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ABSTRACT OF THE DISSERTATION

Pipeline ADC Design Methodology

by
Hui Zhao

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, June, 2012
Prof. Albert Wang, Chairperson

Demand for high-performance analog-to-digital converter (ADQggrated
circuits (ICs) with optimal combined specifications of resoluticeimgling rate and
power consumption becomes dominant due to emerging applications inswirele
communications, broad band transceivers, digital-intermediate freqkf)cseceivers
and countless of digital devices. This research is dedicated ttoplevgipeline ADC
design methodology with minimum power dissipation, while keepingivelgathigh

speed and high resolution.

Pipeline ADC is a mixed-signal system, which consists ashge and hold
amplifier (SHA), sub-ADC, multiplying digital-to-analog Conwart (MDAC) and
bandgap voltage reference, comparator, switch-capacitor cirquitsbi@sing circuits.

This project set up a pipeline ADC design flow. It links all thecgfications between the
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system levels and circuit levels together. With this dedigw, if the overall ADC
specifications are given, such as resolution, sampling rate, vaiggay and input

signal range, all the sub-block circuitry specifications are achieved.

This paper studies all the sub-block circuits of pipeline AD&,feind then come
up with all the constraints and limitations for all the circuitryerm of speed and noises.
Then a system level speed and power trade off consideratiotplisrexl in order to

optimize the overall performance.

As verification of the proposed design methodology, a 10-bit 40MHz peeli
analog-to-digital converter prototype is developed in commef@&\C 90nm CMOS
technology: using op-amp sharing, dynamic biasing methods, it workso modes:
pipelined ADCs for high speed, cyclic ADC for low speed (only l#sges runs, other
stages are power off to save power). For pipeline mode, the total powsumption

decrease as the sampling frequency drops.

Index ter ms: pipeline ADC, design methodology, CMOS, mixed-signal circuits
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CHAPTER 1

INTRODUCTION

1.1 Motivation of ADC

In recent years, with the extensive implementation of digitadputing and signal
processing in communications, instrumentation, image processing anttialcagtrol,
analog to digital and digital to analog conversion applications ifiglek is expanding
rapidly. Monolithic integration of technology, the novel circuit struetof integrated
circuits, and advances in technology made the analog to dagithldigital to analog
conversion circuit design a great change, and continue to genenateess of research

and development.

At present, the electronic systems are in a trend of inagdgsdigitalization.
Digital circuits and digital processing is almost evergrvéh The main reason is:
compared to the analog circuits, digital circuits with low na@essitivity, strong anti-
interference ability, high stability and wide adaptabilitysye#o design and automated
testing, more extensive programmability features, but also bea#Huselvances in
integrated circuit technology to continuously improve the performandegivél circuits.
Large-scale integration (VLSI) technology allows each newrg¢ioe of digital circuits
to achieve higher speed, more features per chip, lower power cormu@mpt cost. In
addition, the progress of the improvement of the circuit stru@ance computer-aided
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design (CAD) analysis and synthesis tools also promote the dewetoprh digital

integrated circuits.

Although digital circuits advantages, and in many areas, it dughy replacing
analog circuit, but the physical environment of our existence cdrengeparated from
analog signal processing. First, the signals appearing umenate almost always analog,
such as temperature, pressure, time, speed, voltage, current, voiceulsirfiux, etc.

Secondly, the way of human perceives and keeps information is the analog mode.

In order to establish the interface of the digital processor laménalog world,
data acquisition and reconstruction of the circuit is necessaryefohe Analog-to-
Digital Convertor (ADC) and Digital-to-Analog Convertor (DAG)very important and

irreplaceable (Shown in Figure 1.1).

Antenna Filter Mixer
DSP
i AD Computer
®—> Filter Converter »|  Baseband
System...

Figure 1.1 ADC in the Interface between Analog and Digital World.

(e

ADC is a device that convert analog input signal into digital oufmutal. With
the rapid development of digital computing and signal processinggétr@hic systems in
the past few decades, it virtually transferred the world intgiatliera. For a long time,
as the bridge between the real analog world and the digitatl warlalog-to-Digital

Converters (ADCs) have been developed in different uni-directiomaetet different
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application requirements. Over-sampling sigma-delta ADCs, ssizeeapproximation
ADCs and algorithmic ADCs pushing the resolution up to 24bits, tradeditsffthe
limited bandwidth, are widely employed in audio communication; FlasHadithg and
interpolating ADCs, featuring highest speed at the cost of loalutesn (no more than
10-bit) and large power dissipation and area, are adopted in disk drineethand
magnetic data storage systems. Since 1990s, high-performar€dGsDwith optimized
combined specifications of resolution, sampling rate and power consungeiopgosed
to individual improvement) are in demand. For example, the IF fnetggein a typical
direct-IF (intermediate frequency) receiver vary from 50M&12@0MHz, which requires
an ADC sampling rate up to 400MHz. Practically, the signal-tsenaatio (SNR),
dynamic range and linearity requirements suggest that a bedte 14 bits resolution is
necessary at affordable power dissipation. In addition, soft ragimmsed to digitize
signal at radio frequency (RF) domain and sort everything to therpdvdigital signal
processing (DSP) IC chip, in order to bypass the obstacle dedirfeom different
wireless standards. The critical building block in soft radio ishigh sensitivity (that is
high SNR and high spurious free dynamic range (SFDR) ADC, saithpling frequency
being pushed further to several Giga-Hertz and relatively |qeesver consumption,
since the ADC must share the power budget with the other functiatdshin the same

transceiver system.
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Figure 1.2 ADC Applications.

Market investigation results (shown in Figure 1.2) coming from ceroial
products of ADC manufactures (Analog Devices Inc.) indicate tBsE Are widely used
in many areas, such as communication, audio, computer, UWB, also tldec$p&eC
varies from less 100kHz to over GHz and the resolution varies fran2BHits. To join
with IC industry, this research focuses on the pipeline ADC wressdution is 8~14bits

and speed is 100k~200MHz in the mainstream CMOS process.



1.2 A/D Conversion Overview

1.2.1 ADC Definition

As the interface between the real world signals and the Idigidies, ADCs play a
major role in the data acquisition and digitizing process. ADC cogwetinuous change
of analog signal with amplitude and time into digital signalsictv are discrete changes
in the amplitude and time. Shown in Figure 1.3 is a block diagrahisoprocess. Figure
1.3 shows the block diagram of an ADC, which consists of three buildoakdl
sampler, quantizer and coder. Input signals are converted to discretsampled signal
by the sample circuit under the sampling clock control. Hold cirqlgtg the role of the

circuit to maintain the sampled value unchanged in the transformation process.

Sampler Quantizer coder
000..0
Xin (1) L S (t) D(t) | oo0.1

e |
LLJJJ 111...0

/N mw 111..1

Figure 1.3 Analog-to-Digital Converter Block Diagram.

Sampler discretizes analog signal in time domain. The disineéecontinuous-
amplitude signal is then mapped into a discrete level by quanivbéch implements a
many-to-one transformer by approximating the signal to one eflisided quantization
levels. Uniform quantization provides the minimum quantization erroa fetatistically

equally distributed signal, while non-uniform quantization is a betteice for signals,



such as audio one, whose amplitude is not evenly distributed in the ingat Feor both
the uniform and non-uniform quantization, a unique digital code is asisigneach
guantization level. The analog-to-digital conversion process islddlfoy providing a

series of digital codes to represent the time-discrete and amplitudetelisnalog signal.

1.2.2 Main design direction of ADC performance

The first thing is high-speed. As the bandwidth of the signal soeeds to be
digitalized became wider and wider, so the audio, video, and RF ADCrtensvieave to

work at higher sampling rate.

Second is high-precision. Due to the growing dynamic range digin@l source
needs to digitize, people have increasingly high quality requirtenté data processing,

so the accuracy of the converter continues to increase.

Third, it is easy for monolithic integration. At present, low-cosety Ipower
consumption and high reliability of monolithic integration of the esysbn-chip system
(SOC) has become a trend. Complete electronic systems arenoied-signal systems,
including digital circuits, analog circuits, analog to digital addjital to analog

conversion circuit.

1.2.3 ADC Characterization

ADC performance is characterized by resolution, speed, power, INL,dDdd so
on. It can be divided into two parts: static features and dynamic feature.
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Resolution: ADC resolution is defined as the minimum input signal to make agehat
digital output, usually expressed as the number of bits n of the outfauy lmode. The
resolution shows the resolving ability of the input signal. Theoreticallygrfor-bit ADC,
the minimum input voltage that can be resolved is VRERGuivalent to a quantitative
unit of input voltage. Another term, called effective number of (Bit¢OB), therefore, is
introduced to measure the resolution for a pure sinusoidal signalkasely. It is defined

as

ENoB= >NDR-1.76 (1.1)
6.02

where SNDR represents signal-to-noise and distortiom ra

Quantization errofor quantization noise) is the difference between dhginal

signal and the digitized signal. Hence, The magnitfdée quantization error at
the sampling instant is between zero and half of ori. IRiantization error is
due to the finite resolution of the digital represg¢ion of the signal, and is an

unavoidable imperfection in all types of ADCs.

Differential Non-linearity (DNL) DNL error is defined as the difference between

an actual step width and the ideal value of 1LSB (&gere 1.4). For an ideal
ADC, in which the differential nonlinearity coin@d with DNL = OLSB, each
analog step equals 1LSB (1LSB = VFSK/@here VFSR is the full-scale range
and N is the resolution of the ADC) and the transitratues are spaced exactly

1LSB apart. A DNL error specification of less tharequal to 1LSB guarantees a

7



monotonic transfer function with no missing codes. An AD@onotonicity is
guaranteed when its digital output increases (or resnamnstant) with an
increasing input signal, thereby avoiding sign chamgelse slope of the transfer

curve.

Integral Non-linearity (INL) INL error is described as the deviation, in LSB or

percent of full-scale range (FSR), of an actuahdfer function from a straight
line. The INL-error magnitude then depends directiytioe position chosen for
this straight line. At least two definitions are commbast straight-line INL and

end-point INL. It is defined as the deviation of aiygle step from the ideal size
and measured in LSBs. A less thati SBDNL error and less tham% LSB

INL error specification guarantees no missing codes anwbm@otonic transfer

function.

Offset Error.Offset error identifies the horizontal differencevbeen the actual
transfer curve and the ideal one at the lowest tratesfel. It is a figure-of-merit
that measures the transfer curve matching at a singté pad indicates the

average error of the converter.

Gain Error.Gain error, given as a percentage of the idealtifypliscale range, is
reflected in the input/output transfer function ae #lope deviation from the
infinite resolution characteristic. Comparing with s&ff error, which can be

measured at 1¥2 LSB above the most-negative end, gamnealy be estimated at



1% LSB below the most-positive end. Linear gain erdoesn’t introduce

distortion as does nonlinear gain error.

Figure 1.4 demonstrates the static errors in the sametreb€fer curve.

Gain error

L ]

(aJ (b)

Figure 1.4 ADC Static Errors.

Speed: Analog-to-digital conversion speed is characterizgdirput bandwidth and

sampling rate, which is defined as how many times thet iapalog signal is sampled per
second and determined by the transient response paransetehn as settling time, slew
rate and aperture jitter, of the internal blocksaled in the analog signal path. The

primary elements in the speed performance matrix araierg in this section.

Aperture jitter.When the input signal has large slewing rate, &l SNR of S/H

circuit will decrease because of the special probldrodaced by jitter issue from
sampling clockIn order to get the relationship between the maximuawable
slewing rate and sampling rate, as well as resoluts,donsider that the voltage
uncertainty of the input signal caused by cloclejjits less than 1LSB, so the jitter

9



impact could be ignored. For a full scaled input difia= Asin 2mft, its

maximum changing rate &rfmaxA, so:

2nfmaxA X At < 1LSB (L2
2nfmaxA X At < 2—1: (L.3

Total harmonic distortion (THD)THD is the ratio of the rms value of the

fundamental signal to the mean value of the root-surareqaf its harmonics
(generally, only the first 5 harmonics are significadtiD of an ADC is also
generally specified with the input signal close td-&glale, although it can be

specified at any level.

Signal-to-Noise Ratio (SNRBENR (or sometimes called SNR-without-harmonics)

is calculated from the FFT data the same as SINAD, éxitepp the signal
harmonics are excluded from the calculation, leavinty ¢the noise terms. In
practice, it is only necessary to exclude the firsaBnonics, since they dominate.
The SNR plot will degrade at high input frequenclag, generally not as rapidly
as SINAD because of the exclusion of the harmonic teAnfew ADC data
sheets somewhat loosely refer to SINAD as SNR, so you neusareful when
interpreting these specifications and understand gxadtat the manufacturer
means. In a well-designed and matching converter, SNgepts an upper limit to
both the static and dynamic performance and is chaissdeby a single tone or a

multi tone measurement with a full scale sinusoidal imgut

10



SNR, = 6.02 N+ 4.77- 20log 202 Peak amplitud (1.4)
Signal_ rms_ value

Where N is the resolution of ADCH. the signal level is reduced, the value of
SNR decreases and the ENOB decreases. It is necessaly docorrection factor

for calculating ENOB at reduced signal amplitudes asvahio Equation (1.4)

Signal-to-Noise and Distortion Ratio (SNDFSNDR is the ratio of the rms value

of the fundamental signal to the mean value of thd-som-square of its
harmonics plus all noise components (excluding dc). Bmelwidth over which
the noise is measured must be specified. In the casefFBnthe bandwidth is
dc to fs/2. (If the bandwidth of the measurement is aldst2 (the Nyquist
bandwidth), THD + N is equal to SINAD—see below). \Barned, however, that
in audio applications the measurement bandwidth mayneogessarily be the
Nyquist bandwidth. The SINAD plot shows that the adgenance of the ADC
degrades due to high-frequency distortion and is lyspédtted for frequencies
well above the Nyquist frequency so that performanceundersampling
applications can be evaluated. SINAD plots such asettage very useful in

evaluating the dynamic performance of ADCs.

Spurious Free Dynamic Range (SFDBpurious free dynamic range is the ratio

of the rms value of the signal to the rms value of tlwestvspurious signal
regardless of where it falls in the frequency spectitime. worst spur may or may
not be a harmonic of the original signal. SFDR is rapdrtant specification in

communications systems because it represents the smallestofasignal that

11



can be distinguished from a large interfering signdboler). SFDR can be
specified with respect to full-scale (dBFS) or witlspect to the actual signal

amplitude (dBc).

Figure 1.5 illustrates the relationship among thesauyc parameters.

Signal tone
A
Signal peak - noise floor

SFDR

Third harmonic
Fifth harmonic

Seventh harmonic

v Noise floor

Figure 1.5ADC Dynamic Parameters.
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CHAPTER 2

ADC was first boosted in 1930s because of widely uset FRulse Code
Modulation) technology in telecommunication areachianged the analog coding and
decoding technology into digital signal processinghietogy. Until 1950s, with the
emergence of high-speed digital computer and airoraf$lle data processing system,

ADC has gained a further development.

After Microprocessors were well-developed in 19708jdgered a technological
revolution in the field of digital signal processingdacomputer. In 1971, the first
Monolithic ADC was designed as analog/digital integf&trcuitry. In the past 20 years,
due to deep sub-micron integrated technology becomes pogular; it promotes a new
area of analog integrated circuits: mixed signal irgtesgl circuit. This chapter will
briefly introduce all typical ADC, such as flash AD@Wjo-step ADC, pipline ADC and

SO on.

OVERVIEW OF ADC

2.1 AD Classification

According to relationship between sampling rate agdadifrequency, ADC can
be divided into three types: the Nyquist ADC, subsamgpiiC, and oversampling

ADC.

13



Nyquist ADC: in order to ensure accurate reconswuctof the original value
theoretically, ADC must comply with the sampling theoré¢he, sampling frequency is
greater than or equal to twice the highest frequehtle input signal. Since anti-aliasing
filter cannot be an ideal low-pass characteristicgetiheust be a transition band, so the

sampling frequency slightly higher than twice the badth of the analog signal.

Sub-sampling ADC: input signal only occupies a small patthe band pass frequency, it
is possible to make the sampling frequency smaller thahithest signal frequency, but

to ensure that the sampled spectrum do not overlap.

Oversampling ADC, the sampling frequency is much highan the Nyquist
frequency. The following part of the digital filteircuit is used to remove noise outside
the signal bandwidth. Oversampling technique can eethe quantization noise level, in

order to achieve high-precision.

According to performance, ADC can be divided intghhspeed AD converter,

and high accuracy AD converter.

Based on architecture differences, ADC can be dividéd the serial structure

(pipeline), parallel structure (time-interleavingydaserial and parallel AD converter.

2.2 Flash AD Converters

Flash converters are extremely fast compared to manytgfyes of ADCs. It is
also quite simple and, apart from the analog comparatolgequires logic for the final

14



conversion to binary. It can achieve extremely higkesipover 1Gsamples/second) with

low resolution.

The typical structure of a 2bit flash ADC is shown igufe 2.1. A Flash
converter requires a huge number of comparators comfmacgder ADCs, especially as

the precision increases.

VREer \{IE 2-Bit Flash
o Analog to Digital
1
R/2 Converter
R %
RS
s |
R/2 § Input Bubble Error Digital
Quantization Correction Encoding

(Comparison)

Figure 2.1 A Typical Structure of A Flash ADC.

An N-bit flash ADC needs a resistor ladder compositi@@qual resistors. These
resistor ladders generate all possibl&12 voltage levels, then followed bYa
comparators and digital encoders. Comparators are usuetiposed of a pre-amplifier
used for sampling and amplifying the input signal, anldteh used for making final

decision.
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Each comparator samples the input signal and comparessigmnal to the
reference voltage. Then the comparator generategitaldutput “1” or “0” indicating
whether the input signal is larger or smaller thanréference voltage assigned to that
comparator. The digital outputs of the comparatorsoften referred to as thermometer
codes, and these codes are encoded as 1-of-n coddly, Aivtd-n codes are converted

to binary outputs.

This ADC requires a lot of the comparator, and thushéwlware cost of the
power, area and other large input capacitanceedtslution is limited by the accuracy of
the reference voltage and the offset voltage otttimaparator. For CMOS technology, it
also need to trade-off between the small offset veltagd high conversion speed.
Therefore, the structure is more commonly used in thastme of the 6 ~ 8 precision.
Flash ADC is the most classic high-speed AD converterp#mer structures in the high-

speed AD converter are evolved on this basis.

The flash AD converter key weakness is that the haelveast has grown
exponentially with the resolution. The number of comapas is 2-1. When the
resolution is 8 or more, it requires very large poaed areaAlso, because the heavy
used comparators and lack of front end sample and drofifier, it will bring some
special non-ideal characteristics, such as the vargatérihe ladder reference voltage,
the interference immunity of signal glitches variatithe sensitivity of sampling point of

different input signal slew rate. These issues will implaetconversion accuracy.

16



When the difference between two input signals ofcthraparator is relative small,
it will take longer period of time to go through ander to decide a stable logic output.
This condition is called comparator metastability. & thstantaneous value of the input
signal value of flash AD converter is very close to oheomparators reference voltage,
then the comparator output will be a long time uraertmay bring the wrong digital

output.

We can take some approaches to reduce the probabilitgccurrence of
metastable error. For example: adding the number di lz¢hind each comparator, so as
to allow a longer time to rebuild the thermometer ¢odeich is a simple solution, but
the power consumption is higher. Thermometer code @rpitecoding using pipelining
mothed is another way; this method allows the outpuh®fcomparator to experience
more reconstruction time, but each comparator outpet ks the input of a logic gate. In
addition, using Gray code between thermometer code landry code can also
effectively inhibit the comparator metastability errow Gray coding circuit, the input
signal does not appear in more than one input gdtewiag to increase the time of

reconstruction with pipelining.

2.3 Two-Step Flash ADC

Because of the exponential growth of power dissipatiarea, and input

capacitance of a flash convert makes it impracticatdeolution above 8 bits. Therefore,

17



trades-offs should be made between the resolutionrenddnversion rate. A two-step

flash ADC is applied to trade speed for power dissypadind resolution.

A two-step flash ADC consists of a coarse flash ADC stageAC, a subtractor and a
fine flash ADC stage. Normally, a front-end sample-holtl circuit and an inter-stage
gain amplifier between the subtractor and the fiasHIADC are necessary. The block

diagram in Figure 2.2.1 illustrates the structure tf@step flash ADC.

Vin__ /Coarse ADC DAC
(B1-Bit) (B1-Bit)

Figure 2.2 Two-Step Flash ADC.

Fine ADC
(B2-Bit)

Bit Combiner |
(B1+B2)-Bit

In this type of ADC, the conversion takes two steps.iiguthe first step, the most
significant bits of the digital output are determir®dthe first stage flash ADC. Then a
DAC converts this digital result back to an analog aida be subtracted from the input
signal. This residue is amplified by the inter-stage gamplifier and then sent to the
second stage flash ADC. The second stage flash deterrmmdsast significant bits of

the digital output.

The resolution of the first coarse flash ADC is m hitg #hat of second fine flash
ADC is n bit. So the total digital output result iem-+n. If digital correction is used, one

of the flash ADC need residual bit, so the total nesmh is larger m (or n) bit but smaller
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than m+n bit. In flash ADC, comparators track the infpgnal for half of the sampling
period, while make conversion for the other halsampling period. However, for two-
step ADC, because of extra DA conversion, subtractiad,second flash ADC work at

same time, the speed of two-step ADC is limited.

The key principle of a two-step flash ADC is to amptifie residue of the coarse
ADC, and this will largely reduce the number of conapars. Although the speed the
two-step ADC is lower than flash ones. But the numberoofiparators is much smaller
than that of flash ADC with same resolution: froffi"21 to 2+2™-2. So the power and

area are decreased.

24 Oversampling AD Converters

An oversampling converter uses a noise-shaping modutatedtce the in-band
guantization noise to achieve a high degree of résalult can shape the quantization
noise and push the majority of the inband noise todmniffequencies. It modulates the
analog input signal to a simple digital code, normallpne-bit serial stream using a

sampling rate much higher than the Nyquist rate.

To understand noise shaping, consider the block diagrhm sigma-delta
modulator of the first order (Figure 2.3). It inclgde difference amplifier, an integrator,
and a comparator with feedback loop that containsi DAC. (This DAC is simply a
switch that connects the negative input of the dffiee amplifier to a positive or a
negative reference voltage.) The purpose of thebsadDAC is to maintain the average

output of the integrator near the comparator's rateréevel.
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The density of "ones" at the modulator output is pridpoal to the input signal.
For an increasing input the comparator generatesaegraumber of "ones," and vice
versa for a decreasing input. By summing the error geltthe integrator acts as a low-
pass filter to the input signal and a high-pass filbethe quantization noise. Thus, most
of the quantization noise is pushed into higher frages. Oversampling has changed

not the total noise power, but its distribution.

If we apply a digital filter to the noise-shaped dedigma modulator, it removes
more noise than does simple oversampling. This type of ramduffirst-order) provides
a 9dB improvement in SNR for every doubling of the darmgprate. For higher orders of
guantization, we can achieve noise shaping by ineudnore than one stage of

integration and summing in the sigma-delta modulator.

Digital
output

_| Decimation

ABC Filter

Integrator

Vin

Figure 2.3 First Order Sigma-Delta ADC.

The oversampling ratio, called M, is a ratio of theck frequency to the Nyquist
frequency of the input signal. This oversamplingaratan vary from 8 to 256. The
resolution of the oversampled converter is proportidoalhe oversampled ratio. The

bandwidth of the input signal is inversely proportibto the oversampled ratio.
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It is Very compatible with VLSI technology because mokthe converter is
digital High resolution. Single-bit quantizers useree-dbit DAC which has no INL or
DNL errors. Provide an excellent means of trading ipi@t for speed (16-18 bits at

50ksps to 8-10 bits at sampling rates of 5-10Msps).

Oversampled ADCs allow signal bandwidth to be effidietraded for resolution.
Noise shaping oversampled ADCs preserve the signal speend shape the noise
guantization spectrum. The modulator shapes the noisgizateon spectrum with a high
pass filter. This high-pass characteristic reduces ttse b low frequencies which is the
key to extending the dynamic range within the baxtiwof the converter. The quantizer
can be single or multiple bits. Single bit quantizeysdt require linear DACs because a
1 bit DAC cannot be nonlinear. Multiple bit quamtig require ultra linear DACs.
Modulators consist of combined integrators with the gwahigh-pass shaping of the

noise spectrum and cancellation of all quantizer nmusehe last quantizer

25 Pipelined ADC

The pipelined analog-to-digital converter (ADC) Haescome the most popular
ADC architecture for sampling rates from a few megasanpée second (Msps) up to
100Msps. Compared to the two-step flash ADC which hetsyeo stages, pipeline ADCs

have multiple cascades stages.
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Resolutions range from eight bits at the faster sampés @ to 16 bits at the
lower rates. These resolutions and sampling rates cowadearange of applications,
including CCD imaging, ultrasonic medical imaging, itdi receivers, base stations,

digital video (for example, HDTV), xDSL, cable moderasd fast Ethernet.

Applications with lower sampling rates are still the domaf the successive
approximation register (SAR) and integrating architexs, and more recently,
oversampling/sigma-delta ADCs. The highest sampling ratdewahundred Msps or
higher) are still obtained using flash ADCs. Nonethelegselined ADCs of various
forms have improved greatly in speed, resolution, dyngmitormance, and low power

in recent years.

Each stage of the pipeline ADC consists of a samplehaldtieircuit, a sub-ADC,
a DAC, a subtractor and an inter-stage gain amplifiee block diagram of a pipeline

ADC is illustrated in Figure 2.4.
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Figure 2.4 A Pipelined ADC.

In this schematic, the analog input, IN, is first samm@ed held steady by a
sample-and-hold (S&H), while the flash ADC in stage qoantizes it to nbits. The i
bit output is then fed to abit DAC, and the analog output is subtracted fromitipeit.
This "residue” is then gained up by a factor @fa@d fed to the next stage (Stage 2). This
gained-up residue continues through the pipelineyigimy n bits per stage until it
reaches theyrbit flash ADC, which resolves the lasi Bits. Because the bits from each
stage are determined at different points in time, el hits corresponding to the same

sample are time-aligned with shift registers before bded) to the digital-error-
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correction logic. Note when a stage finishes processisgmple, determining the bits,
and passing the residue to the next stage, it candfaenprocessing the next sample
received from the sample-and-hold embedded within stage. This pipelining action is

the reason for the high throughput.

The concurrency of the pipeline ADC makes the maximumvexsion rate
almost independent of the number of stages becauseirshesthge determines the
conversion rate, but there is a delay time since theakigust work through all stages
before the complete digital outputs are generatdéis d@ielay could be an issue if the
pipeline ADC is part of a feedback system [3]. In &ddi the number of stages does

have great impact on the noise performance, powepdigsn, linearity and accuracy.

2.6 Summary of ADCs

Table 2.1 shows the differences of different ADCs. FIRBIC has the fast speed
while lowest resolution. Oversampling (Sigma-delta) AD& achieve over 20 bits
resolution, but the sampling rate is lowest. Two-staphflADC and pipeline ADC sit in
the middle. However, pipeline ADC can get higher k&tsan but lower speech compared

to two-step ADC.

So based on different application and requirementCAdfructure might not be
the same. Flash ADC focus on radio, UWB, WiFi applaradibecause of its high speed

features. Two-step and pipeline ADC will be used fommunication, video, image
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sensor, and baseband systems. While oversampling ADC beilused for audio,

communication, thermal sensing and precision test systems.

ADC Resolution| SNR/dB| Fs/HZ Powe Applications
Flash 4~6 30~46 >1G highet  Radio, UWB, WiFi,
high speed system
Two-step 8~10 44~60 500M High Communication, vid¢o
Pipeline 8~16 48~80 | 1M~20 low Communication, video,
oM baseband system
Sigma- 16~24 90~130 10M lower | Audio, communications
Delta precision test system

Table 2.1 Comparison of Different Types of ADCs.
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CHAPTER 3

PIPELINE ADC BLOCK STUDY

Pipeline ADC uses two or more steps of subranging. Eirsbarse conversion is
done. In a second step, the difference to the ismal is determined with a digital to
analog converter (DAC). This difference is then cotec finer, and the results are
combined in a last step. This can be considered a medime of the successive-
approximation ADC wherein the feedback reference aigronsists of the interim
conversion of a whole range of bits (for example, tuits) rather than just the next-most-
significant bit. By combining the merits of the successipproximation and flash ADCs

this type is fast, has a high resolution, and only regua small die size.

3.1 Basic Concept of Pipeline ADC

The principle of sub-ranging ADC can be pushed tdlith& of having only one
bit per stage. At this point, each flash ADC is nothingre than a simple comparator;
also, the data is transferred in a pipeline fashiorenithe data is sent to the second stage,
another sampled data is fed to the first stage; thdtrissa latency delay equal to the
number of stages. Since the pipeline ADC is pipelirtimgsubranging structure, and the
binary search in the sub-ADCs runs just as the mathemaigiod, the first stage

decides the MSBs and the last stage sets the LSBs. The Mi@Be the full reference
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range, while LSBs divide the sub reference range. rélaionship between MSBs and

LSBs is revealed in Figure 3.1.

00 01 b vour 10 3
MSBs | | | |

‘ W / A / ‘ /W ‘ Vin
LSBS// ; N R R I N R T A

g8~-2zz88~2z=Zg8~2zz88~2z35¢%

Figure 3.1 Pipeline ADC Transfer Curve.

A Pipeline ADC consists of a cascade of stages, eaethich contains a low
resolution ADC, DAC and amplifier, which successivelywert the analog input into its

digital representation, while processing the datapipa-lined manner.

Pipeline ADCs are commonly used for power-efficieigihkspeed conversion of
wide bandwidth input signals (e.g. 10 to 100 MHz)e TADC sampling frequency is
usually the Nyquist frequency or lower using small O$®g. 2 or 4) and the ADC

output code resolution is typically between 8 andit4-

As a well-organized data processing system, the operatithe pipeline ADCs is
under stringent timing control. Each stage performs dataversion in sampling and
holding modes serially. The sampling and holding moddésrleave between two
adjacent stages and the digital output is valid aftene clock cycles, called latency time,

decided by the number of stages. This process is illudtiat&igure 3.2(a). Because
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each sample must propagate through the entire pipge#ifoge all its associated bits are
available for combining in the digital-error-cornect logic, data latency is associated

with pipelined ADCs. In the example in Figure 3.2¢th)s latency is about seven cycles.

Stage-1 | Sampling | Holding | Sampling | Holding | Sampling | Holding | Sampling

Stage-2 Sampling | Holding | Sampling | Holding | Sampling | Holding
Stage-3 Sampling | Holding | Sampling | Holding | Sampling
Stage-n

Sampling | Holding

4’{ Latency Time i
(a)

nst n+2

n+3

ANALOG

INPUT

P 5 5 (5 20 20 C3 15 G0 @
L

TOD =7.0 MAX
3.5 MIN

(b)

Figure 3.2 (a) Stage Operation Modes in Pipeline ADClata latency in pipeline ADC.
28



This timing scheme of the pipeline ADC is built up bg sample and hold circuit
in each stage. During sampling mode, the switch cdettrdby the sampling clock is
connected to the residue generated from the precsthgg and the signal is sampled on
the sampling capacitor. When the hold clock comes,stiéch is turned off and the
signal stored on the sampling capacitor on one handnsected to the thermometer
codes by the sub-flash ADC, on the other hand, subtthhe estimated analog signal that
is re-constructed by the D/A converter, to createnthe residue as the input signal of the
following stage. The thermometer codes from each stageraoded to the binary ones
and latched and added together to form the finalitnaibital output (where m is the

resolution of the pipeline ADC) .The detailed pipeliarchitecture is shown in Figure 3.3.

Encoder (Thermo- , ( : ’ Encoder (Thermo- :‘,>®:,‘> Encoder (Thermo- Digital
) Latch = Latch = 4 =) - =>
Binary) e Binary) ate Binary) output

—————————————————————— —  Stage-n

SHA

A

v
1%
<
&
0Q
@
)

Stage-1

I Digital Output

,,,,,,,,,,,,,,,

Figure 3.3 Detailed Pipeline ADC Architecture.

Pipeline ADC design includes system level design andkblevel design. For
system level consideration, it consists of architectustgages partition, power

optimization, specification of sub-block circuits. Ogser should consider what kind of
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architecture the pipeline ADC should be: op-amp shai@iH circuits, dithering or not,
how many bit one stage of MDAC should handle, how toimmze power and what the

specification of sub-block should be, like op-amp D@ @ad close-loop gain bandwidth.

So, it's a complex design trade-off matrix among reswiythermal noise, power,
input range, voltage supply, op-amp types, nonlingaaitd so on. It is shown on Figure
3.4. This work comes up with an optimized methodologpip&line ADC design trade-
off and finds all the connection among these imporfeatures. For example, as
resolution increase, the requirement of thermal noidech is related to KT/C, also
become tight (SNR also increase). So as to minimize thenoize, the sample
capacitance in MDAC will increase; however, it vialirn more power. If the input range
goes up, the requirement of thermal noise will drop tthe selection of op-amp becomes

to be one dominant issue.

/

Resolution <= Power

Thermal
noise
Op-amp
types
Nonlinearity P
Sampling
Voltage rate

supply

\Pipeline € > Input

architeture range

Figure 3.4 Pipeline ADC Design Matrix.
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So, the methodology study of pipeline ADC design flskows as following

figures 3.5.

1.) Before designing pipeline ADC, first thing to know #ie specification of
ADC, like resolution, input signal range, maximum sampliate, voltage
supply and so on.

2.) Then, decide what kind of ADC architecture will bged, number of stages,
sampling capacitor value.

3.) Define the block level circuits specification basedtioe first two steps. Like
op-amp types, DC gain, closed-loop gain bandwidth,cémgelections and so
on.

4.) Design and simulation the block level circuits to libatspecification.

5.) Design and simulation the top level ADC.

6.) Run post simulation and corner, Monte Carlo simulation.

7.) If everything passes, the layout could be tape-out.

All the block level design is important, so we first stube block level circuits

and will discuss the system level power optimizatiorhenfollowing chapter.
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Figure 3.5 Pipeline ADC Design Flow.
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3.2 Comparator

A comparator is a device which compares two voltagesioents and switches
its output to indicate which is larger. The most wideted ADCs process voltage signal,
so here we only discuss voltage comparator. Its symholfigure 3.6 (a) and its ideal

transform function is figure 3.6(b).

‘Vi.n_'l' V. r _ '%4_ .Lrl = -Lrg
‘V’zu — out out @_ 'Lrl < Trrg

(@)

Vos Vou

Vo "
y <

Vou Vi

> ],'P_‘.-J,\.r
> Vp-vN i VIH

Vor, —

VoL

(b) (€)

Figure 3.6 (a) Comparator Symbol (b) Ideal TransformcEan

(c) Practical Transform function.

The important Specifications of voltage comparatorgaia A,, offset \bs, speed
(step response), kickback noise and power consumpti@gain of ideal comparator is

infinite, however the practical comparator gain is:
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Ay = Vou—VoL (3.1)

Vin-Viy

Vosis the input voltage necessary to make the output égjirlf of (Vou+VoL)
when \=Vy. Comparator speed, kickback noise and power issuebwillliscussed in
details in the following sections. There are mainly ttype of voltage comparator:
amplifier-type comparator and Latch-type comparatoickviis also called regenerative

comparator.

3.2.1 Amplifier-type compar ator

The natural choice to design a comparator is to usergoiifier. A small voltage
at the input is then amplified to a value large emot@be detected by the following

digital logic circuits.

Vbp

Figure 3.7 Amplifier-type Comparator.

For pipeline/flash ADC design, we seldom use amplifipetgomparator. The

reasons are.:
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1. It will always consume static power which means itastly. The power of

comparator in Figure 3.7 is R&l*V pptlu7*V pp

2. The speed of amplifier-type comparator is slow, coegato latch-type
comparator, there is no positive feedback in ampliffpe one, so the time

response is slow. As a result it’s difficult to achieve prerformance needed for a

12 bit 50 MS/s AD converter [1].

3.2.2 Latch-type compar ator

Figure 3.8 shows a typical latch-type comparator T most important feature
of this type comparator is that the output of one dreplis connected to the input of the
other amplifier. These cross-couple connection makessdive feedback in that loop,

which results in faster time response compared with amptifpe one.

RR’Q‘\: __/‘RS‘IT &

(a) (b)

Figure 3.8 (a) Typical Latch-type Comparator (b) &Zglent Small Signal Model.
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The input differential voltage is applied to a soucoepled pair, which produces
signal currents that are loaded by the resistansg/Rkcen. Rsw is the drain-source
resistance of Ml(drain-source resistances ofMl, are neglected). &Ry is the resistance
due to the regeneration of ;N4 which has been shown to be equal to m2/d
represents parasitic capacitance on nogeaxd Vjs. The comparator works in two non-

overlapped phases.

Phase one is reset mode: when the sigaali¥ high, the reset mode requires that
the value of Bw//Rran be positive, which will be the case ifsNt in triode and Ry <
2/gns. In this mode, the stage behaves as a stable, londdtgrential amplifier with (W4
— Vg3) being the differential output voltage. Phase twoegeneration mode: WhergW
goes low, Rw becomes very large and henceyRren becomes negative. Under this
condition, the stage is unstable and the magnitudéefoutput voltage will increase
exponentially with time due to the negative time cantt at the nodegyand 4. Hence,
this is called the regeneration mode. In operatiorenathe clock transitions from high to
low any existing output voltage will regenerate uetther w3 or v, goes low and the

other goes high.

Considering symmetry, the input current sourceepresents the drain current of
M3, the capacitor grepresents the parasitic capacitance @t,vand the resistor R

represents one-half ofsi//Rren.

* Reset mode:

— R=R1= (%V\//RRGN)/2>O

36



— Time constant

rlcha:%%gw (3.2)
— Output voltage
_t
AV, = A\, (1-e™) (3.3)

* regeneration mode:
- R:R2=RRGN/2:-1/gn3<O

— Time constant

rZ:CPRZ:—giQ;<O (3.4)
— Output voltage
t
AV = AVO et = A \6 & (3.5)

The final output voltage of these two phases is:

t ot

AV,  =AV,6 = MV (1- ) & (3.6)

finial

A smaller regeneration time constapwill create a full-scale output sooner. But
it will reduce the sensitivity of the comparator t@us after the start of regeneration.
The reset time constant A longer reset time constant will increase the $eiityi of the

comparator to inputs before the start of regeneration.
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There are mainly 3 types of latch-type comparator: [$€jtic latched comparator,
Class-AB latched comparator and Dynamic latched cortgrarBefore discuss these
comparators, kickback noise is first introduced in fg8r9: The large voltage variations
on the regeneration nodes are coupled, through Hrasitic capacitances of the
transistors, to the input of the comparator. Sincecttwiit preceding it does not have
zero output impedance, the input voltage is disturisai;h may degrade the accuracy of

the converter. This disturbance is usually called lackimoise.

equivalent of ) /0_“

preceding cireuit -l e

Figure 3.9 Kickback Noise.

3.2.3 Static latched compar ator

The regeneration is done by two cross-coupled innge(ids/Msa and Myy/May).
The power efficiency is poor, since the consumptiopusely static. But it has low

kickback noise because of slow regeneration process.
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Figure 3.10 Static Latched Comparator.

3.2.4 Class-AB latched comparator

j "Hf'.'!f.'
Yo

M,

1

larch

a"f e

Figure 3.11 Class-AB Latched Comparator.
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The regeneration is done by two cross-coupled CMQSrters. Their current
increases momentarily, during the regeneration prottesbarge the output nodes faster.
The drains of the input differential pair are dilgaconnected to the regeneration nodes.
The circuit reacts quicker to input variations, beseathere is only one pole. However,
this increases the kickback noise; it still has suppiyect in the reset phase and after the

regeneration finishes.

3.2.5 Dynamic latched compar ator

Kl 'IHI-”'

M [
T e

My,

w-"‘”:ltmh i |

M

dir S

Figure 3.12 Dynamic Latched Comparator.

In dynamic latched comparators [10], the current ofipws during the
regeneration. After regeneration is completed, oriputunode is at ¥p; the other output
and both drains of the differential pair have a @dtential. There is no supply current.
This comparator has two kickback noise sources: voltagations and the variation of

the operating region of the differential pair tratsis. In the reset mode: all the
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transistors are cut-off (The gate, source and draMgfand My are all at \bp). In the
regeneration mode: at the very beginning, &#hd My, are in saturation; M and My, are
cut-off, so no current runs throughpy to ground. The current discharges parasitic
capacitors G; at the M’s drain. Until one of the transistor Ms turn on. When one of
M, turns on, the voltage of its drain will decrease filesading the opposite PMOS turns

on. Then the regeneration begins to work.

Table 3.1 shows all the comparisons among those four tfpesnparators. And

table 3.2 compares the time response of these compardatars indicate the speed

performance.
Performance Speed Positive Power| Kickback | Area transistors
feedback noise
Amplifier Slowest| None Most None 7
Static latch Slow Y More Less 11
Class-AB latch Faster Y Less More 9
Dynamic latch Fastest Y Least Most 11

Table 3.1 Performance Comparisons.
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Time constant 7, 7, Polesin pre-amp
i 1
Staticlatch Lcm +R,,C,, -G 2
gml . ) g??ﬁ
Class-AB latch Rop || Ry c, < 1 X, 1
2 &1t 8hs
Dynamiclatch - 1 1
_( )CPE
o2 m3

Table 3.2 Time Constant Comparisons.

From these tables, dynamic latch comparator is the fastesaind consumes least
power. It doesn’t even need reset time because ofChtrRe constant in that phase, but
it has the largest kickback noise. Amplifier-type cormaparis the most costly since it has
a static current run throughpl to ground all the time, however, it doesn’t has katb

noise for no positive feedback loop exists.

3.2.6 Non-ideal problemsin comparator

Offset and kickback noise interference are the mardplems in comparators. In
order to get offset as small as possible, one way is minimnigzaand anther is
compensation or cancellation, that mechanism is much sitoilaffset compensation in

OP-AMP, which will discussed in that section.

In order to minimize offset, pre-amplifier which is prito comparator is

introduced. The total offset is:

V + Vos, in, latch 037

0s,in2 = Vos in amp A
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The offset of latch is minimized by the factor of A iGAthe gain of pre-amplifier).
As we all the due to the well- symmetric topology oé&-pmplifier, the pre-amplifier
offset is rather smaller than latch one. We can alsease the area of pre-amplifier to

get a less mismatching.

Isolation can minimize the voltage variations on trarg of the differential pair
[10]. Those nodes are isolated from the regeneratol@susing switches, which open
during the regeneration phase. An alternative pathhe current of the differential pair
must be provided, in order to keep the drain voltages the values found in the reset

phase. (Figure 3.13)

LT T 1 _+
§ Tlatch
Vip D—"EI;,_I%%‘H Vin [Yor Yo,
M M DC

Figure 3.13 Minimizing Kickback Noise.
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3.2.7 Specification abstraction

Offset requirement: the offset of comparator is reqliess than 1LSB in order to

achieve no missing code o ¥V ef2"
Speed requirement:

1. Preamplifier:
Any signal which is larger than 1LSB, should be amgiifduring reset mode.
(a) For small differential input signal, which is a litthet larger than 1LSB: if
the pre-amplifier has only one pole:

¢ 1

setting = z-1 In

L <
— LVO 2 fsample
A (3.8)

1

(b) For large differential input signal,

AV _AVXC, 1

setting — SR_ | < 2 Lamme (39)
Sampling rate:
f <min | L
sample 20V G, 'y L (3.10)
1 AV,
1—
A

44



2. Latch

t
AV :AvoéﬂUt :A\é e > VH - ML => Jetting> Z} In(\%j
0

1 1
sample < = VY (3.11)
setting 22’2 |n ( OH oL j

0

=> f

As a result, the final specifications of comparator are:

f

sampe < MM 2 V<G, 17 Vou =V,
X —
G 27, In 27, In(OHOLj (3.12)

AV, >V,

0s,latch

3.3 Operational amplifier

An operational amplifier, which is often called anampp, is a DC-coupled high-
gain electronic voltage amplifier with differentiaputs and single or differential outputs.
It is widely used as key block in SHA, MDAC and banglgaltage reference of pipeline

ADC. The notation of ideal op-amp is figure 3.14.
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Vour|

(a) b) (
Figure 3.14 (a) OP-AMP Notation, Ideal op-amp.

V+ is non-inverting input, V- is inverting input, Vous op-amp output, ¥ is
positive power supply andsVis negative power supply. For open loop op-amggV +
- V.)*A open-loop Aopen-loopiS the open-loop voltage gain of op-amp. The magaitidthe
open-loop gain is typically very large, so open-looperation results in op-amp
saturation unless the differential input voltage igexely small. Op-amps are usually

applied to negative-feedback configurations system.

Since practical boundary conditions limit the op-angpfgrmance, such as process
specification (Vth, Cox, mobility, etc.), supply vadfe and range, operating temperature
and range and so on. So op-amp specifications areatiamstraints for the system.

These features should be paid attention to:

a. Open loop gain
b. 3-dB bandwidth (dominant pole, Gain bandwidth praguc
c. Settling time

d. Offset
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e. Slew rate

f. Input common mode range (ICMR)

g. Output-voltage swing

h. Common-mode rejection ratio (CMRR)

i. Power supply rejection ratio (PSRR)

J.  Output impedance

k. Noise (Dynamic range=Input swing/Noise)

I.  Power consumption

The following section will discussed these configuraiowith different op-amp

architectures.
3.3.1 Differential Op-amp architecture
This section only discusses four most popular and fundaigmamp architectures.

a. Two-stage Op-amp
b. Telescopic Op-amp
c. Folded-cascode Op-amp

d. Gain-boosting Op-amp

3.3.2 Two-stage Op-amp
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Figure 3.15 Two-stage Op-amps.

This is the simplest op-amp and it only consists of 8 tramsisThe gain of the
first stage is often larger than the gain of secongestBecause the higher gain the first
stage has, the lower input referred noise and offgetfiamp it is. And in order to
achieve high output swing, the second stage gaindibeusmaller. All the specifications

of two-stage op-amp are in table 3.3.

DC Gain G =0 (02 [IT00) g (s I o7)
Dominant pole ) 1 -1
a)_ = = =
TG, G (0o M100) G (o ey e o IF o0)
Unity gain GB=G.o.. = 9m
. —3dB CC
bandwidth
Non-dominant 0, = O _ —Ome
’ CII Cgsﬁ + Cgs7 + Cdb6+ Cdb7+ CL,
poles
_ O
Pe Cya+Cy+ Cyat Cyq+ Cyg
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Slew rate SR- lus
CL
ICMR VDSS(sat) +Ves < Vl(:S VDD_ VSG+ Vm
Output swing Vout,pp = VDD_|VOI:6| ~ Voor
Power dissipation 1
Pliss = VDD( I+ 1 D7) = EVDD(gnGVODS+ gm7VOD7)
Input referred _ 2
v z4kT(2 2 12 95"3'4} 2K
n0|se 3gml,2 3ggml,2 (\NL)l,ZCOX f
+2 Kp gr?’l3,4
(V\/L)3,4Coxf gzml,z

*V op is transistor overdrive voltag¥,, =V;s—V,,

Table 3.3 The Specifications of Two-stage Op-amp.

3.3.3 Telescopic Op-amp

V1

Figure 3.16 Telescopic Op-amp.
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Telescopic op-amp only has one stage comparedtwdlstage op-amp. And its

gain is as large as two-stage one. However, itsubtgwing is 2*\6p less than that of

two-stage one. All the specifications of two-stageamp are in table 3.4.

DC Gain

G = Gral( Grs ol || (Il o )]

Dominant pole

-1
CL [( gm3 r‘03 r-o:l) ” (g m5r05r 07)]

W 345 = Py =

Unity gain bandwidth

GB:Gﬁ@w=%§

L

Non-dominant poles 0, = ~0,s o, —0,
® Cu+Cyu+Cyg’ Cyet Coot Cg
Slew rate
SR=5
CL
ICMR

\/ISS+VGSL < VlcS Vm_ VGS+ Vm

Output swing

Vout, pp 2[VDD - (Vom + VODB + | VODs| +| VOD7| + V|s§]

Power dissipation

1
Pdiss = VDDI 1SS~ EV D& g mVom+ g mvo)

Input referred noise

_ 2
V. = akT| 2o 2 2%0ma | 5 Ky
30,2 3ggm1,2 Wb, ,C, f

+2 Kp gr?ﬂ,S
(V\/L)l,z Coxf ggml,Z

*VOD is transistor overdrive voltag¥, = Vs —V,,

Table 3.4 The Specifications of Telescopic Op-amp.
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3.3.4 Folded-cascode Op-amps

Its gain is all most the same as the telescopi¢c @ame the output swing is slightly
larger than that of telescope one, gtvHowever the power consumption is twice larger
of previous one, because two branches currentthrangh VDD to ground. One of great
features in fold-cascode op-amp is its input sigeddrger than other type op-amp. Take
figure 3.17 as an example, the lowest input siggalld be even less than ground

potential. Table 3.5 shows all its specifications.

VDD
j M8
Ve, LY 8
Iss :|
M5 M6
Ve — 3
_4 t :‘ k)_ } Vout
V, | |
M M2 TR W wa
Vs I — I
4-‘M9 M10
L

Figure 3.17 Folded-cascode Op-amps.

Its gain is all most the same as the telescopic ame the output swing is slightly
larger than that of telescope one, 3tvVHowever the power consumption is twice larger
of previous one, because two branches currentthrongh \6p to ground. One of great

features in fold-cascode op-amp is its input sigadhrger than other type op-amp. Take
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figure 3.17 as an example, the lowest input sigg@lld be even less than ground

potential. Table 3.5 shows all its specifications.

DC Gain G=0ul( G Tl T 11 @ o of )]

Dominant pole © =P, = -1
T C( Gl [T 11 @ e of 7]

Unity gain
GB= Gy = 2
. CL
bandwidth
Non-dominant b, = —0a 3 —0Os
® Cuq+Cp+Cugt Cy & Cgst Cyot Cp
poles
Slew rate SR I
CL
ICMR VOD9 _|\/thl| < V|c < VDD - Vss_| VGEL|
OUtDUt SWing Vout, pp = 2[VDD_ (VODB + VOIIQ + | VODS| +| VOD7|)]
Power dissipation Piss = Voo lisst | w1 18) =V odl ve+! w0

= Vbpp (gleODl + O VOD7)

Input referred

_ 2 2
Vn2:4kT(2 2, p%0ma gmg'“’]

3gml,2 3gr2n1,2 39?1,2
v Ko o Ky Gie o Ky Ghew
(WL)l,ZCox f (WL)l,Z QX f dnl,Z ( WD‘l,Z Qx f 6:11,2

noise

*VOD is transistor overdrive voltag¥, = Vs —V,,

Table 3.5 The Specifications of Folded-cascode Qp-a
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3.3.5 Gain-boosting Op-amp

The output resistance of figure 3.18(a) isufImroror, When output of an
amplifier is connected to the gate ob;Mon-inverting input of the amplifier is set to a

fixed voltage \;, and inverting input is connected to the drainMiff. The amplifier

boosts the output resistancg,®A10m2l o2l o1-

l Rout=0malo2lo1 l Rout=A19malo2lo1
Vi
v, —1 ’__. M2 ’ b M2
v ’Z M1 v, R m
(a) (b)
VDD

b

Io_
_q — k)— Vout
ML_ :‘M2 ’_| '—:’; M4 }_\
—T 4
Vi He | ’:
M9 M10
()

Figure 3.18(a, b) Gain Boosting Technology, (c)dedcascode Op-amp with Gain
Boosting.
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With this boosting technology, the gain of foldeascode op-amp in Figure

3.18(c) significantly increases [19]. Table 3.6whall its specifications. Dominant pole,

non-dominant poles, unity gain bandwidth, slew ,r&&MR, output swing is almost the

same as folded-cascode one, only introducing marasgiic capacitors.

DC Gain

G = Gul( A G o Tooll Te)) Il (AG el of o7)]

Dominant pole

-1
CLICA Grs Bl Too 1 Fo)) [ (AG sl o 67)]

W 45 = Py =

Power dissipation

Pdiss:VDD(|ISS+ l w Tt | NB)+PA+ PAZ
:VDD (gleOD1+ gm7VOD7) + PA1+ PA2

Input referred noisé

D
L

n

+

+

— 2 2
v 2 :4kT(2 2 L9 gm7,8+ " gm9,10j

2
WD,Co f (WD, G, f Gus (WA, G f G

30m2 3%, 30,
K, . Ko gfn7,8+2 Ky Yoo

2

2

[ lnae V LY

n, Al n, Al n, A2

+ +
2 2 2 2 2 2
g mi,2 g mi,2 g ml,2r09 g ml,Jog

* Vop is transistor overdrive voltag¥,, = Vs —V,, Pa1 and R, are power dissipation

of additional amplifier A and A.

Table 3.6 The Specifications of Gain-boosting Ogam

Table 3.7 shows the performance comparisons okthas types of op-amps.

Two-stage has highest output swing, telescopic e the fastest speed because of

lowest parasitic capacitor; folded-cascode onethadargest ICMR. Gain-boosting op-

amp gets the highest DC gain while the circuitrihes most complicated.

54



DC Gain| Output swing  Speec Power Noisle
Two- stage Lowest Highest Slowest Middle Smallest
Telescopic Middle Smallest fastegt least Smaller
Folded-cascode¢  Middle Middle Middle  Middle Biggqgr
Gain-boosting Biggest Middle Middle Mos{ Biggept

Table 3.7 The Performance Comparisons of Op-amps.

3.3 SHA AND MDAC

SHA is the most crucial building block in pipelid®Cs. It samples analog signal
at one period, and holds the value at the othdoghemlhe purpose of this circuit is to
hold the analogue value steady for a short timdentie converter or other following
system performs some operation that takes a litthe. MDAC contains a DAC, a
subtractor and an S/H amplifier. SHA and MDAC aiscdssed together, since the
structures are the same. The key sub-block of SHEA MDAC is op-amp. Op-amps’

speed, open loop gain, offset will be the limitataf the pipeline ADCs performance.
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3.4.1SHA

Figure 3.19 is the SHA [1, 12]. It works in two Rowerlapped phases. The
sampling capacitor is C and the parasitic capao#at the input is pC. The capacitance
bC and cC represent the load capacitance switchtrgbtop-amp output on clock phase 2
and 1 respectively. The capacitor aC is the feddlbapacitor to make a accurate SHA

gain.

-_— "
I

Vos

_|_
;.

(b) (c)

A >
!

Figure 3.19 (a) SHA (b) Phase 1 (c) Phase 2.
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Op-amp has input offset VOS and the finite operplgain A which will impact

the overall performance of SHA. At phase 1, thelanaignal Vin samples on the

capacitor C, the time constant is;,,,;,, = (Royt R9 C, and voltage on capacitor C is

Tsampling

= (Ron+ RY CV,, = Vif1— &) (3.13)

ap
The relative settling error should be:

V _V —t/7

— _ e sampling

in (3.14)
The charge in C and pC are:

Qe =-CV, +% pC
A+l (3.15)

At phase 2, using small equivalent signal mode ttansform function of SHA is:

VOUT — _C(gm_ aC$I%
Vy aCR g+ G- pG aG R bC &€ a€ pe( € pC K 316
~ _(gm_acsa) ( . )
aR,g,+ R[ 6§ G- aG pL+( & pClas
Time constant isrampz£ (a+ b)(l;L D+ ab' and the dynamic relative settling error:
. \/m _\/cap —t/ 7500
Ep2 Vi € (3.17)
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The charge at negative input terminal:

Qe =(C+ POV + aQ V- V1) =1+ p 8 CV- aQy;

V. (3.18)
=1+ p+a)C(Vs— OAUT )— aC\y;
The charges at that node during phasel and phhsaRkide the same:
Q=@ =
(1+ p+8) (Vg —0UL) — aCVy = — CY 4+ e (3.19)
A A+l
Vv +(@+a+ p)\fs— AVos P
=V — A+l
el l+a+p
a+

A

In order to achieve an accurate value of SHA, rémwluand sampling rate
requirements should be trade-off: the total errors sbosistatic error and dynamic error.
The finite gain and input offset of op-amp and cajaacie mismatch result in static error;

for dynamic one, op-amp takes a certain time to rdaefinal value.
The worst error case: Vin=Vref, total error shoulddss than LSB.
» Atphasel, both dynamic error and input referredenwiill limit the performance

Dynamic error:

=c = e t/z'sampling < —
2 (3.20)
In2=N(R,+ R9QCIn2

gtotal ~ gdynamic

— Ny _
=> t1 > Tsamplingln(z ) =Nz sampling
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Dynamic range:

— Input referred noise?, =k?T (3.21)

— If a sinusoidal signal is applied:

1

2
\/II’? " 7\/input, swing
DR= \7"2‘ =2 Tc (3.22)

— ADC should make sure SNR<DR, it means all the validtismgnal

will be converted by the ADC, then:

2 2
KT/C

1 (\/input, swing

JZ
N
>1.5 2N =>C >12222—kT

(3.23)

Input, swing

At phase 2, both static and dynamic errors impact tHenpgance. For partition

error:

1 1 1

gdynamic < E‘C" total — 2N+1 1 € saticS Eg total — 2N+1 (3.24)

* Dynamic error:
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—t/ Tamp 1

gdynamic REp = e 2N+1
= t, > 7, N2 = (N+ 1), 2= (N+ 1)—(a+ bxl; P+ ab . (3.25)
=>t, >(N+1)— C w n2

a

m

» Static errors: op-amp offset, finite gain, input pdrasiapacitance and

feedback capacitance mismatch all impact the static.err

For perfect capacitance layout matching, a=1+/-0.1%;

Parasitic cap. Cgs=2/3(WL)Cox

The typical VOS without offset cancellation is 5mV~30mV

Only if considering finite gain A, when Vin=Vrehé¢ worst case:

VOUT ~ \/IN + (2+ Aa)vos ~ \/IN (1_ Aa_2+—A\Aaj + 2\/08

1+(Aa+2+Aa+p)
Aa+ 2FB8ly 1SB->|A a 2+Aa VL < Zﬁf
(3.26)
2+Aa
= A>———"——,
1
2N_1—Aa
_> 11—Aa>0— IgAa+1
2N 2 Ig2
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3.42MDAC

Figure 3.20 is the MDAC [1]. It works in two non-olegped phases. The
sampling capacitor is C and the parasitic capacitantteeanput is pC. The capacitance
bC and cC represent the load capacitance switchibe tmp-amp output on clock phase 2

and 1 respectively. The capacitor aC is the feedlzagacitor to make an accurate

MDAC gain.
P2
o
Vi P1 aC _P/l .El
—/o——l l— J_ eC
C 2
V_./._]_| |__.P/ = I
P2 P1 p(T |
l i A P2 Vou
+ I bC
VOS
(@)
V. aC
Vo 11—
C

out

cC

(b)
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p(T A —_I_Vout
4+ I bC

(€)

Vos

Figure 3.20 (a) MDAC (b) Phase 1 (c) Phase 2.

With the same method of SHA, at the phase 1, the ismmal samples on

capacitor C and aC:

T =(Roy+ RI(C+ ag

_ e_t / Tsampling

1 (3.27)
Q= —(L+ Q)CV, + 205 pC
A+1

sampling

&

At the phase 2, the circuit is exactly the same as BHi& phase2:

Qp, =1+ p+ a)C(\{)s_VO%)_ aC\yr

_C(a+D@+ p+ab VoV v, (3.28)
am =g 3 e ST =e

The charges during phasel and phase2 should be the same:
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Qua=Qu = (14 P+ A= 2T) - aCVy=—(1+ 3 CY+ 2 pC

+1
AV g
(L+aNy + @+ ar D=7
= Vour = l+a+p
a+——
A
1 1 1
_ra +rang, Mt Nes N P
~ 1+ a = 1 ~(1+= )(\/IN+OS) _T
at+—— 1+=
A 1+ a
1 1+1
z[g"‘ljvm 1—T +(1+ )VOS
1
1 1+* 2\/ N1 1 2
—+1|—=V,, <LSB; = N|n > A 27| 1+ —
a A 2 a (3.29)

Reconsideration performance limitations in MDAC again:

In(2™)=N

f > t1 > Tsampling Ieflz- samplingln 2: N Ief(R ON+ R % Cln 2
S
1 1 1 1
gdynamic < E € total = 2N|eﬂ+1 1 € saic< E € total™ 2N|eﬂ+1

i>t >T, |n(2N|ef:+1) (Nleft+l)1- In2= (N o l)— C (a+ b1+ p+ ab no

amp

21 a
2
A 2N [1+ 1)
a
C > ?i 22N72 = } Cprevious
input, swing 4

(3.30)
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3.5 Voltagereference

Voltage Reference is a circuit used to generate edfixoltage, Vref, which is
independent of the power supply voltage VDD, tempeeatand process variations.

There are three types of voltage references in figLze:

a. Proportional to absolute temperature (PTAT)
b. Complementary to absolute temperature (CTAT)

c. Very little changes with temperature (BGR)

Vieer & PTAT Vier & CTAT Vret A BGR
Temperature - Temperature - Temperature -
(a) PTAT (b) CTAT (c) BGR

Figure 3.21 Voltage Reference.

Two of most important voltage Reference Specificatiarestemperature coefficient

and PSRR.

a. Temperature coefficient The unit is pg@/= 10-6/C (parts per million per
degree C)
b. Power supply rejection ratio (PSRR): describe the amofinoise from a power

supply that the voltage reference can reject.
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AV,

PSSR (3.31)

ref

The smaller the temperature coefficient voltage refszeis, the stable and
accurate the system it is. And PSRR should be as largmssible, to minimize the
voltage supply interference, especially in the mixemal systems, the analog voltage

supply is noisy.

3.5.1 Bandgap reference

Bandgap reference circuits are necessarily and widedyl in data-conversion
systems, voltage regulators and memories. They can pro@de stable references

hardly dependent on temperature and external poveghsu

VDD

M1 \:‘ M2

L*RA1 L*R1

Vref

M

R1

Q1
j_ Q2, n

Figure 3.22 Bandgap Voltage Reference.

The basic idea of BGR is to add a proportional to aitsdemperature (PTAT)
voltage to the emitter-base voltage (VBE), so thaffitseorder temperature dependency
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of the pn junction is compensated by the PTAT voltage] a nearly temperature
independent output is generated. The PTAT voltagetisally the thermal voltage (Vt)

of the pn junction [28, 29, 30]. Thus the referemaktage is expressed as:

AV V.Inn
Vo = Ve~ Ve =AVge=> I = =1

R R
V_Inn
Vref = Vg, + Im(R"‘ F%): Mieat . ( R+ @
=Vae, +Vo(1+ L)Inn
el 27882 L (14+L)-—Inn=0
oT q
Nees . 1 gmv/cC
oT
3.5.2 Curvature-compensated BGR
The more accurate emitter-base voltage (VBE) of BJT is:
T T
Vee (T):VBG_(VBG_ VBE))T__(U_a) VTIn?’ n=4 (3.33)

0 0
=0, when the current in BJT is PTAT.

a=1, when the current in BJT is temperature indepemnden

Because of logarithm function in that equation, highreler temperature coefficients
exist. The previous BGR method only cancels the firdeiotemperature coefficient.

Curvature-compensated BGR in figure 3.5.3 cancelsehigider temperature coefficient

[33, 34, 35].
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T T
Veegs (T) = Ve = (Vae— VBEo)T——U Vin —

0 T
T T
VBEQl,Z(T) = Vi = (Vi VBEO)T__(U_]-) VTln? (3.34)
0 0
N T
Vi = VBEQB(T) - VBEq,z( T) = VTIn T_

0

Ve Mz Miz
T Tt l
My :“—/\ = | [ M
- InL v
Ay=Ha * Ris — reé
Ak I,
H :F' Yy
4= Hs o o

v W I Rz 4
11"-5El R A B 'FTAT 2
Jiprar Rog | ez

L_K ‘131 Elﬁz I_—‘K‘103

Figure 3.23 Curvature-compensated BGR.

Curvature compensation can be achieved by subtraftbng both 11 and 12 a
current proportional to VNL. where VT=KT/gq and Namitter area ratio of transistor Q1
and Q2. In the equation above, VtInN/R1 is PTAT eatrcompensating the first-order
temperature dependency of VEBQ2/R2. Therefore, sumlilofand 12 is nearly
temperature independent. Besides, since emitter cusfe@il and Q3 are PTAT and
temperature-independent respectively, (VEBQ2-VEBQB)/Rrovides current to

compensate higher-order temperature dependency in YEEX)
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(3.35)
:&{V +mv +V {ij} R __R
BE1 R) T NL 315 5

3.5.3 Bandgap voltagereferencein pipeline ADC

BGR does not only supply accurate voltage referem@DiC, but also generates
biasing circuits. Since voltage reference is more atewand crucial, biasing circuits in
pipeline ADC associated with BGR are omitted. Thénearghe resolution of ADC is, the
more accurate BGR is required. Because more decisiels lare needed, so the voltage
reference should be more detailed. Let’'s consider PS&RR Temperature coefficient

impaction on nonlinearity and accuracy of ADC.

3.5.3.1 Nonlinearity

The reference generator (Figure 3.24a) in ADC is emgnted by BGR. It
compares the input signal with the reference by coatpes. The simplest reference
generator is figure 3.24(b). Supposing all the resstare ideal and don’t have

mismatching or variations.
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Converter Output
Reference
Generator

(@)

(b)

Figure 3.24 Reference Generator.

V4 is the highest possible input signal value apds\the lowest possible input

signal value. And BGR generate a voltage referenge V

W R, B
Rot Rot
VH - R i I:gx\/ref
Rt
VL :&Vref :aA'Vref

ot
Vr :VH _VL =a, 'Vef
V. «

r r

~An _Vref
2" 2"

Then all (2n-1)’s the decision levels are:
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Forl<i<2'-1

V.=V +ixA=a, V, +ix

ar
ref n

2 Vref =(aA+arx%)XVref (337)

ref

V., =V, +(i+1)><A=(05A+05r xlzlnljxv

DNL DNL :W

o The ideal ADC DNLi=0 (0<i<2n)

o Practical ADC: voltage reference varia¥/ref is the variations of BGR.

Vref is the ideal value.

Vref = V

ref

+A,,

ref

i+1 , [ :
V+1I_\/i A ~ (aA—i_ar injxvref _(aA—i_arx ZnJX\/ref -A

DNL, = o
B ar: xV_, Vi
(3.38)
INL
VIRV (CXA-i-ar ><2lnj><Vref '—(aA+ar x;njxvref
INL, =—F=
A A
(aA+ar>< | jAV (3:39)

n ref A
— 2 — % 2n 4 | Vref
A a Y/

ref

o When i=2n-1, INLi is maximum.
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V,

ref

_| @A on n__
INL g =| —227+2"-1 v .40
r re

In order to get no missing code, the requirememME and INL should be:
|INLi|£%, for alli; [DNL|<1, foralli (3.41)

BGR variations requirement should be:

A
INL,, (“Azuzn jvfefsl
Ay,

\/ref 2 . Vref
=> A Vet <min Vref ! (342)
DNL = —= <1 2(“A2“+2“-1]
Vref L ar i
3.5.3.2 Accuracy
e PSRR:

The voltage reference should be varied less thhmmha LSB; otherwise, wrong
voltage comparisons are made. Let’'s suppose tli@ageosupply is not stable,

varying byAvVDD, So:

—> PSRR= 20- Ig{ DDJ> 20 |{AVDD {“A 24+ 2 3]
> 20. Ig( o0 2”1[ j}: 6.020+ 1) 20|éAVDDJ+ 20|%%+ }
Vref ar \/ref ar

(3.43)
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o For example,
» n=16bit, Vref=2.4V, VDD=3.3V, VL=1.1V, VH=2.225V

@, =22, a, =222 AVDD = 0.25/
2.4 2.4

» PSRR=6.02*17-20+6=88.6dB
= |f AVvDD=10mV, PSRR=60.67dB
e The voltage temperature coefficient:
The circuit temperature varies during working, vhiesults in the voltage

reference variations.

AV,
TCV, =—2 < 1 < 1 (3.44)

ref
V_AT
ref 2(“AZ"+2‘—1]AT 2*1(“/*+ J}AT

a, a,

e For example,

o n=16bit, Vref=2.4V, VDD=3.3V, VL=1.1V, VH=2.225V

1.1 1.125
aA :—,ar =
2.4 2.4
18
TCV,, = ! ~ iT ~3.814x 10° AT
2“+1[“A+1JAT
ar
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CHAPTER 4

PIPELINE ADC POWER OPTIMIZATION

Typical pipeline ADCs categorized by single-bit andlti-bit per stage perform
analog-to-digital conversion process in severajestafollowing an SHA. Each stage is
built up with one sub-flash ADC and one MDAC cotisig of a switch capacitor DAC
and a closed-loop residue amplifier. Three dessgnes — speed, resolution and power,
constitute the performance matrix. The speed enoftecided by the settling time of the
sample and hold circuit and the residue amplifiBesides the non-full settling, capacitor
mismatch and gain error due to the finite DC gdithe residue amplifier contribute to
the conversion accuracy of data converters. Mogtepower dissipation comes from the
sample and hold circuit and the residue amplifigétee potential optimization points in
traditional pipelined ADCs are the speed limitatgenerated from the switch capacitor
based closed-loop residue amplifiers, the accunatigut range requirement on each stage

due to the fixed reference ladder and the capagitematch constrained by the process.

In this section, one optimized pipeline ADC methedproposed to release these
design limitation by stage partition and op-amp eoto comparator power ratio. The
feasibility and performance improvement have beelyaed in detail. The major power
dissipation components in each stage of pipelineCARIl be sub-ADC and MDAC.

Biasing circuits, clock generators and digital @iy are much smaller. So, it's
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reasonable to neglect these power dissipationsor8eftructure optimization, some

denotation should be clear:

N as the total number of bits

B as the number of bits/stage

>

>

» nas the number of stages

» F as the normalized total power
>

R as ratio between the power consumed by MDAC hatdlty the comparator

4.1 Pipelinewith identical stages

For pipeline ADC with identical stages, the samepac#ors are used for all
MDACs. To maintain the same speed, the same tradsctance is required for the

amplifier in each MDAC. So, each MDAC consumesdame power [21].

The total power consumption of the ADC normalizedhat of the comparator is

derived to be:

B
B Pt D B 1B 0
comp comp comp (41)

=nx| R+(2°-2)] =';—j[ R+ (2° - 2)]
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Figure 4.1 indicates that the total power F inoesamnuch faster with the power
ratio R for lower B because the number of stagestla® number of MDACs required are

much larger.

The global minimum value of F can be achieved feR Bind R=1, which is not

practical.

Figure 4.1 Power F vs. R and n.

Differentiating F and solving for Bopt:

N -1 5

F:m[m(z -2)]

oF N-1 N-1

=P n2- [R+(2°-2)

o8B B-1 (B-1) : ] (4.2)
=(|’3\l__1§2{23[(8—1)ln2—]]—R— 3=

=>R=2-2°[1- (B-1)In]
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Figure 4.2 optimized power vs. R.

We can get the optimized R as figure 4.2. For egérgn R, we can get the fixed
optimized B. Given a power ratio R, Bopt is indegemt of the total number of bits N.
Fmin only depends on the minimum power dissipatee@drh stage, which is dependent

on Bopt but independent of N [21].

4.2 Pipelinewith capacitor scaling

In pipeline ADC, thermal noise kT/C contribution aflater stage is effectively

attenuated by the gain of the previous stages.

2 2 V ’ ’

_ n2 nn

Vnin_total _an + A[Z Tt ALZA; A 2 (4.3)
" _1

e V

ni

is the total input noise of the i-th stage.
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* Aiis the i-th stage residue gain.
So the capacitor of later stages can be scaled dowaduce their power dissipation
without increasing the kT/C noise significantly.the figure 4.3, the capacitors are scaled
down by a factor of S/stage, the power of MDAC tenreduced by the same factor

without sacrificing the speed.

Cg

! oo

stage 1

Figure 4.3 Capacitor Scaling Down.

The power consumption in MDAC mainly costs by arfigxi So,

Fubac * Pamp: Vippx (kx 1)
1
ID = EngOD

g, = 27x GWBx G

Vop = 5%xV,, (4.
=> Poac ® Vop X kX%VODXZﬂ'X GWB C= Y x k Yxzx GWB (

=0.0%7z xV,;>x GWBx C

As the capacitor scales down by a factor of S,gb@er consumption is also

decrease by the factor of S.
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C . P ac
L(i) = P __ " MDAC(i)

For CL(i+1) = MDAC (i+1) — —S
Pow = Papaco T Pupac -+ PMDAC( yt X (28 — 2)x R:omp
n
B
=) PMDAC(i) +Nx(2° - 2)x Pcomp 1-S" P
F = total _ _i=l — MDACO +Nx (28 _ 2)
1
I:)comp I:)comp 1-§ B)mp
_NA
1-S Bt N-1
= — R+ x (2° = 2)
1-S B-1
(4.5)
a. For low power design, S should be larger;
b. For low noise design, S should be smaller.
a) If S=G=2*CG1)
— — 1-22ND N -1 ,
max[vnin totaf] =nxV,?, min F]==—">-—= R+t ——x (- 2
- 1— 27261 B-1 ‘
(4.6)
b) If S=1
. 51 o3 1-270Y CN-1_ N-1 ,
m|n|:vnin_total :| - an X 1— 2_2(5_1) 1 ma)({ F] - B_1 R+ B_ lx (? - 2, (47)

The total power for capacitor scaling is always Mmuenaller compared with
identical stage case. For a low power ratio R,tti@ power F for the capacitor scaling
case increases exponentially. The power contribbyeMDACS is negligibly small and
that the total power is basically from the sub-AD@sich depend exponentially on B

[21].
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Figure 4.4 Normalized Power F vs. R and n.

Figure 4.4 illuminates that F varies linearly wihfor a given N and B for both
identical stages and capacitor scaling. F is lessisve to the total number of bits N for
low values of B. (With capacitor scaling, the powensumption of the first MDAC is
dominant and that of the last few stages can bkedegl. Increasing N and the number of

stages n only increase the total power slightly).

_N-1
_ B-1 _
F=1 2 — R+N 1><(2B—2)
1-S B-1
) 1-2 (N N-1
If S=25 F= T, R+ 51 (22-2)
_ o (N-1) _ _ 4.8
F_ 1227 paeupny Nl g Nolppp ¢ U9
oB [1_ 2(8—1)} (B-1) B-1

=R

N-1 (B-1) 72
__a " PP Gt
202 1- 20V

Figure 4.5 tells that Bopt for capacitor scalinglépendent on the total number of

bit N. the flat regions extend over wider rangethef R because the power consumed by
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MDACSs are much smaller for later stages. As a tegwould require a much larger

increase in R to compensate for an increasegdn B

—— N
——N=10
At —N=12
=14
— =16
N for identical stage

o 500 1000 1500 2000 2500 3000 3600 4000 4500
R

Figure 4.5 Optimized B vs. R.

4.3 Pipelinewith resolution scaling

Capacitor scaling only minimizes the power consuompbf MDACs and does
not affect the power dissipation of sub-ADC. A soleewith no uniform bits/stage is

considered to reduce the power contribution of ADi&; to the whole system.
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S S YD oF
i=1 i=1 i=1

:nR+Zn:23 —-2n= n(R- 2)+i 2
n=(B+B,+..+ B+1)- N 7

(4.9)

For N=16 bits pipeline ADC, the possible stageipart as follows:

1. 5-5-54

2. 4-4-4-4-4

3. 5-5-4-3-3

4. 5-4-4-4-3

5. 4-4-4-3-3-3

6. 4-3-3-3-3-3-3
7. 4-4-3-3-3-3-2
8. 4-4-4-3-3-2-2
9. 3-3-3-3-3-3-3-2

10. 4-3-2-2-2-2-2-2-2-2-2-2
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All the possible power consumption curves are drawfigure 4.6. None of the
bit patterns can yield a global minimum power fthpawer ratio R. From a low value of
R, one pattern may achieve the local minimum po#srR becomes large enough,

another pattern will take over. Both resolutionlisgpand capacitor scaling should be

considered. S£¥?

Figure 4.6 Optimized Power vs. R.



Ptotal = Z PMDAC( y T _

n n
i=1 i=1

=(Puoacti + Puoaca + -+ PMDACn)+[(ZBl— 2)+(2'32— 3+ +( > — ﬂx Pomp

R ADGQ )

P P

P
MDAC + MDAC

MDAC n B
RN e e R e +K22 J—Z’]}x Pomp (4.10)

28,1 i=1
I

= PMDAC +

-1 n
F = Eotal =R 1+2%+—2£B3+...+ n21 +(223j— g
1

comp H ZBn i=

i=2

n=(B+B+..+ B+1)- N

Figure 4.7 Optimized Power with Both Capacitor &ebolution Scaling vs. R.

Using different scaling factor S, the global minimgpower dissipation would be

quite different. In practice, due to technology &mgbut constraints, a minimum value of

capacitor that can be used may exist [21]. Miningzthe total chip area may put an

upper limit on the maximum capacitor value that bardesigned. So, the capacitors for
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the first few and last few stages may need to reraatscaled, and the scaling scheme

would not be as effective and would need to be frexti

4.4 Pipeline ADC power optimization with ther mal noise

This section shows how to find optimized scalingtda and number of stages
with power and thermal noise limitation with ADCesgjification. Figure 4.8 shows the
pipeline ADC structures. Suppose the stages areiodd expect the capacitance scaling.
This means each stage has the same digital oliggithe same op-amp structure but the
power consumption might not be the same becauskeotapacitance scaling. On one
hand, if N-bits pipeline ADC has only one stage, plarasitic capacitance of comparators

is huge because this stage h'&d Zomparators.

SHA

.| STAGE STAGE | | STAGE | STAGE | | STAGE

ny bit nz bit n; bit Nk bit ng bit

A

A
Y
A

A

A

Correction Logic
" | and Shift Register

A A

Figure 4.8 Pipeline ADC Structures.

As the N is 8~16 bits, the number of comparatadaminant. However, on the

other hand, if each stage only has one bit digitdput, N bit pipeline ADC need N
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stages, every stage will have one op-amp, whiclswoe lots of power. So, there must
be same optimized partition for pipeline ADC, thember of stage must sit between 1

and N.

In pipeline ADC, thermal noise kT/C contribution aflater stage is effectively

attenuated by the gain of the previous stages.

Vn ° Vnn2
Vnin_total2 = Vn12+ ALZZ Tt AZ A22 A 2 (4-11)
Y Y]

V_niis the total input noise of the i-th stage,i#the i-th stage residue gain. The

capacitor of later stages can be scaled down tocestheir power dissipation without
increasing the kT/C noise significantly. In thetlgfure, the capacitors are scaled down
by a factor of S/stage; the power of MDAC can bduced by the same factor without
sacrificing the speed. The follow is some defimtmf ADC. Ac is the close-loop gain; f
is the feedback factor of op-amps. M is the nuntbestage. Gk is the sampling capacitor
of k" stage; Gk is the total load capacitor ofhkstage; Gash IS the total comparators

capacitor of each stage. s is the scaling factpipsline ADC.[3]

A =2 T M:{N_lJ

Ab ns -1
Cuni
Cs,k = (A\: _1)CF,k CLk = A’JCF, k1t Cflash Cflash: 4 A{ A:_ 1) Cunit & C—t
sO
(4.12)
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In MDAC, the most important noise sources are sargm@witches and thermal
noise in the op-amp. In the analysis we ignorekdicnoise of op-amps and kickback

noise from comparators.

So the total output noise generated by samplintches of SHA is:

02
vy =

f, = (4.13)

The total output noise generated by sampling swgaf MDAC is:

Vo el G (4.14)
C+C) KA C+C+C
Thermal noise contribution of op-amps is:
2
ﬁ — noise contributor
gm,input
4 (4.15)
. 3 LKT f C.
Vin, i = ’ =
"ol +G@e-H KA G+ G+ G
So, the total output thermal noise generated bgrmps of SHA is:
4
— S BKeT
V2 = 2K, T + 3 (4.16)

| Cso fo [CLO+ Cso(l_ f)] f

The total output thermal noise generated by op-ashpDAC is:
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4
TBK.T
= 2K T 3ﬁ B

Vi = + (4.17)
‘ fAbZCF,k A:Z[CL,k"‘CF,k(l_ f):l f
As the results, the total input referred thernmase of ADC is:
Vt?)t.inpu in, SHA+é ﬁzkk
:2KBT[1+2,B 1 }i L 2KT) 1 P 1
Coo 3C/Co] EA" A [Gi 3 G G- 0
2K, T 28 A 1 u 2K, T| A -1 28 1
T s AL st4A (A-Da re AT TS e A ¢+ 5 L 4n (A -Da
A -1 A -1 A
(4.18)
So all the input referred thermal noise must belleméhan quantizer error:
LSB
I\Ithermal = Nquant<? (419)

Then, we will get the minimum size of capacitorsading to different scaling factors.
The next step is to find the optimized scalingdact Let’'s consume power consumption

in SHA and MDAC:Ss is proportional ta.ghpus then we can get the tota) gs follows:

— CL+CF(1_ f)_>g :CL,k+CF,k(1_ f)

_ m, k
f m

M + CF
gm,total = gm0+z gmk +Z Lk
k=1

7, 7 f

7 f
(1-

A sk*l+i§‘+4Q(%—1)a

C, moA 1
_ STOA{A;S (A, - 1)a}+c Al>. A Acrk

(4.20)
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Figure 4.9 shows the power consumption with reisfmecapacitor scaling based
on different stage partition. Figure 4.9(a) is thbits per stage partition, and optimized
scaling factor is 1/3; Figure 4.9(b) is the 3-lpts stage partition, and optimized scaling
factor is 1/4; Figure 4.9(c) is the 4-bits per sta@rtition, and optimized scaling factor is
1/3; Figure 4.9(d) finds the overall optimized stgartition: 2-bits per stage is the best.
Figure 4.9(e) shows the minimum capacitor of fatstges with respect to scaling factor
and different stage partition. As a result, thet lbwice of the most cases, if consider
power optimization and thermal noise impact, isit8-per stage and the scaling factor

should be 1/3.

Power vs. s (14bits, 100MSamples/s Pipelined ADCs)

Total gm

Scaling factor s

(@)
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Power vs. s (14 bits, 100MSamples/s Pipeined ADCs)
35
] ] ]

Total gm

01 0.2 03 04 05 06 07 0.8 09 1
Scaling factor s
0% Sampling capactance Cs0 vs. s (14bits, 100MSamples/s Pipelined ADCs)
25 T
4 bits/stage
3 bits/stage
2 bits/stage
2
156

Sampling capactance Cs0

Scaling factor s

(e)

Figure 4.9 Power vs. Capacitor Scaling Based ofef2ift Stage Partition.
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CHAPTER 5

PIPELINE ADC DESIGN EXAMPLE

5.1 Stateof art

There are various types of pipeline ADC design (darg rate:
10M~500Msample/sec, resolution: 8~16 bits). Heréy oniddle range sampling rate
(around 40Msamples/sec) and middle range resol|fibnbits) are listed, since in the
following section, one 40Msamples/sec, 10-bits loneeADC will present in order to

verify the pipline design methodology.
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Technol

Bits | Bits/Stage SNDR Speed Power
ogy [dB] [Msamples/sec] [mA]
Loloee | 0.18um 12 | 1-1-1-1-1-1¢ 65 80 144.44
2002 [82] 1-1-1-1-2
Bogner | 0.13um 14 3-3-2-2-4 64 100 150
[83]
Yoshioka| 90nm 10 | 1-1-1-1-1-1f 56 80 13.3
[84] 1-1-1-3
Lee [85] 90nm 10 2-2-2-4 54 30 4.7
This 90nm 10 | 1-1-1-1-1-1- 55 40 12.7
work (3.3v 1-1-1-1-2
10)

Table 5.1 State of art
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5.2 10-bitshybrid ADC specifications

Based on this pipeline ADC methodology study, ttipter presents a 10bit
40MHz power adaptive hybrid ADC with TSMC 90nmLPeess: using op-amp sharing,
dynamic biasing methods, it works in two modesefied ADCs for high speed, cyclic
ADC for low speed (only last stage runs, other etagre power off to save power). For

pipeline mode, the total power consumption decraagbe sampling frequency drops.

This power adaptive Pipelined ADC has a target mplieations in image sensor
capturing, video processing, wireless communicatidmomedicine, digital-intermediate
frequency (IF) receivers and countless of digiglides. General pipelined ADC power
consumption is almost the same no matter what saghmte it works at. That's because
the total current of the most power consuming camepd, OP-AMP, maintains the same.
It will waste lots of power if ADC sampling rate ot reach to maximum. This new
pipelined ADC has self-adaptive switched-capachi@sing circuitry, which will help
ADC reduce power when it works at low sampling rateile maintaining the same

performance.

The specification of this hybrid ADC is shown i@ 5.2; and the pins definition

of pipeline ADC is shown in table 5.3.
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Our specs

Notes

D

ve
18

=
]

Process TSMC 90nm LP
Resolution| 10 bits
Sampling | maximum 40MHz/s
Rate
Power 2.2V~3.0V For ADC core;
Supply
Input 1Vp-p Peak-to-peak input range
Range
Power 2~14mA Power listed excludes I/O buffer, reference voltag
Dissipation and digital error correction power. Current is adap
with sampling rate: For higher sampling rate, pows
consumption reaches to maximum.
DNL Typical: +/- 0.3 LSB; | Mismatching and offset error will be reduced by se
Max: +/- 1 LSB correction and digital calibration. So, the DNL and
INL will be small enough to guarantee no missing
INL Typlca| +/' 0.5 LSB, Codellevel_
Max: +/- 1 LSB
SFDR 53dB @ Low speed
50dB @ 40MHz/s
SNDR 58dB @ Low speed
53dB @ 40MHz/s
ENOB 9.3 bit
Output CMOS
mode
Digital Offset binary output
Output

Table 5.2 Hybrid Pipeline ADC Specification.
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Mode_control signal controls the ADC function. Wih&lode control=1, the

ADC works in pipeline way; while, if the Mode_cooltrO, the ADC works in cyclic way.

Pin I/O type Numbers Notes

D1~D10 Output 10 10-bits digital output

VDD Input 1 Power supply

GND Input 1 Power supply

Mode_control Input 1 ADC function controller

Vin+ Input 1 Differential signal input positive
Vin- Input 1 Differential signal input negative
CLOCK Input 1 Sampling clock

Vrefp Input 1 Voltage reference

Vrefn Input 1 Voltage reference

Vcom Input 1 Voltage reference

Ibias Input 1 Current biasing

Table 5.3 Pins Definition of Pipeline ADC.

5.3 Top leve structure

Figure 5.1 shows the overall structure of hybri@@ It consist of 4stages

MDAC (first 3 stages are identical, last stage vgdide pipeline and cyclic, its size is half
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of the first 3 stages), dynamic biasing, contrat,umon-overlapping clock generator and

digital error correction.

Control unit to make ADC works at
pipelined mode or cyclic mode

* Analog input
n

Pipeline ADC core: stage 1>4
Analog input ===s Digital Digital output
—]

— > '
|> |> |D [> s Error >
' ' Correction

1.5-bits/stage = === =< ' T
Switched capacitor Non-overlapping
o current biasing clock generator

t i

TSampIing clock

Figure 5.1 Hybrid ADC.

5.3 Sub-blocksstructure

This section talks all the important sub-block esdlatic of hybrid ADC, which

includes clock generator, dynamic biasing, compar&DAC, op-amps.

5.3.1 Non-over lapping clock generator

The non-overlapping clock generator (Figure 5.2)usgt by digital inverters and
nand gates. It will generate time delay and make gets of non-overlapping clock: phl

and ph2. At the same time, it will also generatégpand ph2e, whose falling edges are a
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little bit earlier than that of phl and ph2. Phlel goh2e will be used in MDAC for

bottom sampling capacitance technology.

phle
4[%~>o— pht
. %< Sau
phie
S o I
P [A [
e ph2e

Figure 5.2 Non-overlapping Clock Generator.

5.3.2 Comparators

Section 3.2 shows three types of comparators.isndisign, another comparator
is used (shown in Figure 5.3). The advantage sfecbmparator is that it has self-biased

voltage decision level:

] T [P

mﬁ—lt III—%

oY
e T

VsSs

Figure 5.3 Comparator.

97



W/,
V. -\ =
ip in (\N / L)2 ( refp refn)

(5.1)

5.3.3 Switched capacitor current source

1=2-Fey o Ve Cl

e[
TLLT
_.ﬁﬁ

Figure 5.4 Dynamic Biasing.

Switched capacitor can works as a resistor; sageoticould be modulated with
sampling rate. At high sampling rate, op-amps in A3 need more power to make
accurate data acquisition; however, at low frequeap-amps has more time to compute,
as a result, its power could be reduced by adapi@eing circuitry, at the same time,

maintaining the same function.

The current of op-amps might vary 10 times if watkat quite different sampling

rate, which could have input differential pairs wed in weak saturation or triode region.
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A control unit is applied to select whether ADC w®pipelined normal mode or Low

power cyclic mode.

5.3.4 OP-AMP

This design uses fold-cascoding op-amp, althoubgsdepic op-amp is the most
power efficient one. The reason is that fold-cagapp-amp has larger output swing
range. This is important, especially for dynamiasimg, because the current runs through

transistors vary 10 times.

o « VDD
I-:IIM9 M1o||:J
-N+ b
:I M7 M8 I:
Von Vop

— p—
+ M1
Vin

—II:‘MNO _IM3 M4|_
. [ "] vss

(@)
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vDD

[>| IJ

MN7 MNsl

Al

¢in4| M ﬂ5"_| &ﬂl: Vout
L s 9

(b)

_I MPO MP3| MP4

+—| MP1 MP2

Vin

T
Ly
)

mps | mpe' V] Vout

IMP7 MP8I —
B

Al

l: IMP9 MP10I :1 vss

(€)

Figure 5.5 (a) Folded-cascade Op-amp with Gain Baogp$b) N-type Additional Op-

amp (c) P-type Additional Op-amp.
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5.3.4MDAC

This design uses 1.5 bit per stage MDAC, and atstree time, using op-amp
sharing. Traditional MDAC can only solve 1.5 bitr g¢age, and have 8 stages for 10 bit
ADC. However, using op-amp, only 4 stages are emougpr traditional structures, op-
amp only works at half the period: one half of gegiod for signal sampling to capacitors,
at this time, op-amp does nothing; the other hélthe period, op-amp amplifies the
signals. So op-amp wastes half the power for waitissing op-amp sharing technology,
one op-amp works for two stages, and it will wollktlae time. As shown in figure 5.6,
now I 2" 39 stage are the same. They will get 6 sets of 2utiput while only have 3

op-amps.

Vop
4' Vem -~ __~ __~ _/.ﬂm
Vrefp2
e ph1 _L ph2 _L ph1 _L ph2
VOP—"—O/o—o—I= l T -~ Vreplica __~ Vreplica
vop__— ph1 ph1dPhzed pht | ph2 é%émpm | ph2
O ——
ph1 _'/ ;—I cm Vem ~ | -~ | - | /.Em
o——¢ I—-‘
Vrefp1 ph2 ph2e
Vi
ma—v—o/o—o—l= ! —
ph2 phied
ph2 phied
—_——1 o—o—l °
Vinb
Vrefn1 P ph2e
ph1 T I cm
—_-—
Von ph1 ph1eph2ed

Von_‘_.\. ph2e —DO—-DO— ph2ed
Vrefn2 I

Figure 5.6 1 2"4 39 MDAC.
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The last stage (Figure5.7) works in pipeline anclicyway. So, in pipeline mode,
switches of ph2_1 and ph2_2345 are turn off. Seignal connects Vina_cyc/Vinb_cyc
to op-amp. It works as normal pipeline ADC. HoweuérADC works in cyclic way:

these switches of ph2_1 and ph2_2345 are turn@ra@iag to scheme of figure 5.8.

Vrefp2 II | vem __— — o o Vom
Vop - 11 - ph1 L ph2 L ph1 L ph2
ph1 " S ph2ed Vreeluca - .Egluca
phie
Vop
lph“ lhz ot _'j"_._ | cm vem __~ T - T./ T — o Vom
Vina_cyc} voly o —I ph1 ph2 Von ph2
-, Vrefp1 ph2e
Ph2_1 Ph2_2345 Vina | — 1 T
)
I I ph2 phied + S on
mfb
1 l ph2 phied —_ op

Ph2_1 Ph2, 2345V|na

I i T~
. ph2e
Vina_cyc} vo Vrefp1 _I phle
L—e. h1ed
Ph2_1 jPh2_2345 | phie

ph1
cm
LI ve~
ohte ph2e ph2ed
h1 h2ed
P I ¢
Vop NS ] ] N
Vrefp2 I

Figure 5.7 & MDAC.

Using 1~5 counter to control the switches duripdic processing.

I K N [ I Y A I A 1 A D R Y R

ph2 | [ To1 Jsl J«l Tsl [+ _T21_1["
Ph2_1 [ ] [ ]

ph2 | L L] L[

Figure 5.8 Phase Scheme of Cyclic ADC.
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54 Overall layout

L =11

Figure 5.9 Layout.
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As shown in figure 5.9, the overall area of hybkidC is 700um x 310um

without pads.

5.5 Simulation results

Figure 5.10 shows the total power consumption wegpect to sampling rate. If
ADC works in pipeline mode, the total power constiorp changes from 4.2 mA up to
12.2 mA, while the sampling rate increases from dgles/second to 40
Msamples/second(blue curve). The black curve shinstotal power consumption of
cyclic mode, it's much smaller than pipeline moded almost constant, since onl{ 4

stage are turn on, while other three stages andndignbiasing circuitry are turn off.
14
12

10

u]
0.00E+000 1 .O0E+001 2 00E+001 3.00E+001 4 O0E+001 5.00E+001

Figure 5.10 Total Power Consumption vs. Samplireg&ency.
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If input signal is applied to a ramp signal, theput signal is upstairs signal. No-

missing code occurs in Figure 5.11.

Transient Analysis "Tranl:time = (05 -»> 42 us)

—Vdac
1.2%

Wk

/O(40.52us, 1.023kV)

time (us)

Figure 5.11 Ramp Signal to Verify Monotonicity.

Figure 5.12 shows the spectrum analysis of diffeirgout signal frequency. The
input signal frequency i4:85546.875Hz, 400390.625Hz, 1005859.375Hz, 3994250.
Hz, 9970703.125 Hz, and 19697265.63Hz, while tineptiag rate is the maximum rate:
40Msamples/second. The number of sample&is1R96 points. Using FFT analysis, the

SNR, ENOB results as follows (Figure 5.13).
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CHAPTER 6

CONCLUSIONS

6.1 Conclusions

The thesis presents a comprehensive pipeline ADgignemethodology. The
pipeline ADC design methodology provides a compnshe and quantitative mapping
matrix between system level ADC performance spegs,(power optimization, sampling
rate, resolution, input voltage range, etc.) anel ¢htical design parameters at block
levels, such as, thermal noise limitation, op-amiection in S/H and MDAC, DC gain
and closed-loop gain bandwidth of op-amps requirgm&ampling capacitor selection

criterion etc.

The design methodology was verified by designintOebit 40Msample/second
hybrid ADC using TSMC 90nm IO device process. Thigrid ADC uses op-amp
sharing method to save half number of stages, ibidn work in two modes: pipelined
ADCs for high speed, cyclic ADC for low speed (otdgt stage runs, other stages are
power off to save power).It also adapts dynamisib@methods, so, for pipeline mode,

the total power consumption decrease as the sagripiguency drops.
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6.2 FutureWork

First, offset of op-amp worse the pipeline ADC perfance. For traditional
MDAC, it's easy to implement offset cancellatioshaology, such as auto-zeroing, since
op-amps works only in half of the period. So it chore the offset at the other half of the
period, and subtract the offset then. While, usipgamp sharing method, op-amps are
always working. So auto-zeroing cannot implemetd i Some advanced technology

should be considered, such as chopping.

Second, digital calibration [38, 39, 42, 54, 56, 62, 72, 78, 79, 81] would help
improve ADC performance: SNR, SFDR, mismatching aadn. Based on this hybrid
ADC design, new digital calibration scheme showdddeveloped in the future in order to

improve ADC performance.
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