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Performance and architectures of ADCs
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Conversion frequency (Hz)

ADC has a suitable performance domain.

SAR ADC expands the performance area
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Strategy of energy efficient ADC design

4
Reducing static power
Resistor DAC - Capacitor DAC
OpAmp based - Dynamic comparator based
Reducing capacitance
E, = CVSD # of CMP Flash 2 Sub-range 2 SAR
AV, o \/(137 TR size Large TR = Small TR with compensation
1 v Noise Use complementally ckt.
n “Jc Clock Use self clocking

Reducing voltage

Effective to digital gates

Use forward or adaptive body biasing
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SNR vs. signal bandwidth 5

SNR of ADCs is inversely proportional to signal bandwidth, f,.
- Higher bandwidth results in lower SNR and effective resolution.

SNR(dB) ~ SNR, (dB)-101log f,
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Fundamental power of sampling circuit

Fundamental power of sampling is often used. P = 24kTf 2"

However this neglects power for comparison.
Quantization voltage

o _ Vs
Sampling circuit an T N
Switch Capacitor Quantization noise power
O—— 2 2
Signal P = an _ VFS
C "o12 0 12.2°7
: 2
1 L Noise balance Vn = Pqn
Track Hold 02N

Capacitance C=12kT

2

Electrical energy=Thermal energy FS

1 1 kT
—CV?==kT .. V’=—"
2 " 2 " C P,=2f.CV: =24KkTf.2*"

P, of sampling circuit
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Energy consumption of ADC 7

Consumed energy of ADC is mainly determined by the resolution.

Energy of ADC is reaching 100x of the fundamental sampling energy,
and 10x of the fundamental ADC energy consumption.
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18

P, =24kTf 2*"

P

[ S

E, =24kT2*"

E_=2°"x107"

Conventional fundamental sampling energy
_ 2N -19

Fundamental ADC conversion energy
involving energy consumption of comparator

Timmy Sundstrom, PhD thesis, Linkoping 2011.
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OpAmp based ADC design
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Mega-technology trend of ADCs 9

Major conversion scheme is now changing from pipeline to SAR.

Ist stage 2nd stage
Pipeline ADC c | L%_‘Cf _
s -
- I A °_, = I
Cs Sample C. Amplify
- OpAmp based design
- - Consumes static power

1st stage 2nd stage

-

Binary weighted Capacitor array Comparator
SAR ADC 9: = - Comparator based design
clc lclclclc Ib
2 4 8 16 16 _
RN RN No static power
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Amplifier for pipeline ADC

An OpAmp realizes an accurate voltage amplification.

I/O transfer characteristics

_%_Cf

1 T T
1stage 7
0.75
Vout /
0.5

AN/
Viig @ _go_c o /

Vout
B
T~
e

Vbac OpAmp B / / /
Unit conversion circuit //
Vref % Data 025 0
Vsig
Comp

C C 14 Ve =2V._.,0

Vour ® Vig| 1+ =5 1= =5 Viae ® Q(Vsig _ﬂj - f

i) G 2

Conventionally C,=C.=C,
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Low voltage OpAmp: Headroom and Pd 1

A two stage cascade OpAmp can realize low voltage operation.
However, the output voltage swing become lower at low voltage operation.

g Vef =Vis — Vi
= ~ m2
Vs_pp - 2(VDD N 2Veff) GBW ~ 4—7[(30 = Nf, Vy =0.15V
pr [I T __VDD — oG = ‘2/12 = 47[C0Nfc Co > (2 + %) v
O_CI'ECI I Q\L Em2 T Veff eff n_th
= NfV kKT
"_C”: ' ) 0 oo I, =27C NfV, .. = 27Nf. eff 2+ﬁ
Il\l/ II\L>—| I—' \LIQ © VnQ_th IB
L 2 | 3
8m1 M oOut Imo =49 1, =41
In V 5 =4
{z_l &JH O > L, = 512 n
Nf.V kT
I— — | X Fia = Voo Liot = 57Vpp Qﬁ (2 ' %]
Vbn O ] . [ ||: Veff n_th
—— Total Pd of ADC
) NfV. kT
Vesr m
Two stage OpAmp Pive = 2P, =107V, 2 (2 + ?]
n_th
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Required performances 12

Required gain and bandwidth of OpAmp and capacitance are determined by
the resolution and conversion frequency.

: 70dB: 10b  N: Resolution
Open loop gain
P P G dB) > 6N +10 94dB: 14b  f_: Conversion freq.

(

V,, -2V

e

2
ff _ _
N ENOB: Effective # of bit

2
Quantization voltage 2 -1 Veig | _ 1
32" 3

Thermal noise V2 g = V—(JQ(QQAENOB _ 1) AENOB : Degradation from ideal
n_
Yy :noise coefficien t = 2
. . m ) kT , .
Unit capacitance Co > 2+ - n : # of noise sources
n_th B : feedback factor =~ %
GBW GBW > NY.
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C,and P, at low voltage operation 13

Capacitance should be larger at low voltage operation to keep sufficient SNR.
This results in rapid increase of power dissipation.

Low voltage doesn’t make sense for pipeline ADC.

2 KT -SNR
oWV, -2v,)  swrw CVem  2GVe ul
- KT KT (Vo -2V, f
g 21, f.-T-SNRV_ .V,
fe c GBW oc 2 ~ P, =I1,V,, < Cof.V, V,, oc 2 o
¢ c” eff
Cc, C Veﬁ (VDD eﬁ)g
12hit, 100MHz ADC
1x10~? 10
1 V
Q) oC Pd o« DD
N (Voo =2V, \ (Voo =2V,
@ \ E | \
o o
@) ol
1X10_11 \ " \
1x10‘1%.4 0.6 0.8 1 1.2 0-0h2 0.6 0.8 1 1.2

Vdd Vdd
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FoM (J) =

FoM = 307{2 + %JKT(
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FoM: Figure of Merit of ADC 14

FoM stands for consumed energy normalized by the effective steps.

Low voltage operation for OpAmp based ADC increases FoM.

FoM (J/conv. steps)

Fy

AENOB
B x2

C > 2ENOB

ny
fc X 2N P, = 307[Nfc(2 + B jkT(QQAENOB _ leeﬁ (VDD

2 AENOB

VDD

V
02AENOB —1j eff (VD _ov

eff

1x10~ 11

lxlolz\\

1x10~ 13
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0.8 1
Vip (V)
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AENOB : Degradation from ideal

12bit, 100MHz ADC
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Comparator based ADC design
. SAR ADC
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Basic idea for low energy analog design s

Conventional analog circuits consume larger energy.
Dynamic circuits doesn’t consume larger energy.

CMOS: Consumed energy is independent of delay time.

CML, OpAmp CMOS
1 1
1 4§f%w%%q
S B o 1
VDDCL fEd = EfCLVDzD
Vil ViO—"
Is Pd _| —-: 1
]ctogle CLVDQD L f togle oC ROCL
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SAR ADC

SAR can be designed to consume no static power.

17

SAR can realize larger signal swing compared with pipeline ADC

Capacitors

Comparator Logic

c o SR G G Not OpAmp based,
21 4l sl 16l 1601 g, L but comparator based
S11 S12 SlS Sl4

S -
X __X__ _li __;_ __________ No resistors
I ? PT 7Y 9 Switches No static current !
= =1 =1 =1 = So Vrof Potentially full swing
;
o/o_ ,e
0— Vin
Sample

Generating subtracted signal E = —CVrif

V. C - T "¢ x - _(VSL —n- Vref)
- @ T Vref - } V ’

N, |0 =-CV.

mn

A T @-n) 0<n<1
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Performance overview of SAR ADCs

18

2011.06.18

FoM has lowered rapidly due to the progress of SAR ADC.

FoM (fJ/conv. steps)
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Issue of comparator for SAR ADCs 19

A comparator has noise and this results in conversion error.

5b Charge Redistribution (CR) SAR ADC , b4
il
TIIIILT pa—

i INp —l‘ /1y ; ; Q 21

INn 3 ‘ !
i{ t % { i CLK :
| i 1
i? frere ‘;E:wef
a== -1 | bO bl b2 b3 b4
Noise Distribution INp | I

28

-30c -lo T+lc7 +30

111 {g}? 0i O
Comparator Threshold INn---=- * | V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, G.

van der Plas, and J. Craninckx, “An 820uW 9b
40MS/s Noise Tolerant Dynamic-SAR ADC in 90nm
Digital CMOS,” IEEE ISSCC 2008, Dig. of Tech.
Papers, pp.238-239, Feb. 2008.

2011.06.18 A. Matsuzawa, Titech



Dynamic comparator

A dynamic comparator is widely used to reduce static power.

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

Vb
c, FP
== FN
p— Q -
o0
S
[e)
CLK":l l:'l_l ||f|_'|:| CLK 2 VA SP
D. Schinkel, E. Mensink, E. Klumperink, Ed Van Tuijl, B. Nauta, O /L
“A Double-Tail Latch-Type Voltage Sense Amplifier with 18ps SN
Setup-Hold Time,” ISSCC Dig. of Tech. Papers, pp.314-315, Feb., 0 1 2
2007.
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Deriving noise equation 1

Transistor Sampling : : :
noise noise 1) Sampling noise of Switch
o— - O o A KT o, (n)  xr1C,
9.V l | I I I <Un> = C—, 6td = 5 = IQ
| nl D /I\ \eL———/ VDD L LID] D
V. —> 1 [ \V - —
! — | | L C,
I
O—e | ! O T : .
= oo 2) Transistor noise
Equivalent circuit ot = g oU Noise voltage of output by current noise
Ot P
Vop | > 1 ty 2
‘ A : C? 1
| m vn:_ lndt 52=—L5v2 =— [ ldtJ
i o C, ! I I |
% S 2 L KIG, ( ]
| 1 a I
/2 | ds eff
Yool2 W\ —
¢ d__5 time 5 ,
. 6V2 = Ve bua TV ay Vag 4
Voltage and timing TR noise in a t, achded Veﬁ

A. Matsuzawa," IEEE 8th International Conference on ASIC(ASICON), pp. 218-221, Oct. 20009.
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Match with noise simulation

The derived equation has a good match with simulation.

4k TV ?
ir21 = 2 ef; QVM +1
CLVdd Veﬁ

Noise in comparator

100 1.4 | |
90 . . ——Estimation( @=2) | |
50 ' -8 Estimation( @ =1)
10 b | @ Simulation
70 i~ | |
= £
= 60 =08
iy
.‘%D 50 ©
% £ 06
CRT >
y ©
30 04
20 0.2
10
0 00
-10 -0.6 -0.2 0.2 0.6 1.0 0 10 20 30 40
AVin [mV] CL [fF]
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Required capacitance and consumed Energy 23

Node capacitances should be increased to realize higher ADC resolution.
This results in increase of consumed energy of the dynamic comparator.

Flash ADC: E. determines the minimum FoM
SAR ADC: E. cannot be neglected for higher resolution ADC

Vpp=1V, V 0.2V : ,
‘ bD eff > E.: conversion energy

1-10 //
110° 2fF & 41J @8bit
// 40fF & 80fJ @10bit

)

= - 0.6pF & 1pJ @12bit
= ¢ 10pF & 20pJ @14bit
%)

0.1
6 7 8 9 10 11 12 13 14

Resolution (bit)
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Noise improvement of dynamic comp. 2

Noise of comparator can be reduced by complementary ckt. and an optimization
of the node capacitance.

Dynamic comparator .
Noise of comparator

ofsercaL  CMOS input aob
| — . 7 ! O Va L QQ.UY?U_F'_QU@' ______ .
1 : : : :
CLK Oﬁ*@llj‘ b i = —C”:I I;lID— ) R N S Y
T > é | | |
D 2 R S— e — —
! R —q - — ook v I - T
;I_ ! ! i — O Voutp\b/
_______________ .|._.\ L II = = = e
' Pa Whp Wi WNa_r-___ 9 © Voun > 10F - e . A i S
_”:;] I ........... s Proposed .
0.0 | | | |

04 05 06 07 08 09

Vem [V]

M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa,
"A Low-Noise Self-Calibrating Dynamic Comparator
for High-Speed ADCs," A-SSCC, Nov. 2008.

Yusuke Asada, Kei Yoshihara, Tatsuya Urano, Masaya
Miyahara, and Akira Matsuzawa, "A 6bit, 7mW, 250fJ,
700MS/s Subranging ADC," A-SSCC, 5-3, pp. 141-144,
90nm CMOS Taiwan, Taipei, Nov. 2009.
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P, estimation of SAR ADC 25

Divide SAR ADC into three different circuits.

1) S/IH&CDAC 2) Comparator
2 _ 2
pds — 2.fccjs‘/DD pdc o 2(N + 2)fCCLVDD
i RN . R 52N
2N Capacitors 't Comparator |, Logic |, (C, oc
C oC ! 1 1 I L V3
il =mae: VG
2 i & i ;
L RSN
: i j j I j Switches : i
i c)/O_Vref : :
1 e p

S o e o o o o o R R M R M REm R REm R REm R REm R R Rmm R Rm R Rmm e e e e e e e ——

2) Logic gates and switch drivers P, = QNfCCgng C,: const

C,: Total sampling capacitance

C,: Load capacitance of comparator

C,: Effective capacitance of gates and switches
2011.06.18 A. Matsuzawa, Titech
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Equations to estimate the ADC performance 26

2
Quantization F 1 (VDDJ

voltage q 3\ oF
Permitted 2 _( 2AENOB )‘F Thermal 4kT | 'V Ver ’
the_rmal Vn_th = (2 -1 9 Noise of COMP. V”Q—th: C 7/VDDJr1 vV
noise ’ 7 P
2

Sampling C = 4kT Load : AKkT Voo Veff
capacitor s =2 Capacitor C;, =——|y +1

n_th Of COMP. Vn_th Veff VDD

P, of S/H Pas = 2fccsVl§D
P,_+P, +P, ) 240"

Pyof COMP. Pg. = 2(N T 2)chLVI§D FoM = ( - d} X ;gzjv)

pdg = 2Nfcchl§D

P, of Gate
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C, Py, and FOM vs. Vg, 27

Sampling capacitance C, and load capacitance C, increase with reducing Vg,
since the quantization voltage decreases with reducing V.

P, of S/H is constant for V,
however P,of comparator increases with reducing V.
P, of logic gate decreases rapidly with reducing V.

1
- 2
Bye % Pdg < Vip
1x10~ ! 0.01 DD
Comp
3 1x10—3\ _______ .| Logic
C=0.3pF  __c.ee=" ‘
Uq1><10—12 & e e PP
o B T A — S/H
L PrEL P, =const.
; C,=0.1pF
—13 )
b0 0.6 0.8 1 1.2 b0 0.6 0.8 1 1.2
Vd
VDD (V) VDD (V)
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FOM vs. V5 28

FoM can be lowered by reducing V, if P4 of logic gate is dominant.

Thus the voltage lowering is effective to reduce P, for low resolution ADC,
However, it is still difficult to reduce P, by reducing V for high resolution ADC,
even if SAR ADC architecture is used.

Gate dominant Cg=0'3pL N = 12bit
F. =100MHz

1x10~ 14

; COMP dominant C,=0.1pF AENOB = 0.5bit
o y =2
T =300°K
V, =0.15V
L1071 0.6 0.8 1 1.2
Voo (V)
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Example: An ultra-low power CDC

29

We have developed an ultra-low power Capacitance to Digital Converter.

1. 10b SAR like architecture

2. Self-clocking
3. Single to differential

Capacitor
DAC

3nA @ 30 times/sec

Tuan Minh Vo,Yasuhide Kuramochi, Masaya
Miyahara, Takashi Kurashina, and Akira Matsuzawa
“A 10-bit, 290 fJ/conv. Steps, 0.13mm22, Zero-Static
Power, Self-Timed Capacitance to Digital Converter.”
SSDM 2009, OC

| Finish
Mornitor

2011.06.18

Capacitor
DAC

>

Async.
Control
Logic

Pulse
Generator

Cx : Capacitive Pressure Sensor

A. Matsuzawa, Titech

CLK

:
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Self clocking technique 30

Self-clocking scheme is very useful

1) Reducing power consumption (Clock circuits, routing clock, )
2) Just an enable command signal is required. No need of clock.
Suitable for micro controller.

Comparison is ended if the output voltages are not same.

Output voltage of Self-clocking scheme

dynamic comparator
Comparator output

y
V- SP CAP

DAC | Async. E(c))
JL SAR |©

Neg. Edge Control | ¢

Pulse Logic .
0 Sampling E%

S N CLK ¢ :
0 1 2 Contro):able DI

2011.06.18 A. Matsuzawa, Titech
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Flash and sub-ranging ADCs

A. Matsuzawa, Titech
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Flash ADC 32

 EXxpecting highest speed N<6
« Comparator determines the ADC performance —

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

Flash ADC v , ]
Comparator _ V:; :% 6b: 63  V =1.0V
Array 6063 2

Vq=16mV, Mismatch <3mV

E-- -.-rNPt.lT
. . __0 1T 0
+0 4 0 Probability
E 1o + 0 N
8 6bit = Mav O
i O [T +1 T
R it +1 T
2 Loy +1 1L - ~
i +1 T 1 Offset mismatch
Vin Ideal Actual
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FoM of Flash ADC 33

FoM of flash ADC is determined by energy consumption of unit
comparator and the degradation of effective bit.

Reduction of consumed energy and increase of ENOB are very important.

P,  E, f 2"

f ><21_«:1\@3 ~ f X2N—AENOB
S S

FoM =

_ AENOB
-E, -2

Ec — CVI?D E_ . Energy/Comparator

1+12{(Voff(a)) +(Vn(a)j }:|
Vq Vq

Offset mismatch  Thermal noise (can be neglected)

AENOB = %log2
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Performance of flash ADC 34

FoM is degraded by the offset mismatch voltage of the comparator.
Offset mismatch voltage should be reduced at low voltage operation.

AENOB
FoM = Fy -2

O Simulation N
— Estimation C X 2

0.6 ;
0.8 \{ AENOB = llog2 1+ 12[V0ff(o_)J

0. \ 2 Vq
-1.0
a2 N0

V «(o): Offset mismatch

_AENOB [bit]

1.6 V, : 1LSB voltage
0 0.125 0.25 0.375 0.5 0.625 0.75
Voff (G) [LSB]
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Tradeoff: mismatch and energy consumption

Serious tradeoff between mismatch of transistor and gate area.

Larger transistor is required to reduce mismatch voltage
and results in increase of gate area and consumed energy.

25

Mismatch compensation

T "

* A BAPRA
g . » o
N P - :
. o . .
°, v )

* *

LIPRY

Offset mismatch (mV)

0 0.2 04 0.6 0.8 1
Transistor size (um?)

2011.06.18 A. Matsuzawa, Titech

350

300

250

200

150

100

20

E, (1J)

Example

6bit ADC: V _<3mV
E.<50fJ>0.1um?->V ~=20mV
Needs mismatch compensation

20mV =>3mV

Voffset (O-) oc

1

JLW

E, ocC, c LW
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FOM vs. Area

Occupied area should be reduced to lower the FoM.

We must pay much attention to the occupied area.

FoM (pJ/conv.step)

10

S
//
|
o
/ ._.
1 9
/]
/, .
:/,
9/
0.1 — 5bit and 6bit ADCs
/.’
4
0.01

0.01

0.1 1
Area (mm?)

A. Matsuzawa, Titech
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Digital calibration methods for mismatch s;

Resistor ladder type  Capacitor array type

CI._K—| .Ng

: CI._K _”j-l_-.Ng

Current Capaci-tance
calibration calibration
VRT c
mux Comparator
= Node Comparator Node
- i O SRR ,
2 o 1 T2 [2K7 2K
Ves 1 « A1=Gmc(Voac-Vem) . L|_|—' Ll—r'. ¢ l-l—,_—l Ll—l_—l E
T T 7T v
K to 2" Decoder R ) O
‘i\K D[O"'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 Subranging ADC” A-SSCC, pp. 141-144, Nov. 2009.
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Effect of digital mismatch compensation s

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
= 0
=

.......................

- Min/Max : -38°4l+32 8 mV
i

i i i
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.

2011.06.18 A. Matsuzawa, Titech
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Area comparison 39

Penalty area for digital compensation will be reduced with technology scaling.

30um 90pm
D
of )
=
3
[ Comprator 1 Strage Capacitor & Charge Pump 1
120pm ]

o )
:31 Resistor ladder > 90 Nnm
Comprator Decorder Register 4b
) MUX s
D 85um .
25um 10pm 30pm

qr
0O
>
)
. 2
7y
v

Register 4b

v

N .

%’I Capacitor array 40 nm
I""Comprator I UpDownCounter |
~_ &Cap Array Sb -
) 41pm i
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Issue of resistor DAC to generate Ve 40

Resistor DAC consumes static power and has a serious
tradeoff between Pd and speed.

R Vier T oC —
z-refmax ~ {Z + Ron Cpr — 41 + Ron Cpr I
f
- Coarse _ |
Vv scale Fine scale
IN —— T/H T : i
Lower |1
_ bit
Flne L T1
wn_ P — Previous [/
= ? ADC fine scale ,,-"'
= Y T1 T
> :
l :
“tiatch tbac 1
I Coarse ek Fine

conversion conversion
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Advantage of capacitor DAC to generate Vg

Capacitor DAC doesn't consume static power and has no trade off
between Pd and speed.

-1 r~ R _C
Vout — C (VI —n- VREF) on
b 2
1+ C E, ~CV},

tot

Cu_Lo CU—L CUJ— Cy OCLK/_\_/_\_/_

PP 41 Coarse toac l Fine
D<15=> ) D<14=> Y D<1>>) OFS=> Conv. @ Conv.
g ? ' ? 7 o 7 CDACl— ... PSR / Voutr=ViNn-Vbac

VREFN } ) T
v Vrerp O l l t 1 -
Vin © ¢ ¢ Sampling Hold  Output

ﬂ
>
=
L
| @
=
N

Operating as S/H circuit

* No static power consumption (360uW@1GHz )

 Smaller C, realize faster settling time
(tpac=3.4r,,C, <80ps @ roy = 1kQ, C ;= 15fF)
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Settling time and power 42

CDAC realizes faster settling time to RDAC
with low power consumption.

180 1800
CDAC
160 i 1600
140 / 1400
% 120 / 1200
5 100 CDAC 1000
3 o)
;' 80 T 800
X — RDAC
60 600
~ CDAC — @=05 vout(CDAC)
0 —hYY — =5 vout(CDAC) || 400
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6bit sub-ranging ADC using CDAC 43

6 bit ADC has been realized in a 90 nm 10M1P CMOS
technology with a chip area of 0.13mm?

A chanel
ine ~ Vbaca ] | — —HHHH
S ST | o b b L b
4 bit 3 bit Fine % [ | R !
CDAC x2 ADC 13 Fine'ADC |i§_—
Vinm - Vbacao § r:” A'ch & B ch ' =
fia 38 T -
Vin 28 e UishimelE i
28
Vine = Vbacs S o
i 3bitFine |3 | §
4 bit itFine | 3 | &
C. CDAC x2 ADC ‘e
Vinm - Vbaceo

B chanel fig

Y. Asada, K. Yoshihara,T. Urano, M. Miyahara and A. Matsuzawa,

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

2011.06.18 A. Matsuzawa, Titech



Performance comparison

44
Attain lowest FoM at that time

[1] [2] [3] [4] [6] This Work
Resolution(bit) 6 6 6 6 6 6
fs(GS/s) 0.8 1.2 0.7 1.25 1 0.7
SNDR(DC/Nyg.]  35/32 34/33 31/30 34/28 35/33 35/34
Pd (mW) 12 75 24 32 30 7
Active area(mm 0.13 0.43 0.052 0.09 0.18 0.13
VDD(V) 1.2 1.2 1.2 1.2 1.2/1.0 1.2
FoM(pJ) 0.44 2.17 1.31 1.22 0.8 0.25
CMOS Tech.(nr 65 130 130 130 90 90
Architecture Flash Flash] Pipeline] 2b-SAR]Subrange] Subrange

[1] C-Y. Chen, VLSI Circuits 2008.
[2] B-W. Chen, A-SSCC 2008.
[3] F. C. Hsieh, A-SSCC 2008.
[4] Z. Cao, ISSCC 2008.

[6] Y. C. Lien, A-SSCC 2008.

A. Matsuzawa, Titech

2011.06.18



Voltage lowering: FOM vs. V4

FoM can be reduced drastically by reducing supply voltage Vpp.

ENOB is degraded by the reduction of V,, however little affects the FoM.

Energy reduction by reducing Vyp is dominant.

N: 5bit V,; (c) = 6mV

R T

AENOB (blt_)_ 5 (0

________

45
AENOB210g2(1+12( "g( )J J
300 ;
Vop - 1. exp(— ‘g)
. 2
200 Lc = C.Vip + 7

2 FOM ~ E . 2AENOB
esocn 100 :
1 . :
P S Ve | E.:Energy consumption for each
Y | | R 0 comparator and followed logic
02 04 06 08 1 cireuts.
VDD (V)

2011.06.18
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FoM delay (FD) product 46

The FD product suggests the balance between the number of
interleaving and decrease of energy consumption.

Delay is increased and the operating speed is lowered by reducing Vg

We should investigate the optimum V by FD product.

S ! 250 __
4l Vr=04v F°""(f.J\)( g FD = FoM x Delay
v |} Delay(ns) | ¥ 200 =
£33} ; Q .
R e S I 150 = Delay time
I =
0 2F R =
1 b M e 100 3 Vbb
> = LL Td — k -
Qptimum rande o (VDD _VT)
0 50
0.4 0.6 0.8 1
Voo (V)

2011.06.18 A. Matsuzawa, Titech



Forward body biasing a7

Forward body biasing can decrease the delay time (1/2)
and can be used easily at 0.5V operation.

N
]
i

VDD

12 T T T T ——
CRTS T D S i Vip = 60mV
%10 : W/OFBB : v iR out
E 8 -/ ..... e .. O—e ¢ O
" N —Hk="'| v, = 100mVv
-§ v W/FBB(OSV)

> P .
L
o
o

: ; : ; Increased leakage current in
0 i i i i the proposed ADC is 0.32 mA

04 06 08 1 12 14y forward body biasing.
Supply voltage (V)

2011.06.18 A. Matsuzawa, Titech



ADC Structure 48

5bit 0.5V 600MSps Flash ADC is designed and fabricated in 90nm CMOS.

S/H circuits use gate boosted switches.

320um
A
. =
Vin © SH Comparator Up Down 3
< S/H x4 Counter 6b x4 m 3
g.. Comparator Up Down 3 S
cl8 . x4 Counterbb x4[132| o |32 & (5| &
a . \ o @ | et
o |V v 3 1 =~ V] =
5 Comparator Up Down 8 ‘033 "_Zli_l g
g SH x4 Counter 6b x4 S S g e
= Comparator Up Down ) 3 » 3
S/H X4 Counter 6b x4 E- %1
o
Comparator Block s
2b Interpolation (32 Comparators) -
A A A il
4 8 : : Fooi
¢ #" — # i . Bootstrap Driver.x 10
Clock Divider e n it !
Block diagram of ADC Chip microphotograph

M. Miyahara , J. Lin, K. Yoshihara, and A. Matsuzawa,
“A 0.5V, 1.2mW, 160fJ, 600 MS/s 5 bit Flash ADC”
A-SSCC, pp. 177-180, Nov. 2010.

2011.06.18 A. Matsuzawa, Titech



Performance Summary 49

A high speed and low FoM 0.5V flash ADC has been realized.

Reference # [7] [8] [9] [10] This work
Resolution (bit) 5 5 5 5 5
fs (GS/s) 0.5 1.75 1.75 0.06 0.6
SNDR (dB) 26 30 30 26 27
Pd (mW) 5.9 2.2 7.6 1.3 1.2
Active area (mm®) 0.87 0.017 0.03 - 0.083
vdd (V) 1.2 1 1 0.6 0.5
FoM(fJ) 750 50 150 1060 160
CMOS Tech. (nm) 65 90 90 90 / 90
Architecture SAR |Fold+Flash| Flash Flash ‘/ Flash
FOM.,., = 160fJ @ 600MSps
[7] B. P. Ginsburg, J. Solid-State Circuits 2007. FOMg; =110 1J @ 360MSps

[8] B. Verbruggen, ISSCC 2008.
[9] B. Verbruggen, VLSI Circuits 2008.
[10] J. E. Proesel, CICC 2008.

2011.06.18 A. Matsuzawa, Titech



Summary of energy efficient ADC design so

Reducing static power

Resistor DAC - Capacitor DAC
OpAmp based - Comparator based

Reducing capacitance

E, = CVSD # of CMP Flash 2 Sub-range 2 SAR

AV, \/(1:7 TR size  Large TR = Small TR with compensation
1 ’ Noise Use complementally ckt.
V oo« — _

JC Clock Use self clocking

Reducing voltage

Effective to digital gates and low resolution ADC

Use forward or adaptive body biasing
2011.06.18 A. Matsuzawa, Titech



