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Speed and power

TOKYO TIECH

Conversion speed has saturated at 200 MHz
Smaller mMW/MHz is needed for low power operation.
0.3mW/MHz for 10bit and 1TmW/MHz for 12bit are the bottom lines.
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Pipelined ADC 4

TOKYO TIECH

Folding I/O characteristics makes higher resolution along with pipeline stages.
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Technology scaling for analog 5
TOKyO TIECH

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

Parasitic capacitance - smaller  sjgnal capacitance >larger

Operating voltage > lower Voltage gain ->lower
Signal swing - lower
. :large

Vszg
.
<
Vbp1 |

Vdd Technology vid  V_ :small
T scaling I Vbp! dﬁ T ’

pte—| o ! i Vopto—| o !
] Vop2 | | Signal Vbp2 | | Signal
% le d|7 Cap_ W ° qlf Cl|* Cap-
| | Voutp | | Voutn | ) | Voutp Voutn | | o
L] S Ll b aill
inn Vinp Vbn2 Vinp Vbn
= | — 3 = | ; Parasitic
— Parasitic | Cap.
: Cap. Parasitic
/// Parasitic Vo1 ,E za Ca Vbnt | Parasitic
Cap. - | P- H— . - e
J, J, —____ Parasitic . L ; P-
Cap.
a
Matsuzawa

2007.10.27 ASICON A. Matsuzawa & Okada Lab. |




Performance model for pipelined ADC 6
TOKYO TI=CFF

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

[ A. Matsuzawa, “Analog IC Technologies for Future

Wireless Systems,” IEICE, Tan on Electronics, Vol. E89-
OpAmp C, No.4, pp. 446-454, April, 2006.
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Scaling and analog device and circuit parameters 7

TOKYO TIECH
D I . . . .
l «  Gate width and capacitances decrease with technology scaling.
Car, Con
G (@)W, Wpl p m/mALV, , V, p[V]
= B v, =0.175V -

o e Iisb. A DR W, Wi VA_N VA_P
90nm | 243 | 749 | 082 | 0.69
0.13um | 375 | 147 | 0.82 | 0.64
0.18um | 548 | 219 | 0.99 | 0.93
1000 025.m | 116.0 | 396 | 0.78 | 0.97
0.35.m | 1620 | 603 | 1.01 | 0.86
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DR Con | Cop | Cpo | @Wpan | @pop
90nm 237 | 934 | 945 | 935 | 154
0.13um | 655 | 249 | 168 7.7 10.3
0.18um | 115 | 475 | 340 | 2.06 4.7
025.m | 236 | 662 | 832 | 0.83 1.7
035um | 303 | 1034 | 892 | 0.54 1.7
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Determination of sighal capacitance 8
TOKYO TIECH
Larger resolution requires larger signal capacitance.
Furthermore, Voltage lowering increases signal capacitance more.
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Performance curve 9
TOK 7O TI=CFf

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.
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TOKYO TIECH

Performance summary

for just low resolution ADC
ective for high resolution ADC.
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Optimization of OpAmp in Pipelined ADC 11

roKyd TiCH—

PursuingExcellence

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

Vb11- :3- .|‘_‘| SC Level-Shift _P-P Amp.
Ccm H H H
1! : : ol :
I I . .
t |
Ccp
Vb2 IE IE Il:
_oP
- M. Yoshioka, M. Kudo, T. Mori, and S.
—— T Tsukamoto
IP M “A 0.8V 10b 80MS/s 6.5mW Pipelined ADC
_|M|5: :E\In:;_ :I |: with Regulated Overdrive Voltage Biasing,”
ISSCC, Dig. Tech. paper, pp. 452-453, 2007.
CMFB
® l —,
Vb3 oM
L1SC Level-Shift| | P-P Amp. [—*—

Figure 25.1.2: Schematic of two-stage amplifier.
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Results 12

TOKYO TIECH

FoM=0.2pJ/step 0.08mW/MHz

Technology 1P10M 90nm CMOS
with MIM Capacitors _ .

Resolution 10bit Fclk=80MS/s, Fin=11MHz

Conversion Rate 80MS/s — oo 5 Ta=273K ¢ Ta=373K

Active Area 1.18mm x 0.54mm 3 o b o8 v = © *

Input Range 1.2Vp-p Differential = oL .

Supply Voltage 0.8V 1.2V Z 30 . Slow/Slow

55.0dB @2MHz |56.9dB @2MHz | _ ¢, _
SNDR 51.4dB @41MHz |55.6dB @41MHz | 8. oo [ a=°  ° = *
oc

Total Power Q 40 [ e

Consumption 6.5mW 13.3mW % 10 . . . . Fast/Fast

INL <1.0LSB < 0.5LSB 06 07 08 09 1 11 12 13

DNL < 0.8LSB < 0.4LSB Supply Voltage [V]
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TOKyO TECH
Optimum V  is a function of resolution, current, and design rule.

The lower V4 is recommended for scaled CMOS technology.

12 bit, 0.18um CMOS 10 bit
Red: 90nm
Blue: 0
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Challenge to realize pipelined ADC without OpAmp 14
TOKYD TECH

Comparator controlled current source can realize the virtual ground.

Now challenge for not use of OpAmp in ADC design has started.

T. Sepke, J. K. Fiorenza, C. G. Sodini, P. Holloway, and H. Lee, “Comparator-
Based Switched-Capacitor Circuits For Scaled CMOS Technologies,” IEEE,

Conventional OpAmp
ISSCC 2006, Dig. of Tech. Papers, pp. 574-575. Feb. 2006.

:: -V, r
| ¢ — Vo
Vewm CL /
VCM VXO
't

Comparator controlled V_ is reaching the virtual ground voltage asymptotically

current source I
o
Vi A
Il Vy I
Il X 2 VO - VCM
l C, )| Il
C" l -
VCM K1 L V.‘(O

V, is reaching the virtual ground voltage with constant rate
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Realistic comparator controlled current source / 15
TOKYO TI=CFF

Time delay (V, > V,) causes voltage offset. Small inverse current source has
been introduced. The offset voltage can be reduced and does not effect the

conversion linearity.

Vo A 3
E. | E
Vo(n'l) ‘
Vi
v
||
Gl §
Vi
AGND |
= AGND
Vil
<<l L | |
1 | |
T. Sepke, J. K. Fiorenza, C. G. Sodini, P. Holloway, and H.
Lee, “Comparator-Based Switched-Capacitor Circuits For 10b, 8MHz ADC has been deve|oped_
Scaled CMOS Technologies,” IEEE, ISSCC 2006, Dig. of
Pd=2.5mW. Lowest Pd/MHz

Tech. Papers, pp. 574-575. Feb. 2006.
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sults

PursuingExcellence
Small FoM, however not amazingly
10b ADC FoM =0.3pJ/step, 0.3mW/MHz
Stage 0 Stage | Ir T T T T ™
= T f, = 8MHz
=] i) del1) | DIV | g *° | PR
1100 Ul | 1 Viaes I
-0,(0) —a4(1)
VRP--’I/} 0 | -Vees VHP--I';} ;" OWMMWW FOM= - PQH
- 0 1]V . s e
Vnu—-}‘_duw} il (i +V:I:= \-"nlu_-'l:?_’;'n{‘1:i 9 sosv-0zmL58 | =0.3pJ/b
o s o 200 400 500 800 1000
. . CODE
ol € %I PSR _
VT =t f.]_ | x, Czhil[ h]_ N=10bit
% I K, |E C% ¢ K,
D(OWVpee—"""— Vi : '2 D(1)Ves—""* Veu
LN =, '
« LT )i i _qgl +16u-11318E
“1_I L Vou Vo 0 200 400 600 800 1000
CODE
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Sub-ranging ADC o

Sub-ranging ADC also doesn't require OpAmp and suitable for LV operation.
However it requires low offset voltage comparators.

Use of positive feedback technique has realized low offset voltage.

=L This work
C1=5fF
Technology revival has been found. oo | et
E 100 [
Pd/MHz =0.75mW/MHz which is lowest value!! 3
0 %——.\
Vi, Conventional
Coarse ADC 7 . C1=0, C2=30fF
63 (CADC) 10n 2(I3n 3IDn e 1] 4;
v vdd
r 2 (12 Va Va
\] s ™ —q
@ . S S
% % ) Vin: ’ Positive |:| ’ Vin-
@ = oy 3 Feedback S,
o o : . CKT
= S Fine ADC CK 'e)
§ M 3 (FADC) [ ™ S: o1 A ©
o =) S;
o = !
& > { I
= i
71Y. Shimizu, S. Murayama, K. Kudoh, H. Yatsuda, A. Ogawa, “ A 30mw 12b -l I: ¢ I—
40MS/s Subranging ADC with a High-Gain Offset-Canceling Positive-Feedback G, C,
Amplifier in 90nm Digital CMOS,” IEEE, ISSCC 2006, Dig. of Tech. Papers, pp. ® Vss
222-225. Feb. 2006. Matsuzawa
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roKyd TiCH—

PursuingExcellence

Results

Attain high ENOB of 10.5-11.0
30mW at 40MHz 90nm CMOS 1V Operation

12.0
I e
7 D —— - 0.4pJ/step
E M5 Fr--"ee—eeeee—— = ———————— =ooo - T— - i"__d: ————————————
m 100 f-----mmmm e TS oo ooooooosoooooooooooooe
g 8.5 | —o— Powersupply - 1.0/30V(T/Hs) |77 """ """ o oo T oo oo s s s memm s
W 9.0[| —— Powersupply : 1.025V(T/Hs) |~~~ """ 777 7T TTTTToTToToooooomsommmooomoooe oo
85| —#— Powersupply - 0.7/ 2.0V{TIHs)  [-===========s---ssssmooocomoooononnnnonnonnx
B.0 : : : : '
0 10 20 30 40 50 B0
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LB R e e L R T
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Successive approximation ADC 19
TOKYO TI=CFF

Successive approximation ADC has been used long time as a low power and
low speed ADC. It doesn’t require OpAmp but capacitor array and comparator.
Thus this architecture looks suitable for scaled and low voltage CMOS.

Now challenge for renewal of this conventional architecture has started.

Successive approximation ADC Eight interleaved SA-ADCs with 90nm CMOS
attain 600MHz operation.

SA-ADC X+\@
TN\
Clk 3] Clkbuf] WR <R
Binary weighted Capacitor array ~ Comparator o H " mmy
|’3 } ; ; ;
0 0 0
CJ' QJ. QJ. QJ. QJ.QJ. - O: ' ' ouT
2 4 8 16 16
- ] WR >
ADC 8 RAM
g 2 2 2 2 2 Start ] @ “RD
) [Refi ]
Vin 00 V. D. Draxelmayr, “A 6b 600MHz 10mW ADC Array

in Digital 90nm CMOS,” IEEE, ISSCC 2004, Dig.
of Tech. Papers, pp. 264-265, Feb. 2004.

Matsuzawa
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Improvement of SA-ADC 20
TOKYO TIECH

Asynchronous clock increases conversion frequency.

Use of proper radix reduces capacitance.

Asynchronous clock

MSB | MSB-1 | MSB-2 LSB
‘ < -t -t R R——
h § L
Tracki .
r;}fasl: s Synchronous Sampling Instants

Conversion Phase

MSB MSB-1 MSB-2 LSB
<+ < P —Pp  -c---ccc-eeea- ]
‘ Y l
Tracking .
Phase Asynchronous Sampling Instants
Conversion Phase
Capacitor ladder with some radix number 6bit 600MHz 5.3mW ADC has been

_TTO comparator realized with 0.13um CMOS

P& Van 0—0 o
oC, aC, aoC, oC, = ].+ (04
LM I il

C, C, C, BC. radix =1+ —
B 1:\ LSB MSB I o
(o )o) (@)

S. W. M. Chen and R. W. Brodersen, “A 6b 600MS/s 5.3mW
Asynchronous ADC in 0.13um CMOS,” IEEE, ISSCC 2006,
Dig. of Tech. Papers, pp. 574-575. Feb. 2006.

O
O
O
O
—O0
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Newest SAR ADC 21

TOKYO TIECH

SAR ADC must be one of the good solution for scaled analog technology.
No OPamp is needed.

No static power consumption.

Higher signal swing and small capacitance

7 —
INp
— _ i
Qger =2.2'Cy- Vpp
i
L
INn r---1 ! J. Craninckx and G. Van der Plas,
D_/"_ “A 65f]/Conversion-Step 0-to-0.7mW 9b Charge-
I Sharing SAR ADC in 90nm Digital CMOS,” IEEE
CLK| Track Sample Reset cp[0..N-2]  Pre- Comp ISSCC 20007, Dig. of Tech. Papers, pp.246-247,
o cn[0..N-2] charge Feb. 2007.
SAR Controller —Result
6 B[0..N-1]
Matsuzawa
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Analog operation with capacitances 22

TOKYO TI=CFF
Capacitances can realize analog operation for SAR ADC.

No static current is required and higher signhal swing can be used.

Vap _ Vap
1 ? ff 0N T ¢ ¢ ® ™) T

S | ] (] Le S

'chp 128Cy | 128Cy | T c1p 64CU
IH p— - —
1 ) 2 L g
Csn TCOP ‘ Iﬁ—-% Csn Tc1p ‘ Iﬁ—«%
& & ” e & L g L ”° E
Van T con 1 I Van Tetn L
A ook, L
Sample _|—| —
Precharge Z':r:hz:ge
Compare | | :()n |
cOn [ clp
cOp
VQn
VQn- >< >< )
VQp Cg
VQp- Q="7""Vn
C - 128 -C y X Vypp
Q="xV—-128-CyxVpp +64 -Cy xVopp
1
Matsuzawa
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Results 23

TOKYO TI=CFF
Amazing small FoM=65fJ/step has been attained.

9

T T T T T T T T T
LU LU DL DL L1 gp o amw ot sombz
I I - FHH— BN

« = EOMS/s | | | L
GES—_7Z(E)>I\|.:I\?V/SW T‘W‘WTW‘W‘me‘Wjﬂ J. Craninckx and G. Van der Plas,

“A 65fJ/Conversion-Step 0-to-0.7mW 9b Charge-
ol L] sharing SAR ADC in 90nm Digital CMOS,” TEEE

1k 10k 100k 1M 10M ISSCC 20007, Dig. of Tech. Papers, pp.246-247,
Input frequency [Hz] Feb. 2007.
ISSCCO06 Fs P FoM FoM includes
Paper # Arch. vsss] | ENOB | rmwy [£]] Ref. | Clock | Dec.

3.1 CTAX 40 12 50 300 - Yes | Yes
3.4 AY 4.4 12.6 13.8 500 - No | No
12.1 PL 100 9.4 39 570 - - -
12.3 Subr. 50 10.4 30 440 - - -
12.4 PL-CBSC 7.9 8.7 2.5 760 - - -
12.5 SAR 0.1 10.5 0.025 170 No | No -
12.7 PL 50 9.2 15 510 - - -
31.1 Flash 1250 3.7 2.5 160 - - -
31.5 SAR 300 5.3 2.65 220 No | Yes -

This work | CS-SAR 20 7.8 029 | 7~ 65 N\ Yes | Yes | -

e Matsuzawa
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High resolution and high speed SAR ADC o4

TOKYO TIECH

To increase the resolution, a pre-amplifier is located in front of a comparator

analog == -C-1\I sample
input i 1l ,L
— AP RN \
I 17
. | —
| c2 'l [ PREN
! W
™= H T (ave
? |\:'\ 11 : _
I : 11!
R ::‘~————*'
I
+ : l l |\:\ Cn |
- I
REF :\;\_' | Segmented capacitor array
_ ¢ \:':\_ - - z’

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

. B
0.13um,” IEEE ISSCC 20007, Dig. of Tech.  thermo. binary output
Papers, pp.248-249, Feb. 2007.

-
T

Matsuzawa

2007.10.27 ASICON A. Matsuzawa & Okada Lab. |




Results

25
TOKYO TIECH

High conversion rate of 40MS/§ and low power of 66mW have been attained
|

High ENOB of 13.5bit has beemgattained

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

2007.10.27

dB

FoM=0.14pd/step

THD & SNDR vs. Signal Frequency

90.0 I
| (>—
. \ THD
N —~ | =—
86.0- \ |
84.0-
82.0- ,:
80.0
! 1 | |
0.0 0.5 1.0 1.5
Sig Freq [MHZ]
Matsuzawa
& Okada Lab.; ;i
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Delta-sigma ADC 26

TOKYO TIECH

In delta-sigma ADC, higher operating frequency can increase SNR.
For higher resolution ADC, the delta-sigma method must be vital.

Nyquist ADC:
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Wide-band delta-sigma ADC 27

TOKYO TIECH

Delta sigma ADCs have emerged as a strong rival to high resolution nyquist ADCs

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

L. J. Breems, et., al.

“A 56mW CT Quadrature Cascaded SD Modulator
with 77dB in a Near aero-IF 20MHz Band.

ISSCC 2007, pp. 238-239.

S DACSI Technology 90nm CMOS, 1P6M
Supply voltage 1.2V
Chi Coi
1—‘ rl Architecture CT quadrature cascaded A modulator (2-2, 4b)
v Rij R4i Sampling frequency 340MHz
Vmie—AA -
m L| Bandwidth 20MHz @ 10.5MHz IF
R5i R6i R7i R Max. input voltage 1Vp (differential)
Dynamic range* 77dB (97dB @ 200kHz, 115dB @ 3kHz)
R5q Réq R7q R8q
Peak SNR / SNDR* 71dB / 69dB
Vpq AN r|+ r|+ ,Elle—‘ r|+ Image rejection >55dB (for -1MHz input tone)
—AR v o ohi
Vmq . Active chip area 0.5mm?
Clg C4q C5q Céq § Power consumption 50mW (analog), 6mW (digital)
o
45 ’i/ 4b< Figure-of-merit (FOM) 0.2pJ/conv. (FOM=P/(2*enob*2*BW))
:@ L Ioacegy < DACSqT/‘ . . . —
yig —— Y2q (*1MHz input signal, signal bandwidth is 20MHz)
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TOKYO TIECH

« Technology issues due to technology scaling
« Low voltage operation - small headroom
* Reducing voltage gain
- Small voltage swing - larger signal capacitance
- Difficult to realize high resolution ADCs

« Design challenges of ADCs

— Pipelined ADC
« Optimization of OpAmp
- Comparator controlled current source
— Revival of ADC architectures
--- No use of OpAmps ----
- Sub-ranging ADC
« SAR ADC
— Delta-sigma ADC is increasing signal bandwidth

2007.10.27 ASICON A. Matsuzawa




