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A. Matsuzawa, *“ Design Challenges of Analog-to Digital Converters in Nanoscale
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Speed and power

Conversion speed has saturated at 200 MHz
Smaller mMW/MHz is needed for low power operation.

0.3mW/MHz for 10bit and 1mW/MHz for 12bit are the bottom lines.

10000

1000

100

Power [mW]

10
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Pipelined ADC

Folding I/O characteristics makes higher resolution along with pipeline stages.

Sample & Hold

1st stage

2nd stage

NN

Amplify (Hold)

Hold

CMP

2nd Stage

CMP

1st Stage
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Technology scaling for analog

Technology scaling can reduce parasitic capacitances.
However signal capacitance will increase to keep the same SNR at
lower voltage operation.

Parasitic capacitance - smaller  gjgnal capacitance >larger

Operating voltage - lower Voltage gain >lower
Signal swing > lower
V.l
. g oo T8 Technology vad  V,, :small
Vbp1 |j |T scaling Vbp1 Mﬁ |T
Voot Vbp2 ] j Signal Voote—| Vbp?2 ] j Signal
Q*G'L—C” Cap. %G'L—G”

Cap.

Voutp WVoutn | | ®

- b | 1
| (Vinp Vbn

_ %ﬁ:—’ J; Parasitic

Parasitic ; \

Cap.
Cap.
iti [ Parasitic
" z:;asmc e j'[ ’ a Cap. vonl_, ;é | Parasitic

.
—
J,, ______ Parasitic ,l, J,, ; Cap.

Cap.
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Performance model for pipelined ADC

We have developed the performance model for pipeline ADC that can treat
technology scaling.

11 A. Matsuzawa, “Analog IC Technologies for Future
OpAm Wireless Systems,” IEICE, Tan on Electronics, Vol. E89-
P P C, No.4, pp. 446-454, April, 2006.

1 o—Oo—o g
1 m
s | GBW ,, =—"p
1+ | _close 270 C
w | —— L
: p2 I
Cp| @ gm Cpo RL ; COL C
l B = f
—+ - C,+C,+C,
g,, : Transconduc tan ce of input stage C (C +C )
C,,C, : Signal capacitance for feedback loop CL = Cpo + CoL + FA”s Pl
C,:,C,, :input & putput paraciticcapacitance Cf + Cs + Cpi
C,, : Load capacitance C +C
R, : Outputresistance CoL -3 f Co = Cs = Cf = CoL
w ,, :Second pole of OpAmp
1 I |
GBW = gm ds

close =
= 2t C C. C C, ntCV A I |
0 2+ pi 1+ po + 1+ pi 0 eff ey apl ds = apo ds +l 1+ apl ds
Co Co Co Co Co Co
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Scaling and analog device and circuit parameters

Gate width and capacitances decrease with technology scaling.

1000

V=0.175V

(@)W, Wy u m/mALV, \, V, 5[V]

—_
S
S

Cap. [fF/mA],f;[GHz]
W[ 4 m/mA]

b1

2008.07.03

0.4

0.5

DR W, We | Van | Ve
90nm 243 | 749 | 082 | 0.69
013.m | 375 | 147 | 082 | 064
018u.m | 548 | 219 | 0.99 | 0.93
025.m | 1160 | 396 | 0.78 | 0.97
035um | 1620 | 603 | 1.01 | 0.86
(0)C,; > Cpi pCo[fF/mAL o, @, o[GHZ]
DR Coin | Coir | Cpo | ©pan | @pop
90nm 237 | 934 | 945 | 935 154
013.m | 655 | 249 | 168 7.7 103
018.m | 115 | 475 | 340 | 2.06 4.7
025um | 236 | 662 | 832 | 0.83 1.7
0.35um | 303 | 1034 | 892 | 0.54 1.7
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Determination of signal capacitance

Larger resolution requires larger signal capacitance.
Furthermore, Voltage lowering increases signal capacitance more.

out-

-1 Vdd

2V
eff

Output
signal
range

2V 4

Vdd'4veff

C,[pF]

90nm

0.13um

0.18um

0.25um

0.35um

1.2V

1.5V

1.8V

2.5V

3.3V

1.0V

1.6V

2.2V

3.6V

5.2V
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100
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Performance curve

Performance exhibits convex curve.
There is the peak conversion frequency and the optimum current.
Current increase results in increase of parasitic capacitances and decrease of

conversion frequency in the higher current region.
1

g el 1+(XLIdS AL 1+(XLIdS
CO Co

100C, = 50 fF
1
=~ (o ly)
3 d
1000 ©
g 7 1
= . (Constant)
- 3+a,
100 |
10 1 (o i)
001 3+ ool Iy

Ids[mA]
|~-90nm —=-0.13 ¢t m -+ 0.18 tm <-0.25 ttm -+ 0.35 m|
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Performance summary

Scaled CMOS is effective for just low resolution ADC.

Scaled CMOS is no
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Optimization of V

Optimum V 4 is a function of resolution, current, and design rule.

The lower V 4 is recommended for scaled CMOS technology.

12 bit, 0.18um CMOS 10 bit
Red: 90nm
Blue: 0
1,nuu§
g 4[“]% 'ﬁ‘ I"EIIIE
=, o0 I E
O : = Equ
2% " 250
1007 u - 10.0
] ~ 100 0.3 _
0.4 .26 i \(Q?X
: . vV [V] MR \ ¢
V. [V] - I [MA] eff

2008.07.03 A Matsuzawa_Titech
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Optimization of OpAmp in Pipelined ADC

90nm CMOS, near sub-threshold operation, and SC level-shift
have realized 10bit 80MHz ADC with 0.8V operation and small power of 6.5mW

SC Level-Shift
i Vel Vb4

_?_
Volgel e e
—I|,._ l'_ 1 Ccm
b
I}
Vb2, I | Cep
H——f
B A ok
M5 M6 .g Q‘
CMFB
| Vb3

Figure 25.1.2: Schematic of two-stage amplifier.

2008.07.03

HH

HH

Eqﬂ\ /qﬂ

i Vel vbs i |

P-P Amp.

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

OP

L_1SC Level-Shift| |

M. Yoshioka, M. Kudo, T. Mori, and S.
Tsukamoto

“‘A 0.8V 10b 80MS/s 6.5mW Pipelined ADC
with Regulated Overdrive Voltage Biasing,”
ISSCC, Dig. Tech. paper, pp. 452-453, 2007.

oM
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Results

FoM=0.2pJ/step

0.08mW/MHz

1P10M 90nm CMOS

Technology with MIM Capacitors
Resolution 10bit
Conversion Rate 80MS/s

Active Area 1.18mm x 0.54mm

Input Range 1.2Vp-p Differential

Supply Voltage 0.8V 1.2V

SNDR 55.0dB @2MHz |56.9dB @2MHz

51.4dB @41MHz | 55.6dB @41MHz

Total Power 6.5mW 13.3mW

Consumption

INL <1.0LSB <(0.5LSB

DNL <(0.8LSB <0.4LSB
2008.07.03

SNDR [dB] SNDR [dB]

60
50
40
30
60
50
40
30

Fclk=80MS/s, Fin=11MHz
[mTa=273K e Ta=373K|

N T
I L I

- Slov'v/SIow

HUe | | | | | []
I B
I @ oo oo oo et et ee et e eeeee s e eeeeeeee o

' ' ' ' Fas't/Fast
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
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0.13um: Morifuji, et al., IEDM 2000
0.4um : My data

2
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100

1 0 TO)C
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AV, (mV) \\ AVr oc N
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\\ 0.4um Nch
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Influence of V; mismatch in current staring DAC

Higher resolution DAC requires smaller current mismatch
which is mainly caused by V; mismatch.

I+A4i, I+A4i, I+A4i,y;

I+ 41,
J J J Van den Bosch,.. Kluwer 2004

.. - o
;\; o yie
777 777 77 777 -S
©
o(l) N 1 E
I ocy2® E 1
o
N: resolution =
C: Constant determined by INL ©

(o]

2

(G(I )j 1 0.1

T o« 2—N 8 10 12 14
Resolution (bit)
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T3 ILEHIEZFALV= DAC

CAL-ADC measures non-linearity of DAC
and compensates it’s non-linearity by CAL-DAC with logic

D[3:0] = : . .
[3:0] Reg. [ Delay || Latch "1 4,,1s8 [ V.. 14bit 100MHz DAC
w— Array
: ------ 500
:— - Array
1
D[13:8]— Reg-_l-b Decoder |=#f Latch —{—r 6b MSB Tlf- miniebaiat'
—) Array
- _________:;_-_____ s —18b— 4 | External ADC
4 addr ) —CALADC | N |
i RAM(63x8) 1 \ I )
: data | Latch -:-J'—- 8b (6+2) I
| . CALDAC |
| ? et Calibration |
: 11 Control
| : L1 ™1 |
I Bias 6b _Jd 1 I
| : Generator BiasReg - 1 |
\ | e e e e e e e . /
- e o o s o e e o e e e e e e e e e e e s e -

Y. Cong and R. L. Geiger,
lowa state university, ISSCC 2003

2008.07.03
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fEFEEX, miRIE1/50, JHEEAHIE1/20(275-1-=,

LOLEDHEIINEBICEEEADCHLEL-O. FREMNTH S,

14bit DAC INL DNL
1 4b 1 00 M Sls DAC o INL pl‘ol (be.mm calibraﬁon)I DNL plot (before calibration)

10
B | s : H ESS RENORR e §
1.5V, 17mW, 0.1mm?2, 0.13um BefOﬂE W H-9LSB . +-5 LSB
4 44— — L —
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=0 i . =0
4 z_v | % 2 | I L
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- 0.42mm 1% 4000 8000 12000 16000 'Co 401: 3000 12000 16000
e Digital code Digital code
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Aft?i : FL0A4LSB ° +/+ 0.35 LSE
E 0:2 I_ — 1 t Plis II I : il
E Eu_1i__.... 1! A | gzlf “l | ||||I | | 1!]
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A 14-bit 100-MS/s Digitally Calibrated Binary-
Weighted Current-Steering CMOS DAC without
Calibration ADC

Yusuke Ikeda, Matthias Frey,
and Akira Matsuzawa

Tokyo Institute of Technology, Japan
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Motivation

The relation between the area and the performance

"Calibratio
Target|-- b Resolution oc Log(Area)

Bandwidth oc 1 oC 1
Area

Bandwidth
Resolution

Area

*To realize a high speed and a high resolution DAC,
It is necessary to utilize the calibration technique.
*Keep the total area small.

2008.07.03 A Matsuzawa_Titech
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TIORILFEIEZFALV= DAC

L REHIRELI-DACIILLRIBRTHIET H5ELD T, ADCHTETH S,

14b DAC Before After
Comparator
o INL +/-6LSB +/- 0.5 LSB
6bit+1bit Py 03
VDD Al 6 | | N
CurrentMirror CALLOGIC . oab o __
ARRAY MEMORY 2 obk -
l O >80 50‘00 10(‘)00 15(‘100 -0'50 5000 10‘000 15(‘)00
Output ' | ®
MSB LSB CAL SuB D NI
SWITCH SWITCH SWITCH SWITCH - -
{6+ 18 3+ ) 6+1 s 3,
o MSB LSB CAL SUB )
ARRAY ARRAY ARRAY ARRAY ) | | e | | |
E Bbit+1bit goit 7 3bit+bit Bbit+1bit - -
1 ~ ~¥ Y~ ~ Y. Ikeda, A. Matsuzawa,
“_ Imses Imsso lomseo  Iise7  lismo | Ioate Icavo locatoilsusz Istso Icsuso "Digital Calibration Method for
S 28 281 28 277 290 27 2% 281124 2% 2% Binary-Weighted Current-Steering
MSBDAC LSBDAG CALDAC SUBDAC D/A-Converters without Calibration
MAINDAC ADC", IEICE TRANS. ELECTRON, vol.

E90-C, No.6, pp.1172-1180, June. 2007
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Error compensation by comparator

Example
Nature of binary weighted values 1 i1 1 1 1 1 1 1 1

_ -t —+—+
2_m - Z 2m+n + 2m+i / 24 25 26 27 28 28

n=1

o

1) Measure LSB value by CAL DAC with certain accuracy. 2"

r = I
8] — o 0 _ o
m 2m Z 2m+n 2N

n=1

2) Measure the error of each current source
by comparator with binary search .

3) Compensate the errors by digitally

T AHl2 13 14 14
2 2 2 2 C

omparator
______ I —— ::>__.
. T 5: Logic

| A I :IO_ - I I

| o |74 N—jf pN-j2 I2N—J+z

I e o oo ? oo oo

|

|

IV _ v YV VMMlILYyY_ ¥V NV JI Cal DAC Data in
Main DAC /O
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MSB calibration

__1 .1+m__ 1 1-Step
Jr—LC SAR process
—1 1L A/ CALLOGIC|11+1bit
nali MEMORY
| Icar+, lcar- Tsups |
l I, SUB-
A°B  BéA LSB, A: -0g
% % cALDAC | [ SYBPAC] | B: 45,
IvisBo /CT/I%BO
(=28I+61) (=2 l+60) S = — ICALA - ICALB
1

2

*Comparing ly,ggo With Ioysgo Calibrated by SUBDAC
*Current mirror mismatch and comparator offset are canceled by
change the switch position.
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The conversion operation

In[13:0]

[12] [11] [10] [9] [8]

IN[13:8] e L]

MSB MEM

MSB |MSB| SUB LSB CAL
DAC |DMY]| DAC DAC DAC
T __—
MSB Dummy MSB Calibration

Calibration
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Layout (0.18um CMOS)

800um

2008.07.03
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The Simulation Results

8 Before Callbratlon After Callbratlon
INL>6LSB ozINL<(D 5L
o e 2 e B e
3 0 l ************
ZI 020 W) TN
04 1" Y- EE———
5000 10000 15000 O 5000 10000 15000
‘ ‘ | 0_2, DNL>O 3 $BJ
m 4 | | ] | 1 | T T N
g 0
=
5 MR o2 [ 1|1
8 ‘ | | 04O \ | |
0 5000 10000 15000 5000 ”17770000 15000
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The Measurement Results

REF 0.0 dBm MEKR 6.11 kH=z
10 dB/ *_Ave Smpl B_Blank Posi =7.83 dBm

CENTER 27.00 kHz SPaH 52.5 kHz
#*RBW 100 H=z *YBW 100 H=z SWP 11 s *ATT 20 dB

MKR 6.11 kH=z
*4_Ave Snpl B_Blank Posi =7.91 dBm

CENTER Z27.00 kHz
#*REYW 100 H=z  *YBY 100 Hz SWP 11 s *4TT 20 dB
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The Performance Summary

2008.07.03

Tecnology 0.18 um CMOS
Resolution 14 bit
Update Rate 100 MSps
Full-Scale Current 11.9 mA
Supply Voltage 1.8V

SFDR (Before Calibration)

69.2 dBc @fsig=6kHz

SFDR (After Calibration)

83.4 dBc @fsig=6kHz
46.6 dBc @fsig=30MHz

Power Consumption

79.2 mW (analog)
5 mW (digital)

Active Area

0.74 mm?
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Comparator and offset suppression

Store the offset voltage in capacitor and subtract it from the signal

Offset suppression
V¢ at sigma reaches 30mV

in CMOS comparator (a) Low gain type (feed forward method)

1
oo l +

High gain type (feedback ’;od)
o—] o ® s
i (Va - Vos)(—A) == Vo - Va

Basic CMOS comparator
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Digital Comparator offset compensation

Offset voltage of latched comparator can’t be compensated by previous method.
Because it has no bias point. In this case, digital method should be applied.

Input terminals are shorted and the output signal controls
applied voltage to the differential pair in CAL circuits
so that the frequency of occurrence in differential output signals become equal.

é - \L T Comp_out

Logic
; /Latched CMP

@ /M
®
Veom V,,*
“A 90nm CMOS 1.2V 6b 1GS/s Two-Step Subranging ADC” CAL Circu Its CCAL= 10 Cs

Pedro M. Figueiredo- et al., ISSCC 2006
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Capacitor mismatch in pipelined ADC

Capacitor mismatch in pipelined ADC determines the conversion accuracy.
For the higher resolution, the larger capacitance is needed.

1
Sir C¢ Sy
Vie b S 10 bit
© h Vo T o4 el
o ot 7| —o £ \2‘?
S s C SZS E
! ® 2 0.01 \ 14 bit
Vbac = e
. DAC
om ~
P Vo = 2‘/m - VDAC 0.001
l 0.1 1 10 100
Capacitance (pF)
Vo = Vin(1+ CS J_ CS VDAC
C C
AC. AC, AC 1 AC 2x107*
AV =| —5 — vV, -V < —(0) =
o [ CS Cf J( in DAC) C 2N C m
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Capacitor mismatch compensation

Capacitor mismatch causes the large conversion value differences
at the input voltage where the comparator changes the DAC voltage.

Compensation method:

1) Select input signal to +/-V, /4
2) Convert this value with V,,.=0 and +/- V,_;and obtain 5 and 0o, .
1

3) Add or subtract this 5, 52to or from the output valyes

+/= Vref/4

S

cal

7
vino—f

Comp

. Vv,
= 0
= -Vref

l

Logic

1

ACTUAL
DOUT
P/
CAL." y /
\L" o"
o< S
ey IDEAL

l 10
."".'
77 0,

Vref

00
S.Y.Chung and T. L. Sculley,” A Digitally Self-Calibrating £
14-bit 10MHz CMOS Pipelined A/D Converter.” IEEE, JSC, /',"
Vol. 37, No.6, pp. 674-683, June 2002. i
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1/f/4 X
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IE-IH — —HHE
W/L=B00/0.4 ff
Wdd=2y

E-14 1d=1md

IE-IE | I N
s

1E-18 [

pMOS il

{E-17 - "

1E-18 . iS Bt

1E-13

E+02  1EH9 WG 1E40B

1/f noise degrades SNR of base-band signal seriously.
The 1/f noise from MOS is one or two order of magnitude higher than bipolar.
The larger gate area is needed to reduction this noise.

K 1
AV, — )
¢« C WL f
Gate Oxide Gate Oxide

Si Si

Drain current

time
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Chopper amplifier

Chopper techniqlie is often to be used to reduce the effect of 1/f noise.
. A Signal

s Jads

Vout Chopped noise

&
LB
B e i

",

Signal is reconstructed
Noise is filtered out

C.C. Enz, E. A. Vittoz, and F. Krummenache_r,

4 ) |IEEE Journal of Solid-State Circuits, S S SR
Signal v 22, No. 3, pp. 335-342, June 1987 | Chopper freq.=1KHz
1 103: without chopper . g'ﬂa
. el
1/f noise \ :_[2 : WIO chopper
'é 10} ..' . {10’
> F - ) ) 3
2t - aepsee W/ chopper _
4 Signal Chopper freq. Y TN S TSRO W
A 1 0 0 10 w0’
A LPF n: Frequency [Hz]
"\ 1/f noise 2V = 1 ,
E \ SNout (f) = (;j Z ?‘G(f - nfs) SNin (f - nfs)
i \\\ Z::o_doii
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CT filter tuning

RC or gmC circuits can realize active filter circuits,
However, frequency characteristics and Q of the filter are strongly affected by

Absolute value of R, C, gm and PVT fluctuation.

Then, the filter tuning circuit is vital.
Filter circuit can be used as oscillator, if the Q become infinity.

— Filter [——
Ref clock j Dummy | Peak
——{ PLL | . ,
Oscillator Detector
frequency tuning “.. Qtuning
gm cont g, cont\.\\

5
e il
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Digital calibration in mixed signal SoC

To keep high production yield and stable operation against PVT fluctuation,
mixed signal SoC has many digital self calibration circuits.
MCU controls many analog parameters.

PRML circuit for DVD recorder

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

: Analog Filter output] ' }
[RF input] [ g P ] I ims Level Extracted
H e i etecto
( 7 B o | [T
HR s offset| | 5" order ||:i [7bit] [ [ FIR e
> |Adius{” [Gm-C Filtef :: [ADC Filter |\ etecto
: : digital [FIR output]
Pick up - rrr—aentrol Frquency Coop
e :E: X >
Outputs £ DAC[¢e———— Phase “[Filters
2 Digital: :: : | \ Comparatoy ‘
. R = i A
‘_E DAC :Callbratlg?I Gain DACs
< Dp_mn rol ¢
ect| : vco
Wobie| | Dstect]” fobbic
R Detect T >
| Servo
| Rre-ProcessoF i System Extracted
.................................................................... il Clocks 1.7 ] Clock
v \

Servo Error Signals Defect
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Issues of analog compensation technigues

« Basically use discrete-time technology

— Difficult to apply Continuous-Time circuits.
— Needed clock causes another noise.

« Some need calibration period

— At power on
* Needs not short time to wait the system becomes stable.
« Some different situation at the power on.

— Idling time on the job
« Can get sufficient time for calibration?
« Too much system depended.

« Calibration on the job

2008.07.03

— Conventionally needs extra circuits.
Cost and power consumption increase.

— Needs many calibration time, if statistical methods are used.

A Matsuzawa_Titech
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Conclusion

* Analog circuits require compensation technigue
— Mismatch is inversely proportional to the square root of area.

AC AR 1
st (W R )=
— Control of absolute vale of device parameters is difficult.

— Also, device parameters are affected PVT fluctuation easily.
— If not use of compensation techniques

« Large area, large power consumption, poor frequency performance.

- Compensation techniques are very effective to improve precision of circuits,
production yield, and durability to PVT fluctuations

« However, they have many issues
— Basically DT method are used and difficult to apply CT circuits.
— Need calibration periods

2008.07.03 A Matsuzawa_Titech
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INATSAEIADC

REDE R - EfFEADCHETR
INATSAUBADCIE -$EARAL EINATSAHINZITS
- B ELEE (ADC)
e RIZECI-DACEERTE
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p. Schvan, et. al.. “A 24GS/s 6b ADC in sonm 160 60 SA ADCs realize 24GS/s conversion
CMOS,” IEEE ISSCC 2008, Dig. of Tech.

Papers, pp.544-545, Feb. 2008. One ADC: 150MS/s
#of ADCs =16 x10 =160
C—mm - 25V_____ M----——— - N - >
= . 6 48
- ! I_,sub-ADC (16) » 1:8 demux >
o |: :
0 - : : 170MHz
I g : : sync.
I A 6 ' 48
1| £ [ 7 L,]sub-ADC (9) » 1:8 demux >
= I = I
2 2 I A A I >
Input | £ b~ I o
o) | | . “
2 | 2 , | multi-phase Clock S | spia
=y " clock generator >
12v,, | £ 5~ I T c [
gitft. | o v }i ! £
o | — 2 1 6! 48 é’
: © [7 )] sub-ADC (8) : » 1:8 demux >
| =i : I :
L | I
I E 52 I I
I I I
t | T 7 sub-aDc (1) P4 1:8 demux o—
| = r” | .
I I I
1 |
offset cntrl gain cntrl timing cntrl
DAC array DAC array DAC array
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Packaged ADC performance 5 Gs/s iR EBE LT IEBLLVAS,

FoM=3pJ/convId{E<7ZLN

Resolution 6 bits 1pJ/conv.$§J§‘{7b“§kLL\o
Conversion | 0.1 - 24GS/s WHIBEDA —/N\—~NYFHBKZLN
rate

Input range 1.2V, diff.

ENOB
average cal/ |4.2/4.8, F, = 8GHz % B [Lee’03] [Poulton’03]
cal each freq | 3.5/4.1, F,,= 12GHz % 40 1 Com < "ENOB T etwanel)
SFDR 40dB @ 8GHz % 30 |- 2F;, 28NOB | | [

35dB @ 12GHz ;’; 1} ISR T

S N
Power 1.2W @ 1v and 2.5V LL 10 ................................ [:arwood’07] ............. Thlls Work ........
ADC core 4 x 4 mm? 0 |
0 5 10 15 2 5 30

Process 90nm CMOS Sampling rate, GS/s
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EIEIR T ALV =E X

JADC

ERELD-OICHEFDEIZIEEEFZELT-
T ANRBETL—ICKYEANERHER

analog
input

+—

+

|
—
REF | H
l

M. Hesener, A. Hanneberg, D. Herbison, F.
Kuttner, and H. Wenske, “A 14b 40MS/s
Redundant DAR ADC with 480MHz Clock in

Papers, pp.248-249, Feb. 2007.
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|—<— DECODER

0.13um,” IEEE ISSCC 20007, Dig. of Tech.  thermo.

<—
binary

Logic

digital
output
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2008.07.03

AAYFEEZHHTAETH B EFEHERIEIZTES,
—>EHROE T —XTIEFIBFE/ PN SKLTEERZTIEK,
A ED IRV FERSKLTERBEZSHTLNS,

sample
hs hs hs l
\svv\
I [ + -
C-array N out | to latch
I [ - F
%
Stage 4
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TR

8 IR #A0MHzI Z TEN 7 2 BE
(FEBICERENGSNERTHD)

0.13um CMOS
Supply voltage |1.5V
Input range +0.9V diff.
Sample 40MHz
frequency
Internal clock 480MHz
frequency
Analog power [49mW
Digital power 17mW
Total power 66mwW

2008.07.03

13.5bitE66mW TE K

FoM=0.14pd /step

90.0

THD & SNDR vs. Signal Frequency

| SNDR
| Ca
88.0- \ THD
A= —~ [+
86.0- \
m
L=
84.0
~ F— (.--«1
7 \_,J\
82.0- )
80.0
I | I I
0.0 0.5 1.0 1.5

Sig Freq [MHZz]
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LA A TV MEILE

LALLM A LEEREEEBRNRENGENEZITTHS,
BETLICKIBREVNVERICIYATEVNERZHEL TS,

0

i

(3)| &t 5 ()
He

T+ C

OUTp
<I—

A gt

OUTn
— >

R b“r} "§

Com
Dp{>c

J. Craninckx and G. Van der Plas,

OUTp Valid
OUTn

“A 65fJ/Conversion-Step 0-to-0.7mW 9b Charge-

Sharing SAR ADC in 90nm Digital CMOS,

ISSCC 20007, Dig. of Tech. Papers, pp.246
Feb. 2007.

2008.07.03

” IEEE
-247,
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A 0.026mm? Capacitance-to-Digital Converter for Biotelemetry
Applications Using a Charge Redistribution Technique

Kota Tanaka, Yasuhide Kuramochi,
Takashi1 Kurashina, Kenichi Okada,
and Akira Matsuzawa

Tokyo Institute of Technology, Japan
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Proposed circuit

2008.07.03

=

H—T—>Venm
SAR Logic 17

Cs Off-Chip

?
T
,

1 1 ...L o—

T T
SCLIA C 326[[1 CrN CRIIA

*-
r
T

+

A e

Cx
Capacitive
Sensor

kVbp

Capacitive sensor attachable,
but sensors have a problem.
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Chip photo

2008.07.03

Capacitor
array

Small area (0.026mm?)
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Measurement results (1)

Small area and low power consumption

Resolution 8 Bit

Supply Voltage  {1.4 \DO———

Sampling Rate 262 kHz

SNR 43.22 dB

ENOB 6.83 Bit

Current {169 yAH>—L—236.6uW
Consumption 360 pA (when using internal clock )
Minimum DNL -0.97 LSB

Maximum DNL 0.79 LSB

Minimum INL -1.27 LSB

Maximum INL 0.99 LSB

{0.026 mm?)
0.034 mm? (when including clock)

Ex) AZCDC  4.2mW [6]
30mW, 20aF, 20bits, 4mm?2 [7]

2008.07.03 A Matsuzawa_Titech 81
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TOKYO TEECH

A 0.05-mm? 110-uW 10-b Self-Calibrating Successive
Approximation ADC Core in 0.18-um CMOS

Yasuhide Kuramochi'2, Akira Matsuzawa?,
and Masayuki Kawabata

1 Advantest Laboratories Ltd., Miyagi, Japan
2 Tokyo Institute of Technology , Tokyo, Japan

Matsuzawa [
& Okada Lab | i

JADVANTEST

2008.07.03 A Matsuzawa_Titech 82



Proposed ADC Core Circuitry

VINP o
Extremely T T T\.T T T\.

small

t !
Main DAC J-"J- J— J—"
VINN o4

VCM
y

2008.07.03

VREFN

VREFP

70 U %’&U 011

LTyl T IyT T T

T TTT

It

LY |

VREFN
VREFP

.-

L L L1

L))

nn

I L I A A

I n ?::1 g»_&_?i}
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Measurements of Cap. Errors

VREFP

e Measurement sequence :
1. Measurement of the offset

2. Measurement of the upper S-bit
« CAL SAR search for ACk err — =0

2008.07.03 A Matsuzawa_Titech
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Chip Micrograph

 0.18um CMOS, 1-poly, 6-metal Layers, MIM
Capacitor

« Control logics are composed of an off chip
FPGA

e, . e e B
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Measured Spectrum

* Fsample IMS/s, Fin 1kHz, 1.8V Supply
Calibration Off

0

2008.07.03

Calibration On

| SFDR=72.3dB

2 3
Frequency [kHZz]
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Dynamic Performance

* Fsample IMS/s, 1. 8V Supply

60

Callbratlon On
O 9

SNDR [dB]

SFDR [dB]

1k 10k 100k 1M
Input frequency [HZz]
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ADC Performance Summary 1

Technology 0.18um, 1poly, 6metal CMOS
Resolution 10bit

Active Area 95um x 550um=0.05mm?
Sampling Rate I1MSps (12MHz clock)
SNDR @nyquist 51.1dB
SFDR@nyquist 69.8dB

Full Scale Voltage 2.2Vppd

Power Supply 1.8V

Power Consumption

110pW(Analog)

2008.07.03
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ADC Performance Summary 2

-
o
o

— This work . “
§ (Estimation MSps AD? - -
» with Digital) e o
é 1p g\..) “““““ T L P R
; y e
= . = | e 12Bit
21001: ThlSWOrk =========== S [2](90nm) ¢ 11Bit
5 (0.18um) 4 | = 10Bit
L ~[M1(90nm) |, gpn

10f Good 5 |

0.01 0.1 1 10

Area [mm?]

[1] J. Craninckx, et. al., “A 65fJ/Conversion-Step, 0-to-50MS/s 0-to-0.7mW 9bit Charge-Sharing
SAR ADC in 90nm Digital CMOS”, ISSCC 2007

[2] Y. Jeon, et. al., “A 4.7mW 0.32mm2 10b 30MS/s Pipelined ADC Without a Front-End S/H in
90nm CMOS”, ISSCC 2007
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Conclusions

* A 0.05-mm? 110-uW 10-b SAR ADC core:
- 0.18um CMOS
- Minimizing total capacitance based on SNR

- Minimizing the area of lower bit DAC with series
connection of binary DAC

- Maain DAC with low accuracy small capacitors

calibrated by CAL DAC, SNDR:9.0dB,
SFDR:23.3dB improvement
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SHE-ILIRIEADHE

CLS can realize higher gain and rail to rail operation.

B. R. Gregoire, Un-Ku Moon, ”An Over-60dB
True Rail to Rail Performance Using Correlated
Level Shifting and an Opamp with 30dB Loop
Gain,” IEEE ISSCC 2008, Dig. of Tech. Papers,
pp-540-541, Feb. 2008.

0.9V

T .
]
1 ||<_I |_”j Gain (V/V) With CLS
_ CLS 2 . -
c-—r Bias OU; c ™
A 1050 e
& //. N
Oj_—q —> 19 Without CLS
0.0V
- 01 03 05 07 09
p=1l2 1« Output Voltage
2008.07.03 A Matsuzawa_Titech
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Correlated Level Shifting

2[R T S L TIRIBEEZ LT, IRIBEKRET S,

ENOB=10,Fs=20MS/s, 7.5mW, FoM=375fJ/conv.-step
d1

<?0\‘—0
C C 3
VA LY Y v
7| | C
+ Vin = Vn+
Le- V,/A La- 2V \-Vo/A
Le-AV/A Le-2V,\-AV/A
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90nm CMOS, near sub-threshold operation, and SC level-shift
have realized 10bit 80MHz ADC with 0.8V operation and small power of 6.5mW

_?_
Volgel e e
—I|,... l'_ 1 Ccm
——
I
Vb2, I | Cep
H——f
B L
M5 M6 \S‘D’] QF‘
CMFB [
| Vb3

Figure 25.1.2: Schematic of two-stage amplifier.

2008.07.03

SC Level-Shift P-P Amp.

it
By

=4l

OP

i Vel vbs i |

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

M. Yoshioka, M. Kudo, T. Mori, and S.
Tsukamoto

“A 0.8V 10b 80MS/s 6.5mW Pipelined
ADC with Regulated Overdrive Voltage
Biasing,” ISSCC, Dig. Tech. paper, pp.
452-453, 2007.

oM

SC Level-Shift
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"Fonf-HER

FoM=200fJ/step

200fJ/conv. @O BIF/FEZFZERL

80uW/MHz

1P10M 90nm CMOS

Technology with MIM Capacitors
Resolution 10bit
Conversion Rate 80MS/s

Active Area 1.18mm x 0.54mm

Input Range 1.2Vp-p Differential

Supply Voltage 0.8V 1.2V

SNDR 55.0dB @2MHz |56.9dB @2MHz

51.4dB @41MHz | 55.6dB @41MHz

Total Power 6.5mW 13.3mW

Consumption

INL <1.0LSB <(0.5LSB

DNL <(0.8LSB <0.4LSB
2008.07.03

SNDR [dB] SNDR [dB]

60
50
40
30
60
50
40
30

Fclk=80MS/s, Fin=11MHz
[mTa=273K e Ta=373K|

N T
I L I

- Slov'v/SIow

HUe | | | | | []
I B
I @ oo oo oo et et ee et e eeeee s e eeeeeeee o

' ' ' ' Fas't/Fast
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
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V=V Vi ERBIE T HETHREZ LIFHIENTES,
W%ﬂﬁ%?f‘(iveﬁ’&'lz (157":75'75“&(,\0 M. Miyahara, A. Matsuzawa, "A Performance Model for the

f. [MHz]

1007

2008.07.03

400
300

200

0.8

12 bit, 0.18um CMOS

Design of Pipelined ADCs with Consideration of
Overdrive Voltage and Slewing", IEICE TRANS.
ELECTRON, vol. E91-A, No.2, pp.469-475, Feb. 2008.

10 bit

Blue: 0

L0004

750
500

250

0.2

Vef—f [V] n.1
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MOST A AN & E 1L

A—br;FRILROXAFDI=HIZCALNGNS/\O—F AL
FLAUBRZ TS, BRSO BEETIE S,
FCC.7F7A5EBICAWNAMS U OREIDHF/NA—FAZITHEWNAEREZRAW-,

Si/8i0,/HfO,
Halo TiN
NiGe / TaN
Si0; box "\ \\ L1 /_
—\ :
@ i - \.E"J‘/)

Haloi¥ A

M. Boulemnakher, E. Andre, J. Roux, F. Paillardet,
”A 1.2V 4.5mW 10b, 100MS/s Pipeline ADC in a
65nm CMOS,” IEEE ISSCC 2008, Dig. of Tech.
Papers, pp.250-251, Feb. 2008.
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DC-gain versus length (L)

Halo;E A MFELVEE

>

60

0,06

Lum)
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COEMERMYFDAERETIFLEICELENTHS,

M. Boulemnakher, E. Andre, J. Roux, F. Paillardet,
”A 1.2V 4.5mW 10b, 100MS/s Pipeline ADC in a
65nm CMOS,” IEEE ISSCC 2008, Dig. of Tech.

Papers, pp.250-251, Feb. 2008.

Lmin (HPA)=0.14um

Ron versus input (Vin) Vt versus length (L)
__ 250 \ 0,75 ‘
7] w=cste - Ron HPA | , +~ HPA
£ 200 = RonLvT _ 0T
O > 0,95 ! = LVT
—_ — i |
150 ¥ 0,45 .
S / ™ ~ 0,35 —
X 100 e ’ L
— 0,25 /
50 ‘ ‘ 0,15 I \ \ T \
0,3 0,5 _ 0,7 0,9 0 0,2 0,4 0,6 0,8 1
Vin [V] L[um]
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MEREELER

ZDHEER. SA ADCiEiD62fJ/IConv. stepDIELXCFOMZEZERLT-,

Resolution 10 bit
Sampling speed 100MS/s
Input range 1.0Vppd
Power Consumption 4.5mW
SNDR 59dB FoM= 62fJ/conv.-step
DNL +/-0.1 LSB
INL +/-0.2 LSB
Active area 0.07mm*2
Technology ST CMOS 65nm
Tech |VDD |Fs Power |SNDR |FOM References
(nm) | (V) [(MHZz)|(mW) |(dB) |(pj/step)
130 |1.2 120 90 57 .1 1.25 B.Hemes
ISSCC-2004
90 1.2 12 3.3 52.6 0.76 R.Wang
ISSCC-2005
90 1.2 |100 35 56.9 0.6 G.Geelen
ISSCC-2006
90 1.0 |100 33 55.3 0.69 K.Honda
JSSCC-2007
90 0.8 |80 6.5 55 017 M.Yoshioka
ISSCC-2007
65 1.2 100 4.5 59 0.062 This work
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OpampAR—RXADC&EA/\L—EFR—XADC

/§47’54‘/§2 ADC 1st stage 2nd stage
Opamp base L. ~ L\v_ff . ~
- R I >
Op amp 31 Op amp . . .
OP7 7 hitEkE. — T e T
%j]%iiﬁ Cs Sample Cs Amplify
CMP m CMP ﬁ
1st stage 2nd stage
SA ADC . . .
Binary weighted Capacitor array Comparator
Comparator base ?: 1=

+

c_| c C C C C _‘F

ttiﬁ%ﬁ?ﬁﬁliﬁ'és 2 4T 8T 16T 16 >

Vin_o o— Vref
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SA ADC

SA ADCOERBFITEEERNEL AEBNLES. BESENBETH S,

Capacitor Comparator Logics

z _i z i i Switches sz(N+2)E

o—— Vref
o— Vin E, : Energy [ conv
Tbc
<>
1 : .
T = 7 (N + 2)T T,. : Bitcycle time
T, :Switch settling time
T,,, :Comparator decision time
T — Tset 4+ Tcmp Tdig leg Logic delay time
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vDD
-

Col:rpp

9
s
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FP
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2008.07.03

Olﬁ'p

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,”
[EEE ISSCC 2008, Dig. of Tech. Papers,
pp.238-239, Feb. 2008.

M. van Elzakker, Ed van Tujil, P. Geraedts, D.

Schinkel, E. Klumperink, B.Nauta, “A 1.9uW
4.4fJ/Conversion-step 10b 1MS/s Charge-

Redistribution ADC,” IEEE ISSCC 2008, Dig.

of Tech. Papers, pp.244-245, Feb. 2008.

A Matsuzawa_Titech

Fast voltage fall

VoA
FP
FN
g 0-
8
2\ SP
07 SN
0 1

Dynamic comparators use the fast voltage fall
depended on input voltage difference
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SA ADCIZH TS LR 2R D[Sl RE

LRI HD/ M X7 TEH L. SA-ADCHERFEEEIZEIT,

5b Charge Redistribution (CR) SAR ADC

( 77777777777777 lT:Vref
11771
TITITTL
V@) | ] R
IIIITVL
;E ;E ;E ;E ;% i;Vref
V. Giannini, P. Nuzzo, V. Chironi, A. Noise Distribution

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.

30 ~lo A+l +30 . . 0
INn ----.-4 | {r:é

Comparator Threshold
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LEBRES D /A4 X & ENOB

SA ADCIZEWTIE0.1LSBEEDE/ A XHNEREN D,

Vd~LSB(g
n

o, <0.25LSB :-1bit deg rade
6, <0.15LSB :-0.5bit deg rade

9

—1Ideal
— .=LSB/3
o o/LSB=0.24
21 8.75¢ ENOB=8.09
2
=
O o5t 8 8.5}
- Z
£ L
[11]
8.25¢
% 0.5 0 0.5 1 st
VA/LSB

0 0.05 0.1 0.15 0.2 0.25
V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, o/LSB

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.
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TLRAB R

&SRO /A X LHREEEIHT 510, 8F(F /M X) L8z &
E/4 X (BF) LBzl AEHES,

INp 1&/4%*1552@”’?
ouTp Monte Carlo on 9b CS-SAR

ENOB+0.75

INn
1)
Comp V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, <]
(> G. van der Plas, and J. Craninckx, “An 820uW 9b i 8.25f

40MS/s Noise Tolerant Dynamic-SAR ADC in

NoTe 90nm Digital CMOS,” IEEE ISSCC 2008, Dig. of Standard
o Tech. Papers, pp.238.239, Feb. 2008, 8|, redundant
€ch. Fapers, pp.2o6-259, FED. : —e—NoiseTolerant

: 7.75}

e  Comparators are sized so that o/LSB=0.17
o HN ~1/6 LSB and 0 0.05 0.1 0.15 0.2 0.25
s/LSB

* Good ENOB improvement with Noise Tolerant correction
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45 A FDACE:

EIEAR 2.

LV =&

RLELEEIADC

ERELD-OICHEFDEIZIEEEFZELT-
T ANRBETL—ICKYEANERHER

analog
input

+—

+

|
—
REF |
l

M. Hesener, A. Hanneberg, D. Herbison, F.
Kuttner, and H. Wenske, “A 14b 40MS/s
Redundant DAR ADC with 480MHz Clock in
0.13um,” IEEE ISSCC 20007, Dig. of Tech.
Papers, pp.248-249, Feb. 2007.
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thermo.

DECODER

<—
binary

Logic digital
output
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L TEErIZEICLI-1BE3s

A yFBEZFIET 5L THIREFBZERIZEIZTES,
—>EBROPAIT—XTRAFZE/PSLTEREZER,
A ETITHORRZRELTERBEZEH TS,

sample
s s s l
\svv\
—i [ + -
C-array N ouT | to latch
I [ - F
%
Stage 4
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TR

ZHL R R AOMHzIZTERN 9 iR BE13.5bitZF66mMW TIERL,
GEBIZERENENVRERTHD)

0.13um CMOS
Supply voltage |1.5V
Input range +0.9V diff.
Sample 40MHz
frequency
Internal clock 480MHz
frequency
Analog power [49mW
Digital power 17mW
Total power 66mwW

2008.07.03

90.0

FoM=1401J /step

THD & SNDR vs. Signal Frequency

| SNDR
| Ca
88.0- \ THD
A= —~ [+
86.0- \
m
L=
84.0
~ F— (.--«1
7 \_,J\
82.0- )
80.0
I | I I
0.0 0.5 1.0 1.5

Sig Freq [MHZz]

A Matsuzawa_Titech

109



FoMMDIE:R/{E

INATS5A4FIADCESA ADCOERFOMZE E LT,
IR (T IESREIZHEYEDLNTLNS,

INTS54FEADC
Resolution 10 12 14
FoM=63fJ/Conv. ste
C.(pF) 0.37 6.0 95 P
|dd(mA) 1.75 33.6 628 M. Boulemnakher, E. Andre, J.
Roux, F. Paillardet, ”A 1.2V
P, (mW) 1.75 33.6 628 4.5mW 10b, 100MS/s Pipeline
d c ' ADC in a 65nm CMOS,” IEEE
ISSCC 2008, Dig. of Tech.
FoM(tJ) @ 116 542 Papers, pp.250-251, Feb. 2008.
SAZADC
Resolution 10 12 14 FoM=4.4fJ/Conv. step
CL(fF) 42 670 11000 M. van Elzakker, Ed van Tujil, P. Geraedsts,
D. Schinkel, E. Klumperink, B.Nauta, “A
Pd(mW) 0.1 1.9 34 1.9uW 4.4fJ/Conversion-step 10b 1MS/s
Charge-Redistribution ADC,” IEEE ISSCC
FoM(fJ) @ 6.5 30 2008, Dig. of Tech. Papers, pp.244-245,
= Feb. 2008.
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ADCO T Ef Ml

SA ADCAERIZHEYDDOHAHM, BIESRZAVGENRFLHLIDTIEE A,

Dynamic comparator

Architecture Flash Two—step parallel Pipeline SA
Period 78——88——— 88 —- 95— 95— 1x— 06—
Technology Bipolar/CMOS Bi-CMOS, CMOS CMOS CMOS
Parallel/Serial Parallel Two-step, Semi—parallel Serial (Pipeline) Serial
Base Comparator Comparator Amplifier Comparator
Gain No No (Yes Interpolation) Yes No
Sampling No Yes Yes Yes
Transistor mismatch Comparator mismatch Capacitor mismatch Capacitor mismatch
Accuracy Comparator noise Amplifier gain Comparator noise
Settling OpAmp noise
Settling
Speed Device fT Reference+Switch OpAmp GBW Comparator+Logic
Comparator+Logic Switch Switch
Interpolation Redundancy Redundancy (1.5b) Serial Capacitor
Averaging Interpolation Gain boost Dynamic comparator
Design technique Folding Averaging OpAmp sharing Interleaving
Dynamic comparator Gain boost Calibration Calibration
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A I ZiRlEs

ARG B FLBROBIICT 1 LR —ZEL .,

BT LHDZANICRLUTREREZDPTEEDOTH S,

BFL/ A ARTFIHENCHERTAESICAY, FEHA/ A ARRBDLTS,
4)LA3 EFbaF

Input signal

xe) —(D— H@ 2 +

Output
signal

Q, BFI/(4X

-1

> Y(2)

Z

H(z)

Y(z) X(2)+ ]

1+ H(z)z™

+ H(z)

1 Qn (Z)
Z

STF (Signal Transfer) NTF (Noise transfer)

Ex. Hiz) = 1

;7,1 STF(z)=1, NIF(z)=1-z"'

No filter High pass filter
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A 3 ZERER D BIR B

k3

= Fib 2 fiEgE. 1)L 3 —
EFIE/AXBHESH ., SNRHE EHS,

N, jfth(f)\J z‘l‘

RE A =N T THENRG

WMERE

Y(z)=X(z)+(1-z") O(z)
) Vg rfb df_(éf I ( x ]2“1
a(f)= 12f fo f. \2) 3z(2L+1)\ OSR
0 ; ;;;S; °SNDR 9B 111 LDl | L
) RO LT A O N S B S RN S -zoSNBﬂi‘PQMB ffffffff fffff
0 Al o W'W“ B o
B }ULUM . Hm ] .M mwln\l““lﬂim\'“\\N f r\!“ \N M m WM @ stoder bt | At !H I
il WM “‘lm‘ \W | | \\ M\ \W Il »\\ 1\\\\“\ g L,  100dBdeo | .n"' VLR
PRI 8 e L :
LA znddraér”i s i?t ****************** *
AT e | S R o ek A R A A RH iR
i RI Tnn | -0~ Thermal noise - - Inband Lt
ffffffffff LU A | osReet | L |
R | e T A T R
10° 10* 10° 10° 10’ ~200 S T -
10 10 10 10 10
Frequency (Hz) Frequecy (Hz)
2008.07.03 A Matsuzawa_Titech 114



EIERDEIEIEESNR

A ZHRBEMZEANDE, ABZESEREFESEHET, BLSNRETAHCENTES,
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“ADC

CTE A Z BIADC, 20MHz DIEBHIE T77dBAOSNREEIL 1=

Yii Y2i
j@ 2 Toacais <bacai £ L. J. Breems, et., al.
LY () S— | — “A 56mW CT Quadrature Cascaded SD Modulator
' ' with 77dB in a Near aero-IF 20MHz Band.
p ISSCC 2007, pp. 238-239.
Vpi AN/ —AAN
R1j R3j
Vmie—AA ——QN&
R
- A—
R5i R7i A c 90 5 Re  ~D6
| Rz @5
R5q R7q Eﬁ ~D4
re——R—AKR .8
Vpq e\ —ANF R ~R0 |
| R N2
Q% 03

[\
DAC2q 2
L/
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+ AIF&Near IF

2 ABIADCIZ 43— EICKY IR R G HREZHINT HENTESD,

Image
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TERE

90nm CMOS, 718 20MHz, DR(=SNR)=77dB, 50mmW, FoM=200fJ/conv.

90nmCMOSZ L TEULSNRZEH L TL VS,

Technology

90nm CMOS, 1P6M

Supply voltage

1.2V

Architecture

CT quadrature cascaded XA modulator (2-2, 4b)

Sampling frequency

340MHz

Bandwidth

20MHz @ 10.5MHz IF

Max. input voltage

1Vp (differential)

Dynamic range*

77dB (97dB @ 200kHz, 115dB @ 3kHz)

OQutput (dB)

Peak SNR / SNDR*

71dB / 69dB

Image rejection

>55dB (for -1MHz input tone)

Active chip area

0.5mm?2

Power consumption

50mW (analog), 6mW (digital)

Figure-of-merit (FOM)

0.2pJ/conv. (FOM=P/(2*enob*2*BW))

(*1MHz input signal, signal bandwidth is 20MHz)
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