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Abstract —A 12 bit pipelined ADC blocks are designed in 0.35
pm mixed-mode CMOS process. The final ADC conversiorate is %Z e e cee
100 MS/s while the main circuits consumes only 38\ power St |_+I . ? : |__' m
- Digital

from a 3 V voltage supply. A wide swing gain-boosii technique, Analbgin —>—9 —¥—
is used to design high dc gain and high unity gaitbandwidth ] . D| output word
ggaﬁr:nvr\Jls. Also a technique is presented to reduce tip@wer up to ik —— o5 A

I. INTRODUCTION

Analog-to-digital converters continue to play &abiole in
virtually all applications ranging from sensor asato
broadband communication. Power dissipation hasyaeaen
important, but today is even more so with the emjghan
extended battery life for hand-held multi-media ides [1].
Lowering the power consumption using low power
architectures such as SAR architecture is welleduib ultra- The pipeline residue stages are scaled down taeshoth
low-power application such as monitoring in micemsor power and area while in each stage the low powemgp
nodes but it is limited to low resolutions (8 HR]. Achieving design was the main goal. The total ADC circuitastomes 38
both low-power dissipation and high resolution dismeously mw while a method proposed to reduce the power
requires excellent engineering, new circuit tecbhe& and consumption to about 20 mw.
architectural  innovations  [1]. While reconfigurable  This paper is organized as follow: the next pistusses
architectures try to consumes power in order totimadia the pipeline structure. In the third part the oparinpuit design
application demands [3], some low-power ADCs haeerb is described. The sample-and-hold and other stagig and
designed using power-saving techniques such asctewit the simulation results are coming in the fourt phrtthe fifth
opamp and opamp sharing Both operate with the sagetion the full pipeline structure is reported andhethod is
principle that opamp is active with a half duty idgrone clock proposed to higher reduction in power consumptiinally
phase [4]. Using architectures which eliminates @owthe conclusion ends the paper..

Vres(i)

Fig. 1. The block diagram of a pipelined ADC.

consuming blocks such as S/H and first MDAC whiebuire
the highest accuracy in conventional pipelined AB@nother
technique to reduce power in high-speed high-réissilADC
for highly integrated communication systems [5].

II. PIPELINE STRUCTURE
A pipelined ADC consist of a sample-and-hold stagthe

Along with these high demands to reduce the powgont following with some residue stage each of nthe

consumption, significant Impacts of technology ®wplon
analog circuits design, such as reducing signaingwand
intrinsic device gain, require novel solutions arelv design
techniques. Cascaded amplifier stages have beeopalap
solution to increase amplifier gain, but they fertmeduce the
signal swings of scaled technology. Cascading sé¢\ewer
gain amplifiers is an alternative method to achigigh gain
with reducing in signal swing.

Compensation techniques to stabilize cascadedéekd
system, sacrifice the frequency response of theeddoop
system to ensure stability. Although, recent dgwelent in the
area of pipelined ADCs avoids these problems bggusipen-
loop amplifiers with digital calibration to compexts for the
gain variation [6], optimum designs in conventiomathods in
addition with some enhancement techniques, alwdymvs
performance not necessarily less than innovatiggds.

In this work a conventional Pipelined ADC architaet is
selected to design a 12b, 100 MS/s ADC in 0.35 pireda
mode CMOS process. A telescopic cascode amplifier @
wide swing gain-boosting technique are used togaelsigh dc
gain and bandwidth opamps for higher linear stages.

generating some bits based on its characteristidsaa analog
residue feeding in to the next stage. The blocligrdia of a
pipelined ADC is shown in the Fig. 1. The digitaitput word
is length as long as summation of each stage obifsutUsing
digital error correction, residue stages most hamme
overlaps which require more output bits in eaclgesta correct
the opamps and comparators non idealities suchfset @and
gain error.

A. Pipeline Partitioning

Selecting a pipeline structure depends on sonferdiit
factors such as power, opamp’s gain, linearity bawad width,
DAC requirement, noise contribution of each stage a
latency. One simple partitioning is to divide théale output
bits in to some 1.5 bit/stage residue stage andidern stage
for n bit resolution. Using several more than 1.5 lagst
residue stage is an alternative for this partitigribut results in
constant linearity for more than 1.5 bit which ist mequired
and usually results in more power consumption.dditéon to
this, the larger the number of bits per stage, ligher
bandwidth and linearity opamp is required so tlsiduge stages
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TABLE | TABLE Il
REQUIRED SNDR FOR PIPELINE STAGES SAMPLING CAPACITOR OF PIPELINE STAGES
Stage num. 11 2| 3| 4 5 6 71 8 9 | Stage num. 1| 2| 3| 4, 5 6 7 8 g
SNDR(dB) 78| 66| 60 54 48 42 36 30 24 Csam(pF) |2 | 05| 05 05 05 05 05 05 05

are limited in both accuracy and number of bits. T@onsidering the &= 2 pF, including four 0.5 pf, for the first
continuously decreasing linearity and accuracytafes and so residue stage, a 2.5 bit/stage gain stage, ard4CpF for the
on total power consumption a mixture of differeesidue sample-and-hold, the reduction factor of 4 for fingt residue
stages in pipeline architecture seems to be prdpernn this stage and 1 for the following stages result in iye@22 mV
work to realize a 12 bit resolution a 2.5 bit/stagsidue stage input referred noise which is less than thegvof 12 bit ADC
is considered for the first stage and eight 1.5tsitje are came and seems to be proper for this design. The sagmphpacitor

after it. Finally a 2 bit flash ADC generating tlast 2 bit to
have 12 bit, considering a half a bit overlap bemveach
following stage.

Having 12 bit resolution, requires more than 74 dB

precision in total ADC. Here the SNDR of 78 dB assidered
for the first stage. The required linearity of saglecreases
about 6dB/bit at each stage in the pipeline. TheBIR |
shows the required linearity for each stages imppsed 12 bit
pipelined ADC.

B. Input Referred Noise and Stage’s CapacitorcGiattion
As mentioned in previous part one consideration
pipeline design is the noise contribution of eatdgs. As the
Friis equation indicates that the noise contributgaach stage
decreases as the gain preceding the stage incteadest few
stages in cascade are the most critical [7]. Sdittstestages in
pipeline structure most have less noise contribute the
noise of the last stages is attenuated by gaimefpteceding
stages.

The input referred noise of each stage is appratathas

below:
[+

While V,;y, is the input referred noise, Cs is sampling capaci
G is the gain of the current stage and KT is a fasnmonstant.
Considering different voltage gain for the aboveapn:
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of each stage is calculated and coming in the TABLE

. OPAMP DESIGN

In order to have high dc gain and high bandwidthrp
the telescopic cascode amplifier is utilized. Thigamp is
proper for less than 60 dB SNDR stage design aiciggain is
typically limited to 60 dB. The unity gain bandwidof more
than 2 GHz is expected for this opamp configuratidrich
seems to be sufficient for the 1.5 bit/stage residtages,
which show gain of two in feedback and the closedpl
bandwidth, could be half of the unity gain bandWwjcibout 1
BHz, in this application. Higher dc gain is limit¢dl g, and
Rys Of devices, and the unity gain band width bandhvitdt
limited as the second pole of the opamp reducesptizse
margin. Along with this, increasing,gof input devices result
in high power consumption. A popular alternative li@her dc
gain amplifier is cascading amplifiers which legstrict the
output voltage swing of amplifier, but it consunieégh power
as the number of stage increases and the speedenitiduced
in comparison with single stage amplifiers. Thengabosting
amplifiers combine high-frequency behavior of singitage
amplifiers with high dc gain of multistage desig8] Wwhile
consumes less power than multistage amplifier.

A. Telescopic Cascode and Gain Boosted Amplifier

Two kinds of amplifiers are utilized for this rems
different, one a telescopic cascode amplifier fer hear end
stages which require less than 50 dB SNDR, andther a

_ T2 KT telescopic cascode amplifier with two gain boosfer
G —4:>Vnm - 5-1250_ preceding stages which require SNDR of higher tG&ndb
s amplifiers. Fig. 2 shows a telescopic amplifier ahd nodes
- KT where the gain boost amplifier will connect. Twarghoost
G=4=V, "=8.25— (1.2) amplifier are required to boost,gf both n-channel and p-
Cs channel cascode devices called n-booster and pevodssing
- KT gain boost amplifiers with n-channel input devides n-
G=4=V, 2=20.5— booster and p-channel input devices for p-bookighly limits
" CS the swing of the main telescopic amplifier and eaus
shortcomings in linearity issue. The folded cascadw®lifier
] o shows good compatibility with this situation. Sgpahannel
The total input referred noise is calculated aswel input folded cascode amplifier is used as an n{evaand an
n-channel input one used as p-ooster. The Figo@/shhe (a)
p-booster and (b) n-booster and the nodes whicmeszinto
N 2 = KT 20.5+5.125+ 8.29y, + 8.289/7, L main telescopic circuits.
i Cs\ 2 4 HxZ

(1.3)

B. Optimizing Technique
Dividing the timing budget to two main parts, fjrs
slewing and second, settling time performing thenopm
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Fig. 2. Schematic of a telescopic cascode amplifier

power management will be expected. The high slete ra Licr:TI ML1

reducing the slewing time but require large biagents and
high power consumption in addition with large degavhich
increase parasitic capacitance and additionallyitdintboth
frequency response and slew rate. As the dc gatheofain
boosted amplifier is not limited and easily reaci®® db the
current is reduced until the slewing time resttio¢ timing
budget for settling time. Increasing the frequeraly the
amplifiers and reducing the settling time the shayitime
increases result in least power consumption. Tkeguincy
response of one sample of main boosted telescapiode
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Fig. 3. Schematic of folded cascode (a) p-boostdr(h) n-booster
amplifier.

amplifier is coming in Fig. 4, including amplitudend phase extra capacitor for compensation. Schematic ofsthigching

for in three corners of

As the bias circuit of the both Main OTA and théngaoosters
some wide swing current mirror used which usesfereace
current source to generate the bias voltages.

C. Switching Common mode Feedback

common mode feed back is shown in Fig 5.
IV. SAMPLE-AND-HOLD AND OTHER STAGES

A. Sample-And-Hold circuit

For both main Telescopic cascode OTA and the gain For the sample and hold circuit a simple Flip Ardu

booster Folded cascode amplifier, a common modibfeek is
needed as the high impedance node of the circeinat set
with a definite voltage bias. For the main OTA #hwitching
common mode feed back applied easily. The gaintboosise
switching common mode feedback too, with this défee
that the common mode feedback capacitors work
compensation capacitor of the loop too so them®iseed to

topology whit bottom plate sampling is used. Sch&maf a
Flip Around sample-and-hold circuit is shown in thRey. 6.
Using a single capacitor as both sampling and faekib
capacitor the total capacitor area is reducedigttipology. So
a 4 pF capacitor is used as calculated in sectioh Ibad of 2
pE is considered too at the out put nodes, in desigte,
instead of loading effect of the next stage, whcthe first
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80 ] e e PERFORMANCE SUMMARY OF SAMPLE AND HOLDS
60 i e e Block Design | TT- SS-
| § IR L - -m o -
40 L L Name | Farameter| \umper | 25 or | FFO
= i P o | 91.8 | 92.7| 97.3
R | - S ——| Rl SNDR (dB) | i 94 | 96 | 94
£ 0 L N S = I 86 84 88
- ! ! : £ SHA
20 L (A O | 6.4 6.6 6.2
L I . L S L -150 POWER
o i[7TT R - W) I 104 | 109| 10
! ! R 1" 20.4 20.5 19
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Fig. 4. The frequency response of main boosteddefsc cascode
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Fig. 5.Schematic of the switching common mode feed back

TABLE Il
SIZE OF DEVICES AND CAPACITORS IN SAMPLE-
AND-HOLD CIRCUITS
Part Name ?“%Vrfg Size (WI/L)
Design Number I Il 11

MM, 137/.35| 50/.35| 80/.3§

M3M, 30/.35 44/.35| 87/.35

Main OTA MsMs 48/.35 | 96/.35| 192/.35
M7 Mg 50/.35 96/.35| 199/.3b
Mg 100/.35| 190/.35 399/.3b

MM | 17.5/.35| 35/.35| 70/.35

M3 M4 9/.35 18/.35| 36/.35

. M5 Mg 9/.35 18/.35| 36/.35
Gain booster N /=, “ T 18/.35 | 37/.35 741.35
MMy | 18/.35 | 37/.35| 74/.35

M1 18/.35 37/.35| 74/.35

MyiMy, | 4.5/.35 9/.35 18/.35

MysMuyq 2/.35 4/.35 8/.35

) MusMys | 2.5/.35 5/.35 10/.35
Gain Booster P =y 'Mus | 15.5/.35] 31/.35] 62/.39
MusMuyyo | 10.5/.35| 21/.35| 42/.35

M1t 10/.35 | 20/.35| 40/.35

Csa\mple-and—hold 4 pF
Cload 2 PF
CLoop_comensation 0.1 pF

Fig. 6. Schematic of the Flip Around sample-and-hold

residue stage. Three opamps with different biaseatirand
slew rate is designed in the power optimizing pssceThe
sizes of the devices in these three sample-and-dyddnp are
coming in TABLE Ill. Summary of the calculated pemhance
of these three designs are coming in TABLE IV. Tégorted
result is for ideal switches as the real transmissgate
switches show large nonlinearity with input vadati

B. Residue Stages

Fig. 7 (a) shows characteristic of a 2.5 bit/staggdue
stage. In order to realize the characteristic topelogy, which
shown in Fig. 7 (b), is utilized. Using six compara, as a
MDAC, and few logic circuits, the control bits cdulbe
generated to change voltage of the top plate ofstrapling
capacitors in hold mode, dependent on differentitinltage
levels. The characteristic and the topology schienedithe 1.5
bit/stage residue stage are shown in Fig. 8. Thedifference
is in the feedback gain and the number of transtiolThe
simulation results for performing these charactiess are
shown in Fig. 9 for (a) 1.5 bit/stage and (b) 2tfstage.

In order to have some proper stage to design & hig

performance pipelined ADC different type of residiiage is
designed for residue stage as like as sample-aldd-figvo

type of design performed for 2.5 bit/stage and feix 1.5

bit/stage, three of them are introduced and willused here.
Similar to the sample-and-holds the only differemcdifferent

version of stages is in size of devices and powesemption
as like as SNDR. The size of devices and capagitmed in
two different 2.5 bit/stage, are coming in TABLE &hd a
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(@) similar one are coming in TABLE VI for 1.5 bit /gi@s. The
o performance summary of these stages are calcutatedgh
- simulation and coming in TABLE VII.
Y
In+ " C. Comparators and Flash Stage
o—1 For the last two bit a three comparator flash ARC
oy selected. The Cho comparator is used in this defsigivoth
. — simplicity and less power consumption as it conssupewer
VREE—d/‘__(gz in half a cycle. The schematic of this comparasostiown in
nVREF_ . — Fig. 10. With the minimum size of about W/L=3 each

(b)
Fig. 8.(a) characteristic of a 1.5 bit/stage residue stage(b)
its circuit realization.

comparator consumes less than M which result in total
0.25 mw for all the comparators used in the ADC.



TABLE V TABLE VII
SIZE OF DEVICES AND CAPACITORS IN 1.5 PERFORMANCE SUMMARY OF RESIDUE STAGES
BIT/STAEG RESIDUE STAGES Block | 5. ameter| Desin [ TT- [ SS- [ FF-
Part Name Device Size (WIL) Name Number | 25 | 90° 0
. Name SNDR | 81.9 | 78.9| 79.1
Design N”mb‘l\aﬂr v 68} = 83/ = 25 (dB) I 80.6 | 825| 825
172 : : bit/stage | 11.7 | 11.7| 11.7
MM, 42/.35 88/.35 POWER
Main OTA MsMe | 84/.35 | 192/.35 (mw) I 211 | 21.7] 21
M;Mg 100/.35 200/.35 | 71.8 | 71.5| 72.6
Mo 200/.35 | 400/.35 S(Z'S)R I 68.6 | 68.2| 676
MsMi, 18/.35 36/.35 bit'stage | 27 | 38| 37
MM | 37/.35 741.35 (MmW) I 24 | 24| 24
MMy | 37/.35 74/.35 I 11 | 11 ] 11
M1 37/.35 74/.35
MuiMys 9/.35 18/.35 ot
MusMus 4/.35 8/.35 M9 w10
Gain Booster p |_MusMus | 5/.35 10/.35 -OIE: M7I:II°- —°I|:IW'H ::Ilo-
ain Booster ™ mMu;Mys | 31/.35 62/.35 (i
MUQ,MUlO 21/.35 42/.35 Voz ™ i ™ Vo2
M1 20/.35 40/.35 0 = -
Csampling 4x0.5 pF NIIIS_ ‘ M'G
Cload 0.5 PF s
CLoop comensation 0.1 pF |_ _| e
M1 M11 M12 M2
Vit —] — Vi
TABLE VI | | 1
SIZE OF DEVICES AND CAPACITORS IN 1.5
BIT/STAEG RESIDUE STAGES Ve, Vi
Part Name ?\I';Vr:fg Size (WIL) Fig. 10.The schematic of the cho comparator
Design Number | 1l I TABLE VI
MM, | 32/.35| 80/.35 70/.35 PERFORMANCE SUMMARY OF FULL ADC
MM 11/.35 | 87/.35| 35/.35 :
Main OTA MZM: 24/.35 | 13/.35] 35/.35 ﬁ"gﬂ; Stage type TPTO\;V? c?;l;ngpmrlll(:mo\,/v )
M;Mg | 25/.35| 13/.35] 18/.35 ' ' _
Mo 50/.35 | 26/.35| 35/.34 SHA SHAII 10.4 10.9 10
MuMe, | 9135 | 5/.35 - 1'RS | 2.5 bit/stage | 11.7 11.7 11.7
:A/'L3~:A/'L4 jg;gg gggg - 2"RS| 1.5 bit/stage | 3.7 3.8 3.7
. L5' L6 . . . . =
Gain booster N MMy | 9/.35 | 5/.35 - 39RS | 1.5 bit/stage Il 2.4 2.4 2.4
MioMi10 9;-35 51-35 - 4"RS | 1.5 bit/stage Il 2.4 2.4 2.4
M 9/35 | 5/.35 -
MUlLl\lAlUZ 55/ 35| 2.5/ 38 - 5"RS | 1.5 bit/stage Il 2.4 2.4 2.4
MysMus | 1.5/.35] .7/.35] - 6"RS | 15bitvstage ll| 1.1 11 1.1
Gain Booster P mus,mue g;gg Z//'s?s? . 7"RS | 15bitstage | 1.1 1.1 1.1
MoMos T 5.5/35] 3135 - 8"RS| 1.5bitstagell| 1.1 1.1 11
M1 5/.35 | 3/.35 - 9"RS | 1.5 bit/stage Il 1.1 1.1 1.1
Csampiing 4x0.25 pF Flash | 2 bit Cho comp|  0.03 0.03 0.03
C 0.5p PF —
o 51 pr | Total Pipelined ADC | 37.4 | 380 | 37.0
Loop_comensation . -




V. PIPELINED ADC

(4]

As it is mentioned in pipeline structure sectidme t [5]

pipelined ADC requirements guide us to select thges. At
first step the requirements of the TABLE | consatkand the
full pipelined ADS performed. Another consideratiovith
similar linearity stages was power consumptiontHhis case
the lower power consumption obviously give priotityuse. In
order to have correct full range quantization ia &DC a step
of full range is applied to the input and the otitphits where
followed to show the full range. Due to some undder®d non
idealities, such as input capacitance of the laaditage, the
full range wasn’t shown at out put bit and so adrydtnearity
for each stage considered. The final arrangementhef
pipelined stage is coming in TABLE VIl in additiolo the
total power consumption.

The design of the full pipeline ADC is under prsgeof
doing and the whole ADC performance will be reporia
future.

How we can reduce this power up to half of this?

S. T. Ryu, et. Al,, “A 10b 50MS/s Pipelined AD@ith,”
ISSCC, Jan 2006. o

P. Bogner, et. Al, “A 14b 100MS/s Digitally Be
%&I)lgrated Pipelined ADC in 0.13um CM,” ISSCC, Jan

[6] T. Sépke, et. Al., “Comparator-Based Switcheap@citor

[7]
(8]

The idea of power reducing power consumption iis th

architecture is opamp reuse. The opamps are th¢ pooger
consuming components in this ADC architecture. qumiare
used in one phase of clock which is half a periodother

phase the opamp is Idle with both inputs and outpou

connected to ground. As two following stage hagrey phase

of opamp using and as the clock phases are notappéng

we may can borrow the opamp of each stage from the

preceding stage. The main problem is that the opamay
differ from one stage to another in both lineasdtyd timing

performance. This problem could be solved usingpgro

dividing factor for capacitors as done in this wosdt least
equal for two following stage and using more acti@pamp
for the next stage. As the opamp of the samplekahd
characteristics is similar to the first residuegsta opamp, if
we share one opamp for both of them and do thisoulast
stages two by two the power will be reduces upatlb of its
current value. It means that, a low power, 20 m\yh fspeed

opamp could be designed in the case of opamp reuse.

Additionally this technique will reduce the area fagtor of
about two which further make design suitable t@lmeded in
today’s and future high performance systems.

CONCLUSION

Different blocks for a 38mW 12bit 100MS/s pipelihe

ADC has been designed. Using wide swing folded adec
gain boosters a high linear fast speed OTA has peen

introduced. A technique has been proposed to |logetihe
power consumption up to abouts 20 mw.
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