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Abstract

A Low-Power HighSpeed HighResolution
Zero-Crossing Base®ipelinedAnalog to Digital Converter

Soonkyun Shin

Chair of the Supervisory Committee:
Professodacques C. Rudell
Department of Electrical Engineering

In this dissertation, techniquesith zerccrossing based circuitéZCBC) to
achieve high speed and higésolution in scaled technolieg with very low intrinsic
gain are proposedA coarse phase followed kgylevel shiftingcapacitor fora fine
phasecurrent sources employedto achievehigher accuracy and stkDC flash
comparators are strobed immediately after the coarse phase for high frequency
operation The gstematicoffsetvoltagebetweenthe coarse and fine phasmanifests
itself as systematic offset in the sAlDC comparators. This offset is caused by the
coarse phse undershoot and the fine phase overshootcédtniselled with background
calibration by residue range correction circuits within the following ssagebADC.

The subADCG& random comparator offset is calibrated witliscretetime charge



pump basedbackground calibration techniqueA prototype device based on the
aforementioneatoncepts was realized inS&nm CMOSprocessThe ADC occupies
0.282mnY* and dissipate80.7mW. It achievess4.6dB SNDR and 82.9 dBc SFDRt
200MS/sfor a FOM of 111 fJ/corersionstep. The SNDR degrades gracefully above

the designed sampling frequency to 62.9 dB at 250 MS/s, and remains above 50 dB at
300 MS/s.To minimize the power consumptidartherwhen using the ZCD technique,

a dynamic biasing technique is proposed emgloyed. The bias currenfeedingthe

ZCD preamplifieris dynamic and depends on input ramp voltagéhis method
reduces current consumption by supplylmigs current only when needed duriag

zero crossing eventhis ADC consumes 27.1mW and achie@dd dB SNDRfor a

FOM of 143 fJ/step.
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1 I ntroducti on

Analogto-Digital converters(ADCs) are a fundamental building block modern integrated
circuits which serveéo processand convert real worldnalogsignalsinto a format where digital
signal processing and computation may take place. Applications are virtually ubiquitous from
sensors which detedemperatureand acceleation to interfaces for image processing and
converters for usein wireless and wireline communication channéle rapid growth of
portable electronic systems such as tablet computelisijar phones,portablemusic playes,

laptop computersand compnents for awinonous longbattery life sensor applicationdas

made power consumption one of the most critigagrformancefactors in the consumer
electronicdo enhance battery life, or perhaps eliminate batteries altog@$&MOS processes
continueto scale, the increased device cutoff frequency and the associated smaller parasitic
capacitance allow more power efficient and fagigic which improves the performance of the

digital electronics, allowing more sophisticated and lasgstens on a sink chip

However, these same scaling properties fundamenthbylengethe design ofanalog
integratedcircuits because of lower intrinsic transistor outpasistancelower power supply
voltages, and increased leakage currents. In short, the inh@ienasgociated with a single
transistor stage (g,) decreass with finer geometry CMOS processeSmultaneously the
available output swing is reduced due to the lower supply voltatpsh are mandated by
device reliability concernsThus, the designfdiigh gain low noiseop-amps has become the
main bottleneck in many switchedapacitorbasedcircuits. A parallel trend with respect to
analogto-digital converters is the demand foigherresolutiors and samplingrates.This is all

set in the contexof everpresent constraint on area and power consumption. PigedDEs,
1



given their area and power efficiency, are an excellent architet@wsanultaneously achieve
both high sampling rate and high resolution-[B]] However, nost pipelined ADCs reqte
high-gain opamps for accurate residue amplification.-@ppbased switched capacitor ADCs
rely on a principle of charge transfehere theclosedloop gain depersion a ratio of capacitor

values whichis relatively insensitive to process, voltage, semperature (PVT) variations.

However, theaccuracy and tolerance to PVT variations indlesedloop gainrelies on a
sufficiently largeDC openloop op-ampgain. Moreover the opamp closedoop bandwidth and
settling time in switche@apacitor circus arelimited by the need for sufficient phase margin.

To improve the DC opeloop gain of the amplifiers, design techniques such as cascaded gain
stages or gain boosting must be employed, which result in increased power consumption. Other
techniquedo overcome the challenges presented by modern silicon progeskete calibration
algorithms that can tune the closedp gain errorusinglow gain opamps with incomplete

settling due to limited bandwidth opoor linearity of the residue amplifier [§B]. However,
foreground calibrationalgorithms, normally performed at powem or during periods of
inactivity of the converterare frequently employedbut any sudden environmental changes may
make thecalibration resultnvalid. On the other hand, backgmdcalibrationcan track reatime
environmental changes but can require additional power and complexity, as well as slower or

lesseffective calibration results compared to foreground calibration.

Zero-crossing based circuitZCBC) are an alternativeto op-amp switched capacitor
circuits where thep-ampis replacedwith a zerecrossing detector (ZCD) aral set ofcurrent
sources [9]14], [16]-[22]. A ring amplifier [23], [46] was introduced as another alternate

approach for oamp based circuit in aed technologiesHowever, this method has been limited



to sampling rate of 100 MSte date The iing amplifierapproacthas similarstability issuedike
the op-ampbased approacBkince it usesseveralinverters as gain stagesn the feedback
Comparedto opamp based circuits, ZCBC are more pow#icient because they detect a
virtual ground condition rather thartilizing an opamp to forcea virtual ground The largest
source of nonlinearity in ZCBC is the nonlinearity of the ramp causethd¥inite output
resistancef the current sources. In this work circuit techniques that impA®@ speedyamp
linearity and comparator offsetare proposed, includingan early subADC decision

unidirectional dual ramgwith level shiftingcapacitos, andresidie range calibration.

The dissertationis organized asfollows. Chapter 2 discusses the various ADC
architectures. Chapter 3 gives a brief overview of published ZCBC pipelined ADCs. Chapter 4
describes design issuedated tohigh speed and high resolutidCBC ADCs. Following this,
Chapter 5 presents implementation dstafl a high resolution high speed ZCBC ADC and its
building blocks. Chapter @escribesalow power dynamic ZCCandimplementation Chapter 7

summarizesneasurementg-inally, conclusiosare drawn in chapter. 8



2 Over viAedDW oAfr chi tectures

An ADC converts signals from the analog domaumhichis continuous in time and amplitude,
to the digital domain.Converting to the digital domain requsrgrocessing inwo steps
samplingthe gplied analog input signalnd quantizing it to its digital representation by
comparing to reference voltagddany architectures of analdg-digital converters are chosen
anddevelopedbased on the best combination of speed, area, power consumptiancanacy

for each applicatiorin this chapter, we will reviewharacteristics aseveral ADC architectures

2.1 FlashADC

This architecture is the fastest and simplest ADC as shown in Figurdi2e N bit analogo-

digital (A/D) conversion can be implementbg comparing simultaneously the input signal to

the reference voltages generated from a resistor string withceriparators. The differences
between input and reference voltages are amplified to digital levelsitagdneratesa
thermometer codelhen, this code is encoded to binary or gray code. ateantageof this
architectures that only one clock cycle is required to make the A/D conversion. However, the
power consumption of this architecture increases exponentially as the resolution increases. Fo
instance, while a 6 bit flash ADC requires 63 comparatd® bit flash ADC requires 4095
comparators The powerconsumptionand input capacitance from such a large number of
comparators areinrealisticfor practical implementatia In addition, the emparatoroffset

requirement becomes exponentiaiyallerwith the resolution



+vref Vin
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Figure 2-1: A flash architecture.

Another big disadvantagef flash architecturess the factthat the inputbandwidthis usually

much lower than the sampling frequency without a dedicated input sample and hold (S/H) circuit
becausehe signal source has to drive many comparatotiseatame time. Any mismatch in the
signal pathsmay result in wrong decisions due to all signalteing in parallel. This error

degrades the overall sigA@inoise ratio (SNR) for high frequency input signalt higher



resolutiors, this problem becomesorsesince a large number of comparators laid out over a
large areahave moreprocess variation @the error budget gets tighter with smalleast
significant bit (LSB) size. Therefore, this architecture is only attractive for applicatitivat

require6-bits or lessresolution

2.2 Folding ADC

Folding and interpolating ADCsire suitablefor mid to high speed(severalhundredMS/s)
applicationsn the 810 bit range Similarly to flash ADCs, folding ADCs can convert the input
signal in one clock period. In addition, the number of comparators can be dramatically reduced
becausenstead of comparing thepnt signal to all thgpossiblethreshold of an N-bit quantizer

with 2% comparators, the most significant bits (MSBs) andLiBs are separately quantized

with one comparator array{2") for the MSBs and anotharray (2"™") for the LSBs, where N

is the total number of bits and M the number of bitsn thecoarse converter. Fond-bit flash

ADC, 2Y! comparators are required. In the case of a folding ADC, the required comparator

number is reduced td'? + 2V 1,

Coarse
ADC

Fine
Vin VAVAVAN Apc |’ 'SB

M-bit Folder

Figure 2-2: A folding architecture.

—— MSB




Figure 22 shows a simplified block diagram of a folding A/D convedethitecture
Compared to the flash AD@nadditionalpreprocessing circuit and bit synchroniaee needed.
The preprocessing citt is needed to foldhe input signal into several identical segments. In
each segment, the folded signal is compared with reference voltadeS8He generationSnce
MSBs and LSBs are quantized separatétg coarse and fine quantizer offskfference can
falsely generat@ huge nonlinearity by pointing to the wrong segment of the folded signal. The
digital output of the fine quantizer and the coarse quantizer are used to correct the nonlinearity
caused by inconsistent offsets of the coarse and tiaatgers One disadvantage of the folding
architecture is thetrict linearity requirement on the folded signal that affects the linearity of the

guantizer.

2.3 Two-Step FlashADC

Another way to reduce the number of comparators in the flash ADC is to tedpai@arse and
fine conversion into two timperiods A conceptual block diagramf this approachs shown in
Figure 23. The input signal is first sampled on the sampling capa®fdooth coarse and fine
comparatos. The coarse conversion then peformed by the N/2 bit coarse flash ADC.
According to the outcome of the coarse conversion, the quarsigedlis subtracted from the
input signal and the residual voltage is again quantized by the N/2 bit fine flash Hi2C.
corresponding digital outpus generatedy collecting bits from both coarse and fine ADCs
During this processa total of three clock periodss required per sample for input sampling,
coarse conversion and fine conversi@ithough the number of comparatdssgreatly reduced
compared tothe flash architecture, patmismatch is still a major problem and the input

bandwidth is limited toa relatively low frequency compared to tleenversionrate. The

7



comparator accuracy muaisostill meet the full resolution requirement and tifiset voltage of
the comparator must be less trearLSB. The overall linearity of the converter is determined by

the frontend S/H, the intermediate DAC and the gain stage.

Vi, S/H < LSBs

Coarse | _
4’<ADC % DAC

MSBs

Figure 2-3: A two-step architecture.

2.4 Successive ApproximatiomPADC

Thesuccessive appxamation convertearchitectureshown in Figure 21 usually consumes very

low DC power.Excluding thedigital-to-analog DAC) power; it dissipates only comparator and
switching current.The conversionalgorithm is based on successive approximation register
(SAR). A SAR ADC uses a comparator and abiNDAC. The comparator compares the analog
signal with the referenceoltagegenerated by the DAC. Tlagchitecturealso implements S/H to
convert the catinuous time signal into a discrete time signal. Conversion begins by turning on
the MSB input on the DAC and comparing the input signal with the DAC output. If the input
signal is greater than the output of the DARE MSBand the next lower bit of the AL are
turned on and another comparison performed. This will continue until the DAC owgtpuithin

% LSB of the input signal. Thus, for-bit output this converter needs N cycles.
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Figure 2-4: A SAR architecture.

One of the key features of this converter is that it requires very few analog components.
The overall linearity of the converter is limited by the linearity of the DAC and cs#its.
SAR ADCs havevery low powerconsumptiorand low cost buthey are alséow speed because
N cycles are needed for a single conversidrus, it is ideally suited for applications that require

high resolution but low speeds

2.5 Pipelined ADC

A pipelined ADC is a multstep quantizer in which digitization is perform@gda cascade of low
resolution ADCstageswhich work on successive input sampéess shown in Figure-3. Each
substage samples tramplified residuesignal from the previous stage and quarstizéo M bits.
The quantized signal thensubtracted and éresidue amplified througin interstage amplifier

So it canbe sampled by the subsequent stage.
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—» DOUT

vin — »| Stagel Stage2

Stage N

;

M b MDAC

Figure 2-5: A pipelined architecture.

The same procedure is repeated in each stage to perform A/D c¢onvditse number of

comparators required is tlpeoduct ofthe number of stageandthe number of comparators in

each stage. The required number of ssag@pproximately the ADC resolution divided the

effective perstage resolution.

The subADC in eah stage has theonly M bits of resolutiordue to the interstage gain

and digital correction. Therefore the lowtee M relaxesthe more the comparator requirement.

Both interstage amplifier and DAC requirements get relaxelater pipeline stages.
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2.6 Noise ShapingADC

Noise shaping ADCs use oversampling. The signal band occupies a small fraction of the Nyquist
interval making it possible to usdigital filtering on the relatively large fraction of the
guantization noise.It consists ofqq modulator and digital filtering to achieve high resolution
from asingle bit quantizerAs shown in Figure-B, a basic noisshaping ADC has an integrator,
comparator (dbit quantizer), digital filter and-bit DAC. The noiseshaping structure transger

most of the quantization noise outside the signal baitd oversampling Thus filtering in

digital domain can achieve very high SNiice it removes the noise in the high frequency
Noise shapingn modulator have found wide spread use in audio apmitatvhere the Nyquist
frequency is several orders of magnitude lower than the priessaddition, nowadaysis

type of ADCs is widely used in wireless receiverth low to moderatdandwidth requirements

Integrator Comparator

Digital

- ———» DOUT
Filter

Figure 2-6: A typical noiseshapingarchitecture.
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Zero-crossingbased circuits (ZCBC) were developed as an alternative way to build switched
capacitor circuits withoutisingop-amgs. It has leen shown that ZCB@remore power efficient

and more suitable for submicron proeessith low intrinsic device gaicompared to traditional
op-amp basedwitched capacitor citsts [25]. However, increasing botsampling speed and
resolutionhas been chi@nging in both ZCBC and opamp based circuitsThis chapter will
describethe publishedcircuit techniques of ZCBC that improve sampling speezhlwon, and
power consumption. Most othe published ZCBG used pipelined architectigeand their

charactestics will be discussed ithis chager.

3.1 Fundamentals ofZCBC Architectures

Figure 31 illustrates the basic differences between aramp based switched capacitor circuit
and a zerarossing based switched capacitor circuit. Both circuits utilize aaliground to
realize an accurate gain stagewever he methods employed to achieve a virtual ground
conditionand the resulting nelinearitiesare quite different between the two implementations.
Typical timedomain voltage waveforms at the input amtipoit of an oppmpbased and a ZCBC
gain stages arshown in Figire 31 (a). Thevirtual groundof the opamp based gain stage
forced bythe closed loop. AerrorvoltageV g.eror, results due to thenite op-ampDC gainand
incomplete settling. Figer3-1 (b) depicts the timelomain waveforms for the ZCBC, where the
virtual ground of the gain stagedstectedy the zerecrossing detector. The error voltage,,V

in this case is now a function of the ramp waveform and the detection operation, be will

discussed to follow.
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Figure 3-1: Conceptual diagram (a) Op-amp based circuits. (b) Zerecrossing based circuits.
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In ZCBC, the output ramp is typically generated by chartiegapacitos with a curent
source. The nonlinearity assocttevith the current source creates autputdependent
overshoot variationvhich is analogous to the variation of the virtual ground voltage of the op
amp based circuit with a finite egamp gainIf the ZCDG& delay $ zero therthe sample is taken
preciselyat the zerecrossing instanT a, the sampled output voltage is accurdte practice, the

ZCD delay is finite, which results inan overshoot.The magnitude othe output voltage

overshoot in ZCD circuits is a fumeh of the outputramp slope— andtheZCD delayTp.

6 4 — 6 6 1)
The ZCD overshoot, ¥, has two components; a constant componégi, anda signal
dependentomponentV,,. The constantomponentV,,; is easily corrected, or tolerated, in
most circuits. The variable component,,)/ typically resuls from the nonlinearity of the output
ramp.The current s o uesistamdms well asmaiinear parasiticocapacitance at
the autput determineshe rampnontlinearity. If the Tp is signal dependent then this will also
affect linearity, however, theplvariation is small compared to the ramp Hiorearity. This can
be explained by noting that the ZCD sees nearly the same ramptrthetsame input common
mode regardless of the output residue. Thus, we can tseet & scalar that only depends on the

time-constant of the ZCDr'he ZCD input referred overshoot is defineda®ws:

6 W

(2)
where G is feedback capacitor,,@s sampling capacitor, and, @ parasitic capacitance at V

node.
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3.2 SingleEnded ZCBC Topologies

The comparator of comparatbasedcircuits (CBSC)[9] is replacedwith a zero crossing
detector (ZCD) becausenly the function of detecting zero crossing is necessary from the
thresholddetectorin a CBSC circuit. Figure -2 showsa stage ofa dynamic ZCBC ina
pipelined ADC. A dynamic invertewas used aghe ZCD [10]. The dynamic ZCD dissipates
power only durig the transition moment when the input crosesvirtual ground and the
output changes. The dynamic ZOB thereforevery power efficient The input voltage is
sampled on €and G during the sampling phase. Thiére ZCD outputV, is precharged to p6
by M, and the output voltage d/is dischargedto ground byM,. After this preset phasthe
current source charges With constant ramp rate. At the momémé ZCD input voltage crosses
the thresholdof the ZCD, its output voltage Y drops quickly.The corret output isthen
transferred tahe next stagés sampling capacitorSimilar to digital circuits the ZCD consumes

only CVf power.

Figure 3-2: A stage of the dynamic ZCBC pipelined ADC.
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3.3 Differential ZCB C Topologies

To improve power supply and common mode rejection of single ended ZCHterential
ZCBCs have beereveloped. Single and dual phase ramp technigaes beemtroduced with

differential ZCDs for higher resolution and high spedd]-[13], [17]-[22].

3.3.1 ZCBC with Dual Phase Ramp

To achievehigher resolution, a differential ZCBC is implemented with a differential preamplifier
driving a dynamic threshold detector. Differential signal pdthse better power supply and
common mode rejection compad to singleended architectuse Thar main drawback is
reduced power efficienchpecauseof the constant bias current in the preamplifier. The first
differential ZCBC was introduced {] with abidirectional dual rampAs shown in Figure-3, it

has oveshoot correction (OCC) circuits to cancel out somehefovershoot aftethe coarse

phase. To maintain matched rising and falling rapgapacitive common mode feedback
(CMFB) is used in the falling current source. Another dual phase approtwhuisidirectional

ramp scheme shown Figure 34. One advantage tife unidirectional scheme is that the ZCD

can be optimized in one direction, which makes the ZCD simpler and faster. Another advantage
is that the operation is fastbecauseof the shorter coae phaseMoreover it is more energy
efficient compared to the bidirectional approach because the unidirectional charge transfer does
not charge and discharge the capacitors unnecessarily. It only charges or dischargles until

ZCD detects zero crossing7].
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Figure 3-3: The first fully differential ZCBC pipeline ADC with bidirectional ramp.
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3.3.2 ZCBC with Single Phase Ramp

A single phase ramgoes not require complex switching metkothis architecture isised in

ZCBCsfor higher speed operatioi?],[13] and isshown in Figure3-5.
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Figure 3-5: Schematic of single phase fully differential ZCBC pipelined ADC.
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For fast operation,he programmablecurrent mirror load used for offset and overshoot
cancellationof the ZCD [12] is removed to reduce parasitic capaui loading. Instead, offset

and overshoot cancellation is accomplished by a tiny capacitor array tied to the input of the ZCD,
which hasnegligible effect on speed1f3]. The tail current source isascodedo improve the
amplifierss common mode and powsupply rejectionPreamplifier dutycycling hasalsobeen
disabled for faster operatiomith a modest increase in power consumpti@aeoff A Decision
Boundary Gap Estimation (DBGE) technique is usefl2] to calibrate errors due to capacitor
mismatch finite gain, and ramp nonlinearity the ZCB circuits, which causes INL jumps the

bit decision bondaries.

3.4 ZCBC with Op-amp

Correlated level shifting (CLS)1j] has beenintroduced to reduce finite eggmp gain error and
increase the opmps useful otput swing. By splitting the opmp in CLS into two separate
amplifiers ad then designing each amplifier with its specification requirements, the overall
performance of CLSmprovedin terms of power, speed, and accurabf].[CLS usesa ZCBC
for coarse pase andnop-amp for fine phaswith linear settling. The schematic asplit-CLS
pipeline stage with corresponding timing and waveform diagrams is shown in Figurén 3
addition to the oamp and ZCBC circuitry, the structure contains a set of dapgadACs
which are used to cancel ZCBC overshoot prior to the start-afmgpsettling.

During ¢€s the input capacitors sample the input while the ZCD and current sources are
shut off and the oamp is idle. At the beginning @&fy the amplificationoperation begins with a
short precharge phasépc, the opamp output and bottom plate oG are connected to Y.

When the preharge switches open at the enct gf the current sources charge the output load

20



with a linear ramp until zero crossing is detected by the ZCD antuthentsource is turned off.
Cbac Is then connected to cancel oversit. After this the ofamp settles to the final output
voltage until the end ota. The ZCBC is only used fothe coarse phase sits accuracy
requirement is not high. Dynamic biasing is adopted to save pshitr sacrificing accuracy.
Becausdhe op-amps output swing is very smatlue tothe CLS techniquea telescopic double

cascoded o@amp can be usdd achievehigh gain forbetteraccuracy.
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3.5 Characteristics and Nonldealities of ZCBC Pipelined ADCs

This sectiondescribes issuelated toZCBC and opamp based pipelined ADCsA ZCBC
pipelined ADChas very similacharacteristics compared an op-amp basegipelined ADCin
terms of gan error, comparator offseindDAC mismatch The main differences are therrent
source, ZCD, and preset switcheghe ZCBC designThe similarites and difference between

thedesignsare illustrated with several techniquesed tamprove nonlineaties.

3.5.1 Pipelined ADC architecture

Thefunctionalbuilding block ofa pipelined ADC witha ZCBC isthe same asnop-amp based
pipelined ADC The amly difference isin the MDAC stagés implementation The basic
characteristic of ofamp based circuits is théhey settle linearly with time constant/arious
nortridealities thereforedegrade performance die ADC. In a typical 3.3 bit stage with an

analog input range af V¢, the residue transfer function can be written as

W Tw B O0O—nhO pip (3.1

Figure 42 showsanideal residue plotor 3.3 bit stagesvith gain of 4 With the digital
redundancy, the correction rangedspicted asa gray area. The comparator offset can be

tolerated up t& V8.
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3.5.2 Gain error
Gain erroris caused bynismatch betweethe sampling capacitorral feedback capacitor or not
enough opeioop gain ofthe op-amp. The final output voltage sn MDAC stagewith an op-

ampis

6 — — & ® (32)

wheref 6070 O 0O is the feedback factor, [ds the feedback capacitor,s@ the

samplingcapacior, Cp is the parasitic capacitance at theaspp input and A isthe DC gain of
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theopen loop The op-amp must provide output accuracy less than 0.5LSB, which means that the
open loop gain othe op-ampshould be larger thathat given inequation 3.2For a given total

resolutionof N bits and first stage resolution of M bits, if S ashared sampling capacitor then

! q — G (33

ZCBC designshavea similar constraint. The overshoot variation carubeerstood aan effect
of DC gainwhich in tun can be understood &sw small erras occurin a virtual ground node.

The total nonlinearity is functionof the voltage variation at the input tbie ZCD.

Figure 3-8: A switched capacitor configuration in amplification phase.

The overshoovariationis very similar to gain error becausastdata dependentt has
two factors, constant offset and data dependent e#oronstant overshogroducesan offsetin
the pipelined ADGC but data dependesetrorintroducesnonlinearityinto theADC anddegrades

its performance.
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3.5.3 Incomplete Fine Phase in ZCBC

An incompletefine phase ira ZCBC issimilar to incomplete settling oh residue amplifierTo
get a certain accuracyhe settling time constant must be met with-app circuits.In ZCBCs,
however,rampinghasto be finished and ZCD has todetect zero crossing within hadfclock
period. OtherwiseZCBC has errordrom thecharge transfer phas@n incomplete fine phase

ramp causeadata dependent errbecauséhe runway lengthdepend on inputoltage
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3.5.4 Capacitor DAC nonlinearity
DACs can be made with resistor laddar capacitor arrag; but misnatch among them can
generate data dependent reference levels. This causes DNingitrerADC. The DNL due to

capacitor mismatch can be writtenfakows [35]:

060 I — (3.4)
whereY6 is the error of each individual capacitor in the first stége, is the total capcitance
of the first stage, and N is the resolution of the entire ADRe total capacitance can be
increasedto reduce DNL,but the settling time constant of an-amp based circuit is
proportional to the load capacitance. Thus, the power must alswteased proportionally to
maintain unity gain frequency.

A higher resolution fothe first stage can reduce the DNL contribution due to capacitor
mismatch. Mismatch among the capadtor thearray can result in neaniform reference levels.
Figure3-10 shows the effect of neaniform reference levels on the residue curve. This leads to
significant DNL of the overall ADC. The DNkesulting fromcapacitor mismatclin the first

stage, normalized to LSB can be writterf@abows:

000 — (35)

where N is the resolution of the overall ADC, M is the resolution of the first siage, is the

total capacitance of théirst stage, ands a constant related to the random variationtlod

capacitors. DNL improves i for every additional bit resolved in the first stage or doubling

of the total capacitance in the first stage. On the other hand, the ADC nonlimkegitp the
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finite gain, A, of the first stage epmp, does not change with stage resolutidre DNL of a
pipelined ADCis proportional to the cpmp gain errorpf! 1 and number of quantization steps

of the remaining stage$'? [39] as follows:

Loe o — (36)

For every 1bit increase inthe resolution M of thdirst stage, the feedback factor

decrease by approximately 2.
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Figure 3-10: Input/output transfer curve with DAC nonlinearity.
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3.5.5 Switch nonlinearity
The onresistance of the MOS switches affects the settling time of the circuit. Higés@mtance
in MOS switches can not onslow down the circuit but also make the feedback system poorly
damped or unstable they arein the feedback loop. Using switch which is too largeaddsa
significant amount of drain/source junction parasitic capacitance at the output reducing the
overal bandwidth. Nonlinearity due tMOS switch resistance and junction capauiecauses
harmonic distortion. Especially for ZCBCthis nonlinear resistance degratiesramp linearity.

This nonlinearity problentan be improvedby bootstrapping the inputgmal to the gate
of the MOS switch. Current source sfitig technique betweethe switchescan alsoreduce this

nonlinearity [LQ].

3.5.6 Sub-ADC comparator offset

The accuracy of the comparatavithin each subADC has to be goodenoughto produce
accurate resigal voltages for the following stageBhe residue voltaggypically goes out othe

normal rangelue to comparator offsetSigure3-11 showsthe 3.3bit MDAC residue curves with
random offsetdn the subADCG comparator. Positive comparator offset exsdabd output
residue and negative offset goes betbenormal range. Exceedirige correction range leads to

loss of information about the signal. That is wdnyedundant bit, in other words overlap, is
included The function of a comparator is to compdahne applied input signal voltage to a
reference voltage, and the simplest way to implement a comparator is to use regenerative cross
coupled inverters. The signal then amplified to the digital logic level for subsequence

processing.
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Figure 3-11: Input/output transfer curve with sub-ADC& comparator offset.

3.5.7 Op-amp offset

Figure 3-12 shows the effect of eamp offset inan MDAC residue curve. It shifts up or down

depending orthe polarity of the op-amp dfset. Comlined comparator and epmp offses must

be covered by oveange protectiomvithin the pipeline stages. This epmps offset corresponds

to the constant portion &ie overshoot voltage in ZCBC.
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3.6 Overshoot Voltage of ZCBC

Because ofhefinite delay ofthe ZCD and ramp rate the final value overshoots the ideal output
value. The overshot voltage is shown agfor fast and slow ramm Figure 313. The overshoot
voltage is constant if the ramp slope and ZCD delay are constant. However, due to finite output
resistanceand nonlinear parasitic junction capacitance the ramp slope iscoostant. ZCD

delay can als@ary due to noise andommon mode voltageariation, whichwill generate non

linearity in the ADC.

31



VO-VOIDEAL A
Vool ¥

Y

oy [ %
- fast ramp

Figure 3-13: Overshoots of fast and slow ramp rates.

In aZCBC, the output ramp is typically generated by charging a capacitoravaonstant
current source. The nonlinearity associate with the current source creates -alepgmaent
overshoot variation. This is a similar effect to that associated with the finite gamojramp
that creates signatdependent virtual groundondition. The output capacitive loading varies
with the output voltage due to the trTowmsi stor

the linear sampling capacitor should be much bigger than these nonlinear parasitic capacitances.
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3.7 Ramp Nonlinearty of ZCBC

In ZCBCsthe output ramp is generated &gonstant current source. The ramp rate is

— - (3.7)

wherely is the current from the current source &hds the btal capacitance at the output node.
Ramp nonlinearity causes overshoot variation. This nonlinearity comes from current changes
with output voltagedue tothe finite output impedanceAnother ramp nonlinearity source is

parasitiunctioncapacitance thataries depending on voltage

3.8 Noise inZCBC

Thethermalnoise ofa ZCD contributes to timing jitter and changes the sampling time. The error

in sampling timecreatesa voltage error. For ZC®with high bandwidththe traditional steady

state noise analysican be appliedecause¢he ZCD hasaettled during the zerorossingnstant.
Assuminga firstorder, lowpass response with adB bandwidth of , the transfer

function of H(s)is given by

Oi - (3.8)
This results in the magnituaé theresponséd(s) being equal to
0 Qs —— (3.9)
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An input signalw 1 , is a white noissource givenby

O (3.10)

wherew is a constant.

The total output noise rms value af 7 )is equal to

, Y
w

Q] — » -] (311

where — ] is the noise bandwidth.

The total output noise meaguared value is calculated by multiplying the spectral density

by the noise badwidth.

3.9 Bandwidth requirementsfor ZCBC

In ZCBC, the bandwidth requirements are determined by two factors. &iestable time for
ZCBC operation is determined by sampling spddte ZCD delay can be approximated by its
openloopt i me c o4i]sSeamt bvershoof variation that is product of ramp rate and ZCD

delay must be less than accuracy requirerfagrdvershoot variatiof42] as follows:

R YY— (3.12)

y— — — (3.13)

whereVnaxis the maximum output voltage aWgi, is the minimum output voltage.

The Verror must te at leastiess than half LSB given resolution.
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4 ZCBC TechniqguesahorHHglghR&pelkdt i o

ZCBCs requirea fast ramp to achieve high speed since ZCBCs have to finishimgmyithin
half a clock cycle. Howevera fast ramp rate degrades ramp lingamvhich directly affectghe
accuracy of ZCBCdn this chapter we will describe high speed issassociate witlZzCBCs and

discuss proposed technigite achieve high speed and high resolution in ZCBCs.

4.1 Ramp Rate with Single Phase

For a given samplinglock frequencytheZCBC ramp must be finished withahalf clock cycle.

Figure 41 showghewaveform ofasingle ramp ZCBC. Thminimumsingleramp rate is

— —_— 4.2

whereV,, is the input peak to peak voltagg,s the preset phase duratiofysa: is over drive
voltage,andT is the period ofthe sampling frequencyrigure 42 showsthe requiredminimum

ramp rate aa function ofsampling frequency.

The overshootoltageis calculated as follows,

® o — o — — (4.2)

whereV,, is theovershoot voltage of ZCB@;cp is theZCD delay, andlv/dtis theramp rate.
The overshoot variatiois
Yoo S W S (4.3
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Figure 4-1: Single ramp ZCBC.
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Figure 4-2: Required ramp rate versus sampling frequency.
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Figure 4-3: Overshoot versus sampling frequency with single ramp ZCBC.

Figure 43 shows examples of overshoot versus sampling é&ecy for various
comparator delaysising asingle phase ramp. Athe sampling frequency increasethe
overshoot becomedsarger Reducingthe ZCD delay costs power and also increasige noise
bandwidth.

For N-bit accuracywith 1V reference voltage

Yo — (4.4)
o Y— — (4.5)
y— — (4.6)
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whereN is resolution,V, is effective Early voltage,l, is charging current, an@; is total load
capacitance of the current sour8opevariationcan be described by Equatior4vhere ¥ —

is theramp nonlinearity acrogke output signal swing range.

— — (4.7)
o Op — (4.8)
y— — — (4.9)

So the required outputeffective Early voltageof the current source fom given sampling

frequencyand resolution is giveas follows [41]:

y— —o— (4.10)

w —-x (4.11)

where — Is the ramp rat

Figure 44 shows one example &, requirement versus sampling frequefay12 bit accuracy

Fast ZC[3 have relaxe@ffective Early voltage afurrent source requirements.

There are twanethodswith the same output resistance for current soto@eheve high
accuracy wititheZCBC technique. One mmakingafast ZCD and the other is usiaglow ramp.
The goal for both of theecases is to reduce overshoot itself. The constant portion of overshoot
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becoms an offsetin the ADC but any data dependenaination producesa nonlinearitywhich

degrades accuracy.
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Figure 4-4: Required V for 12bit accuracy versus sampling frequency.
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4.2 Ramp Ratewith Two Phases

Ramp rate can be reduced withal fine and coaserampratearchitectureFor the coarse ramp,

the minimum ramp rate is

— (4.12)

whereVene is thedifference between thee phaseandthe coarse phasé, is preset time, & t;

is thefine phase duration time.

Figure 4-5: Dual ramp ZCBC.
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The ine ramp ratean be writteras follows

- — — (4.13)

Thus, more time fothe fine phase is better for reducitige fine phase ramp ratéf we assume
the fine phase durationovershalf of the charge transfer phase ahd coarse ramgoversone

third then we gedmuch relaxed requirement efffective Early voltage of current source
w —X D ;i (4.149)
However, lecause ofhe limited speed othe coarse detectothe maximumcoarse ramp rate is

limited by

— D — 0 @ (4.15)

— (4.16)
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4.3 Sub-ADC Decision

In the previous dual ramp ZCBQL]],[17] shown in Figure 4, while N stageis in the charge
transfer phaséhe next stagés subADC samplesN™ s t as @etput right after fine phase and
subADC generates decisioN™ stagé decision musthereforebe finished beford&l™ +1 stage
entersthe charge transfer phaselowever, thesubADCG decision timegetsto be abigger

portion of the halclock durationasthe sampling frequency increasdé®@usethe regeneration

time for a given size and technology is fixe@hus, this sulADC decision time reduces the
available charge transfer time in high speed operafiomllow for an increased sample rates
sub-ADC decision can be moved to the rigtiterthe coarse phase as shownFigure 46, but

the subADC must be able to compensate for the voltage difference between the coarse and fine

sampled voltage.
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Due to the high accuracy of the fine phase, this voltage difference is almosthtanstéhus
appears as a fixed, systematic offset voltage which can be compefns$etaaltage difference,
Vene, between the coarse and fine phase is almost consigantdlessof the output voltage

residue.

Figure 47 illustrates waveforms for the ridsie output voltage and the ZCD input voltage for
a single sample. Y is the output voltage at the end of the coarse ramp phase, and this is the
voltage that is sampled for the early SAIDC decision. \4; is the output voltage at the end of the
fine phaseafter the zero crossing decision that is sampled by the following pipeline stage. Since
there is a voltage difference betweeg ®nd V., the subBADC must be able to compensate in
some way for the voltage difference between the coarse and fine phasg woitpges.
However, we have already noted in the previous section that in the dual ramp approach there is a
nearly constant voltage difference between the coarse and fine phase output voltage. Thus, the

voltage difference appears as a fixed systemésetovoltage on all suADC comparators.

The variation otheoffset is

()

Yo Yy—o y—o (4.17)

Theconstant portion of theffset becomea systematic offset itheresidue curve.
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4.4 Resdue Shift

Figure 48 (a) shows the nominal MDAC residue without offsettive subADC decision. The
nominal output residue range is froiVgred2 to +Vred2 with a stage gainof 4. However,
because the seBDC decision is made immediately after the coameigdon phase, theutput
voltageseen bythe subADC is lowerthan the final outpuby a constant amounVgne. This
effectively corresponds to a systematic offsetatinsubADC comparatorsvhich causes the
residue toshift up as shown in Figre 48 (b). In the gray area of Fuge 48 (b), the residue
extends outside the nominal residue rariges cuts into the digital error correction rarmed
degrades thavailableheadroom othe coarsecurrent sourceTo remove thiovershoot inthe
residue voltage a calibrated systematic offsetvoltage Vorrses IS added to all suADC
comparatorinputs. This approach keeps tHdDAC residuewithin the nominal range while
retaining the speed advantage of early-A0iC decisions The offset depends othe ramp rate

and ZCD delaynecessitating calibration.

- = _Trnn

-VREF
-VRer -VREFIZ 0 "‘VREFI'Z +Vier ~VRer -VREFIZ 0 "'VREF"Z +Vier

Stage N Output Voltage Stage N Output Voltage

Stage N+1 Output Voltage
o
\
T
T~
T

(@) (b)

Figure 4-8: Residue shift. (a) Nominal residue. (b) Residue with comparator offset.
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4.5 Calibration of Residue Range

The systematic offset nesdo be cancelled owhen usinghe early subADC decisionscheme
The systematic offset depends the ramp rate and ZCD delay. If the offset cancellation is
incorrect then the residue may sit out thfe nomind residue range. This magrce the fine
phasecurrent source bo thelinear region, whichcan degraddinearity. However, this out of
nominal residue range can be easily corredtgda backgroundcalibration loop Figure 49

shows three cases of residtiest are too low, normal, and too high.

DOFFSET DOFFSET

- +
S~ .

+Vrer +VRer +Vrer
........................ Voo.HicH | VroosiaH / / Vr1o0-HiGH
+Vier/2 +Vier/2 +Vierl2

“Vrer/2 “Virerl2 —{-Vrer/2
ol Nveoson Vioson Vrooson
“VRer ~VRer “VRer
TOO LOW NORMAL TOO HIGH

Figure 4-9: Diagram of residue calibrationwhen theresidueis too-low, normal, and toc-high.
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The condition of theresiduebeing too low and toohigh can easilybe detected by
following a stagés comparators with reference voltages\obo.ow andVyoonicn. Once this
threshold voltage is detectedy accumulator changes its value based on positive or negative
signal from the comparators. Tharligital code ofDogrseris fed back to thg@revious stags
reference resistor laddewithin the subADC to changethe systematic offset othe subADC.

This idea is illustrated in Figure¥. This calibration loogauses theutput residue range to

convergeo thenominalrange afteseveral hundredsf sampling clock periods

Sub-ADC
Reference Resistor Ladder

?DOFFSET

VTOO-HIGH

a
/

VTOO-LOW

Figure 4-10: Block diagram of residue calibration.
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4.6 Ramp Linearity Enhancement

4.6.1 Correlated Level Shifting (CLS) Technique
To reduce finite oamp gan error and increase the-apmp 6 s 0 u { tipe gotrelateavievel g
shifting (CLS) techniquevasintroduced in 15]; a block diagram of the circuit and waveforms

for this scheme arghown in Figire4-11.

b Vo
&5 Lcos
v E I &1
i s I } R N 93@
—°/S / A

¢AE I

(+/-V,,0) Vem V::MD
bs | \
ba /
b, [\
b, / |

Figure 4-11: Correlated level shifting technique.

After sampling the inputg), this switched capacitor circuiintersinto an amplification
phase(€a). CLS occurs during this amfigation phase in two steps: estimati@n) and level
shifting €2). In €; the opamp is connected directly to the outmd thatthe level shifting
capacitor samples an estimate of the correct output voltage with respect toahm autput
common modeé/cuo. In €2, CoLs is connected betweéev, and the opamp output, which lesi
shifts the opamp outputo Vcwvo. The opamp only processes the error of the initial estinaa
requires onlysmall output swing because it ontprrecs this error.So the effective gain is
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increased by the gain thieopa mp 6 s e st i e split-ClS tephmiqusokeseparating
the op-amp into ZCBC forthe estimation phase and specific opamp with high gain but
reduced output swing fothe level shifting phasewas introduced to reducehe power
consumption16]. It still usedinear settling wth feedbackbutZCBCs areinherently operoop

so there are no constraints with respect to feedback stability.

A similar CLS technique wagsroposed n Z C B C @13, [24]. Udlike the CLS in op
amp based circuits where settling must be interrupteshiiaple the coarse output voltage, this
techniqueexploits the natural break in timing between the coarse and the fine phases. The coarse
output voltage is sampled when the ZCD trips at the end of the coarse phase. Thus, there is no

speed penalty forthelCS i n ZCBCO6 s .
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Figure 4-12 Simplified conceptualschematic of ZCBC with series charging capacitofor fine phase
current source and timing diagram with a small residue (dotted line) and a large residuedsd line).
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4.6.2 CLS with ZzCBC

Figure 412 shows a simplified ZCBC schematic in the charge transfer phase with the
level shifting capacitor (g, the coarse current sourge the fine current source, land switches
for the fine phase current sourcéhe two bdtom-most plotsin Figure 412 show timing
diagrams for the clock signals and waveforms illustrating two extreme cases of output residue
voltages, one small and one large. The dotted line waveforms represent a small output residue
and are dendtsdbwdarnihpta, owhi Il e a solid I|ine
waveforms that have an 6LO6 subscript.

It is clear that the differential input voltages to the ZCL)(Vhitially depend on the
output residue voltagg ur i ng t he ;pHowever,tat the bral sfehe ¢oarse phase (on
the falling edge of g both the small and large residue ZCD input waveforms transition from a
coarse ramp to a fine ramp at approximately the same undershoot voltagean® Vs,
respectively. The ZCD input voltage is related to the output voltage by the capacitive divider
formed by G and G, at the end of the coarse ramp. Also, the output voltagesaxid \o |
undershoot the final values ¢Wasand Vosinai L) by relativey small and nearly constant amount,
shown as ¥inesand Vene L. Both waveforms, ¥ sand b, then ramp in the fine phase, cross
zero, and the Esignals end the charge transfer.

If the fine current source were applied to the output voltage directyculrent source
would need to meet the linearity requirements over the entire output residue range, which is quite
challenging. By using the CLS technique to connect the fine current source to the output voltage
through a series capacitor, the currentreewutput waveforms have a significantly reduced
voltage range, as shown in the plot qfs\at the very bottom of Figure-¥2. In this case, the
maximum output range of the current source is limited texn\, which is a fraction of the
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overall residugange. In addition to the reduced range seen by the current source that makes high
output resistancestraightforward to implement, the variation of output voltage at the current
source drain is also drastically reduced.

This concept is further illustratad Figure 413 for a PMOS cascode fine ramp current
source. Without CLS, the variation in the voltage at the current source output is shiovigias
With CLS, the voltage trajectory is nearly constant, resulting in-o@astant overshoot that is
limited by the precision of the coarse phas¥ &rna). By way of explanation, after the coarse
phasethe incomplete settling coupled withthear se current sourceds ou
in slightly different undershoot voltagesyé and Vs, at the ZCD input. These different
undershoot voltages change the amount of voltage provided by the fine a@pWiich results
in slightly different final voltages Vsfina,sand M siinaL at the zerecrossing instant.
Although this figure exaggerates the Horearity for purposes of illustration, simulations
indicate a linearity improvement of approximately 30dB by using a fine current sodhc€ s
compared to the variation of a current source without level shifting. CLS therefore allows the
same current source to be operated in a way that is much less sensitive to-tlepeladient

output residue voltage.
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Figure 4-13: Effect of level shifting capacitor for the fine phase current source

Note that there is a capacitive voltage divider between the fine current source qutput V
and the output Myt of corresponding stage. The voltage divisiatia is proportional to (g for
small values of G, and the ratio approaches unity tovery large ¢Cs. While a small value of
C.s has less capacitive loading of the coarse ramp, the fine current source output range is
increased and the fine ramp lingis accordingly degraded. In this design, the size giwas
selected through simulation to achieve good fine current source linearity by maintaining a
modest range for \é while also balancing the impact of the increased capacitance during the

coarse amp.
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4.7 Summary

Limiting constraints o ramps for single phase and dual phasehitecturesverereviewed in this
chapte. Dual ramp architecturaot only reducesthe ramp rate significantlyand italso allows

early subADC decision for high speed operatioHowever, this early suBDC decision
introduces systematic offset that must fesolvedsince it shifts output residue. Residue
background calibration technique can remove the offskage between the output voltage of
coarse phase and fine phase. entance ramp linearity with high speed operation, the CLS
technique for fine current source dramatically improves the ramp linearity Glremake the

fine current source to be operated in a way that is much less sensitive to MDAC output residue

voltage.
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5 1 mpl ementaZd€CB8npelAIDCed

The previouschaptersdiscussedseveral difficultiesin using ZCBCsfor high speed and high
resoluion along with severahew techniquefor surmounting these issuekhese techniques are
implementedand verifiedin a 12 b 200MS/s pipelined ADCIn this design, a unidirectional

dual ramp is adopted primarily because the fine current source can be turned on much earlier
than in the bidirectional dual ramp [17]. This shortens the coarse phase duration, giving the fine
current more time to settle before a zerossing event withoutonsumingadditional power. In
addition, this strategy reduces transient disturbances during the transition from the coarse to fine
phase current ramps, ultimately enabling a shorter firsghFinally, a unidirectional ramp

relaxes the output range requirements for the coarse ramp current source.

5.1 Architecture

A top level block diagram of the ADC is depicted in Figurgé. 9he ADC consists of 4 stages
and a final 4 biflash There is no saple-andhold to reducehe power consumptionThe first

stage is composed of &B.subADC (8 comparators) anchaMDAC with gain of 4. Thesecond

and third stage are scaled down by a factor of 2 from the first stage and second stage,
respectively. The farth stage is identical to the third stadée standard redundancy for over
range protection is used to relax offset constraints in both thé\BGbcomparators and the
residue amplification, and to fold the residue withigeM2 to T Vged2. The referene buffer,

bias circuits, and digital error correction circuits are all implemented on chip.
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Figure 5-1: Proposed pipelined ADC architecture.

5.2 Frontend Sampling Circuits

The sampleandhold amplifier (SHA) n the frontend of typical pipeline ADG provides a
constant DGsignal to the pipeline stagesice it sampledt thereforerelaxesthe path matching
requiremerg between the signal going to the residue amplifier and the bit decisieA0of
the first sage. On the other hand, Sel&Aonsume a lot of power becaugey must have
sufficient bandwidth and accuracy. An ADC withart SHA is very power efficient and also
less noisy[26]. There are constraints to adimgt aSHA-less architecturenowever The ampled
signal on the first MDAC and se&DC must match withirthe correction range of the first stage.
The correction range is limited Itye number of bisin the first stage.

Assunetheanalog input signal is a sine wave given by,

@ B Qo (5.1)

So it has a maximum slope given by
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— c“"Qb (5.2)

A mismatch time skew results in the voltageeas follows:

&) 6¢ QYT (5.3)

whereYt is skew onthe time constant. Timing skew affects mismatctore as the input
frequency increasedf two signal patls have skew tén it degrades SNR at high frequencaess
well. Any mismatch between the two paths will cut the eamge protection ofhe pipeline
stage.

In this ADC, two signal paths were carefully laid out and verified with the simulation. To
get better linearityperformancewhile sampling thanput voltage, bootstrap techniguevere
used.The bootstrap switches reduce on resistance tigsame size transis®and maintaig

thesame \éswith different input voltage as show@7] by theV s waveform in Figure 2.

0w W —w (54)

whereC, is the total parasitic capacitance connected to the top pl&lg he gates of sampling
switches on MDAC1 and bit decision comparatare all gate boosted. The sizes of the NMOS

arechoserto minimize differencén thetime constant of NMOS and sampling capacitors.
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Figure 5-2: Frontend sampling circuits.
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5.3 ZCBC pipeline stage

A simplified schematic of a ZCB@.2bit/stagepipelined ADC is shown in Fige 53. Each
stage has switchezhpacitor circuits with a suADC, reference presampling capacit@s., a
ZCD, coarse and fine current sourdesgl shiftingcapacitors Gs:, sampling cpacitorsCs: and
amplification capacitor€a:. Stage N is inthe charge transfer phasend stage N+1 is irthe
sampling phaseén Figure 5-3. The gey linesdelineatethe blocks that arelisabledin these
phase. A correspondingiming diagram is shown ikigure 54. The input voltagand reference
voltage aresampledon Cs;. and Ca:. during the sampling phasé {). In the charge transfer
phase (i »), this charge is then subsequently added or subtracted based on-h®<hd s out put
using switches SW

With the proposed reference precharge architecture thappisximatelya factor of1.8
penalty in noise gain copared to a conventional architecture. To compensate for this increased
noise, additional power is spent to reduce the input referred noise contribution of the ZCD.
Not shown are systematic calibration signals from stagedNstibADC to stage Ks subADC.
The first stagés sampling capacitois selectedto makethe thermal noise much less théme
guantization noise. Thsignatto-noiseratio (SNR) for a given sampling capacitor value with

guantization noise is

"YO'Y p 11 € g— (5.5)

whereY is the quantization step aids s the full scale ofhereference voltage.

59



d Qu_m ®
> uf Nip
) 80, .

XA i _ +43

Wo >IW y
= - = A MS |_A.|._hv 43
% H_HAo;v+<.Q H_H <0545 o Mdu Mhﬁ_ue 0>+ q H_HAc_mv+mO ; |
* > Nm"vt ~INop T > g *NIA

+m|_o ) .
___lo \W 1l _.m+m._> | mlw 3 \ﬂrme
1 g azg 1
i L+N obels w N 86815 m

Figure 5-3: Simplified schematic ofthe ZCBC pipeline stages.

60



N

V0UT+

PoP; P, '

Figure 5-4: Timing diagram of the ZCBC stage.
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The operations of ZCBC charge transfertire preset, coarse, and fine phasee
illustrated withthe simplified schematgand timing diagramin thefollowing two figures Grey
arrows show the direction of current flom. the preset phase djFshown n Figure 55, a short
preset signall ,p sets \byr+ to Vssand Vour- to Vpp in order to ensure that the differential input
to the ZCD starts froma negativevoltageat the start of the coarse phasg.(Rt the beginning of
the preset phase,Eand Ep also turn on to reduce transient effectghe transitionfrom the

coarse phas® the fine phase.

' Stage N . Stage N+1 Do []
E, _
Exn(¥) I, Ezp |
E VLS+ 1 VDD ‘L_
! CLs+
c Cpsc Vs |}
S+ V . -
II|—| I X VDD ‘L—‘
i | V.
C.. v
CA_:: SS |

U
<

Figure 5-5: Preset phase.
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Figure 5-6: Coarse phase.

After 0o turns off, the coarse phadeginsas shown in Figure-6. E; controls the
coarse phase and coarse currephbrges VWur+ and discharges 3. at a fast rate until M and
V. cross the offset voltag¥,s At this point,then e x t s t -AQCestrabestisewoltput
voltage \b; andbegins to make a decisiol this coarse phagbe fine current sources bare
already turned on to reduce transient effétm the transitiorof the coarse phase to fine phase.
The level shifting capacitors are alsset (V s+ t0 Vssand s to Vpp) by E; until the coarse

phase end improvethefine phase ramp linearity.
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Figure 5-7: Fine phase.

After the coarse phasthefine phase starts as shown in Figuré.5&; disconnects Vs
from VssandV s from Vpp so the fine phase {Pcurrent } throughlevel shiftingcapacitor
C.s: begirs to charge Vur+ and dischargeVour. at a slow rate. When,V crosses Y, the
sampling signal Efalls to open the sampling switches. The output voltage i¥ acurately
sampled on the next stage capacitors @nd Ca. at that instant. Because the ZCD has a finite
delay, b turns off shortly after ¥ crosses Y, so this delay combined with the ramp rate causes
a relatively constant overshoot §). The currert source withlevel shiftingcapacitorgreatly
reduces variation of this overshoot and its associated nonlineaFfigpge 58 showsthe

trajectories of simulated waveformsthe stage outputievel shiftingnode andinput voltage of
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the ZCD within a half clock cycle After the fine phase, both ¥ and s are pulled up to ¥p
to prevent Cs= from being floating during the next sampling phase.

The initial voltage inthe preset phase is defined by the sampled input voltage and bit
decision resultBecaisethe input voltage is sampled on botk. @ndCa. , then G. is connected
to Vpp andCa. is connected t¥ss, V. is always abov&/ ¢y and - is always below cy in the
preset phaseallowing for a unidirectional ramp

In the coarse phase, the outpuinps at a fast rate until the coarse detector makes its
decision. The duration of;Rlepend on theinitial voltageDVy=Vx+-Vx.. If DVy is close to s,
it finishes in a short time. On the other han®Wy is large then it takea longer time to finish
the coarse ramp. Once the coarse detector s€Nsed/ 451 the ZCBC enters the fine phase. The
variation of the fine phase duration time is nearly condieanausehe offset variation after the
coarse phase is very small. The fine current source sees #hmsaime drain voltage regardless

of output voltages. M.+ and s voltages are almost constant attezfine phase ramp.
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Figure 5-8: Superposition of simulated waveform®f the ZCBC stagewithin a half clock cycle

66



5.4 Reference Precharge

Reference voltagesnging during switching events am@ key challenge for high speed ADCs.
This ringing which is oftenattributed to parasitic package inductancasst besettledwithin

half a LSB level of AD@ s eneefotagein a half clock period.To allow more time fothe
reference voltag®o settk, a precharges addedo the reference sampling capacitd@g: and the
charges added or subtracted basedtbasubADCG decisiorvia switches SW This procedure

is shown in Figure-3. A drawbackof using this reference precharge architectsi@noise gain
penalty ofafactor of1.8 approximatelgompare to the casevithout precharging capacitors. To
compensate for this increased noise, additional power conisummpust be spent in the ZCD to
reduce its input referred nois&.similar reference precharging architecture with reduced noise

gain penaltywasrecently reported in22].

5.5 Fine Current Source with Level shifting Capacitor

The current source artie assoated switches areshownin Figure 59. Mpc;.» arethe coarse
current source antpr1., are @scoda for the fine current sourceBecauseof the fast ramp
requirement during the coarse phake,coarse charging current is very largeasgate boosting
circuit is used to turn on and off MThis boosted/ voltage reduces Ms onresistance witta

reduced size.
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Figure 5-9: Schematic of current sources for coarse and fine phases.

5.6 Sub-ADC with Residue RangeCalibration

As discussed in section3} a subADC decision is made right afténe coarse phase instead of
after fine phase. Figure-B) shows simulated waveforms for both small and large residue
voltages aktachs t a gasitive output. It shows almostoastant offset voltage ple between

thecoarse anthefine phases.
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Figure 5-10: Comparison of simulated output waveforms of small and large residues atoyr-.

The subADC used in all four gain stages ®sis oftwo reference resistor laddeand eight
switchedcapacitor comparators to realize a nine level (3.2bit) flashASMD. For each sub
ADC in Stages 2 that follow a ZCBC,here are two additional comparators to detect residue

too-high andresiduetoo-low conditions for residue background calibration.
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Figure 5-11: Schematic of subADC.

In a traditional suLADC without an offset voltage, bipolar threshold voltages can be
generated from a single retr ladder. However, in this case the threshold voltages for each
polarity are equal in magnitude. Here, we require a constant and systematic offset voltage

Vorrserto compensate for the early sAlDC decision.Figure 511 thenshowsthe reference
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ladder modifications that generate the differential thresholdltages of the subADC

comparatorgncluding the \bgrserterm.

In Figure 511, two reference voltages R¥rVs, VrertVs;) are appliedo two parallel
resistor laddersThe positive terminals for thareshold voltages are tapped from the first ladder
at fractional values ofMrerV;)*{7/8, 6/8, 5/8, etc.}, and the negative terminals for the
threshold voltages are tapped from the second ladder at fractional valWes@M; )*{ 1/8, 2/8,

3/8, etc.}. Inthis way,the full V; is seen in each of the 8 differential threshadttagessuch that

the differential reference voltage of tifecomparatoritlk { 1, 2, é8} ) i s gi ven

O G — o g — O — G (5.6)

O G- 0 G- o - G (5.7)

When compred to the nominal threshold voltage for a traditiorédv@l subADC of
7/8Vrer We find that \brrset= Vs + Vred8. The choice to include an offset oka48 in all the
thresholds was made to relax headroom issues on the lower supply voltage amd) tihéori

resistor ladders closer to differential operation.

Figure 512 shows the schematic of thaffset reference voltage generation circuit
(ORVGC) It consists of a-3tage op amand a current steering DA®N16.12, Mf’mlz) added to
the output stagedORVGC forces currentsgtic on Vo., and k-lc on Vo. where k=l1-1p=I2+13-1o.

71

by:



Dorrsercode controlsd The average voltage Rév) of the top side of thewo resistor ladderis
feedback to the inverting inputp-amp and changes.d Thus, Vkcv become Vger with this
common moddeedbackand these different outpaurrens from ORVGC generatéger+ V; 0N
Vos+, Vrer - Vs 0N Vo. through Rm, where \, = IrcvRem. Thus, new reference voltages are
generated on top of the resistor ladderd those are providdo all comparators in the sSiDC

with shifted reference voltages.
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Figure 5-12 Schematic of offset generation block.

73



5.7 Residue Range Background Calibration

As discussed in the sectidrb, residue overshdas calibratedwvith a background residue range
calibration.A residue voltagef stage Nwhich is either too low, or too higls detected using

the comparators of thd+1 stage with reference voltages ofdé.L.ow, and MoonicH, Which are
generatedfrom a resistor ladder in the seADC; shown in Figre 513. Whenever these
threshold voltages are exceeded, an accumulator is incremented or decremented. The
accumulator output &rsetis fed back to the referengeneration blockn the stageN subADC,

to shft the reference voltages of the sADC by a systematic offsetThis background
calibration causes the output residue range to converge to the desired nominal range after several

hundreds osampling clock periods

Figure 514 shows the simulated residueltagesresulting from thébackground residue
calibration This simulation was performed by sweeping témmperature from40 CZto 125 &
and varying thepower supplyvoltage from 0.9 V to 1.1 V. In this simulatiorthe ADC is
initiated at 0.58s at which time calibration begins. Figure 84 shows theresidue range
convagingin aroundl . 0 ¢ s , appvdximatdiy200 ycles osamplingclock period. The
output residue converges well withthe nominal residue range asalibration runs in the
background. A similar residue background calibration was recently proposedbin lNote that
the calibration values are stored in digital registers and therefore can be held indefinitely

regardless of the input signal statistics or activity.
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Figure 5-13: Calibration for residue range.
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Figure 5-14: Simulated residue voltages of residue range background calibration with temperature
swept from -40Ce  t o 1 2the pdver supplycdswet from 0.9 V to 1.1V with 10 MHz sinusoidal
full swing input.

5.8 Sub-ADC Comparator

The offset of the comparator degradlesnoise floor and DNL, especially the finalflash stage.
To reducehis offset voltagelargedevicescanbe used buthis approacts not suitable for high
speed operation due tbe large parasitic capacitance. Another wayedu® dfset is to use
offset calibration with digital control by adding extra capacitance at the comparator ¢agputs
However, this also decreases the spaed the many digital registers per comparator occupy
considerablesilicon area A selfcalibrating techniqug29] is introducedthat does not impair
speed butoesrequirea special calibration modén this designa discreteime chargepump
basedackground calibratiotechniquds used tadjustthe comparatois offsetevery cycle The
comparator offset voltage calibration circuit is shown in Figwlb Swith the corresponding
timing diagram. It consists ofa conparator with four inpwg, two input sampling capacitoGyz,
two reference precharge capacit@g, a low pass filter capacit@cp for the charge pumplcp

for thecharge pump current, and enadlatches
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Figure 5-15: Comparator schematicwith a corresponding timing diagram. (a) Schematic of
comparator. (b) Timing diagram. (c) Simulated comparator offset calibration with 50mV forced

offset voltage.
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At the beginning of the reference sampling, goes highfor a shorttime to short the
input ofthe comparator for offset calibration. If the comparator &pssitive offset voltage then
the comparatoroutput will be high. Likewise, if the comparator has a negative offset voltage
then the comparator quit will be low.The result of this comparison is used to update the offset
calibration every clock cycldzigure 514 (c) shows the simulated waveforms of the comparator
offset calibration, where Mp and Vxrm cOnverge to a ¥omporrservalue of 50mV. This0 mV
corrects for a forced differential offset voltage of the opposite magnitude at the comparator input
in the simulation.A calibration voltage Yrwm is applied to the inverting input of the auxiliary
differential pair (\km in Figure 516). With the man input shorted, the voltagexMv is
incremented by the <charge pump if the <compa
compar at or o ut peueralclock cydie§, the voltafetde convarges to a value
that cancels the comparator offset. Toerent Ep in the charge pump is designed such that the

voltage ripple on ¥y after convergence is much leksnthe subBADC6 s L SB.

Figure 5-16. Schematic of dynamic comparator.
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