacks by using capacitance to
realize S/H and to absorb mismatch voltage. Furthermore, CMOS enables
use of digital compensation.

Recent advanced ADC uses dynamic CMOS circuit more aggressively
replaces conventional amplifier.

A. Matsuzawa



