DIGITALLY ASSISTED ADCS

by

lvan Timothy Bogue

A dissertation submitted in partia fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Electrical Engineering)
in The University of Michigan
2008

Doctoral Committee:

Associate Professor Michael Flynn, Chair
Professor Fred L. Terry Jr.

Assistant Professor Jerome P. Lynch
Assistant Professor David Dale Wentz| of f



To moje Zaticko



Acknowledgements

| would like to gratefully acknowledge Professor Michael Flynn for his guidance
and direction throughout this work. His keen intuition and deep technological insight
were invaluable. Without his friendship and support this work could never have been
completed. | would also like to thank my other doctoral committee members, Professor
Fred L. Terry Jr., Professor Jerome P. Lynch and Professor David D. Wentzloff for their
suggestions and help.

| would aso like to thank my wife Nicole for her encouragement, patience and
unstinting support throughout my years in Ann Arbor. | could not have done it without
her. Special thanks also to my parents for their years of support and encouragement.

| would like to thank all the students with whom | have been fortunate to share
laboratory and office space with. The technical discussions helped the research and the
friendly discussions helped me keep me sane. In particular | would like to thank all
students past and present of Prof. Flynn's group, especialy Dr. Fatih Kocer, Dr. Jiayi
Chen, Dr. Sunghyun Park, Junyoung Park and Dan Shi.

| would also like to thank the great staff of both the WIMS ERC and the EECS
department. A specia thanks to Paul ette Ream and Julia Hrycko.

| am extremely grateful to Brendan Casey for al the hard work that he did to help
me with my testing and Joel van Laven for his help with CAD issues. | would also like to
thank Stacy Ho of Analog Devices for his assistance.

This work was supported by the WIMS-ERC, Engineering Research Centers
program of the NSF under Award EEC-9986866 and by NSF Award CCF0346874.



Table of Contents

(D= [ o= 1o o DU ii
ACKNOWIEAGEMENTS........ee et e e e b i
[ ES o T U= USRS Vi
RS 0 1= o =SSO TRPRR IX
ADSITACL ... bbbttt b e e e e e X
(@7 101> g I 1 (0o U Tox £ o o ISR 1
1.1 BaCKgrOUNG........ccoeeiieeiieiesiieiesie st s enaene s 1
1.2 ADC OFffSELS.....viieieiiiieeeeee sttt 2
1.3 Offset reduction/correction teChNiqUES...........ccccevveeeriiiienienns 4
IR AN B T O o 10 1 USRS 6
1.5 Recent ADC publiCationS ........cccooeeieerinieeiinee e 7
1.6 Technology SCaling .......ccooereeirieeierienee e 12
1.7 POrting DESIQNS. .....coiuiiuieieieeee et 14
1.8 Contributions of thiSWOrK ............cccccoiiniiinin e 15
1.9 TheSISOULIINE ..o e 16
Chapter 2. FOIAING ADC FBVIBW .......ocueiieeiieiesieeee ettt st sa e nas 17
P20 R 1 (o [N o 1) o 1SR 17
2.2 Folding ADC architeCture............cccooereeiienenieene e 18
Chapter 3. A digitally calibrated 8-bit folding ADC ........oooiiirirenereee e 25
L INTOAUCTION. ...t 25
3.2 Digital Calibration Scheme..........ccccoeivieveii e 26
3.3 IMPIEMENLELION .....ovivieee e 33
3.4 Distortion and MatChing ........cccooereenerennene e 40
3.5 Prototype MeasuremMeNts...........coeeeeereerieriee e 53
Chapter 4. 9-bit folding ADC with novel folders........ocoiieieiinieeeeeeeeee 59
4.1 INEFOAUCTION ...ttt 59



4.2 Thermal noisein parallel folders........cooovvviiiiiiiiinieiiiee, 59

4.3 Digital calibration ..........ccceeveeviiinierie e 65
4.4 TMPlEMENLALION .....oveieee et 70
4.5 Comparator matching and yield..........coccovevireinininieneneene 74
4.6 PrOLOLYP.....eeeee ettt e 77
Chapter 5. Conclusion and suggestions for future Work............ccccoceveiieeveneniscenesieenne 79
5.1 CONCIUSION ...t s 79
5.2 Suggestions for future reSearch..........coceeeveecenenesceesieseene 80
REFEIEINCES......ceeeeeei et b ettt se et enenne s 83



List of Figures

Figure

1.1 ADC USAGC.vverveereeeeeeeeseeeeeseseeeeseese s eseeseseeseseeseseees e sessse s eeseee s seseeeseeeseeeeseseseeese 2
1.2 (a) Unbaanced differentia pair. (b) Equivalent differential pair with offset voltage
.............................................................................................................................................. 3
I TG o o1 =S 1A I O 6
1.4 Figure of Merit for publiSNEd ADCS.........coouiiiieie et 11
1.5 Active area of pUDIISNEA ADCS .....cccoiuiiieiiiieie e 12
1.6 Intel x86 number of tranSiStOrS PEr PrOCESSON . .......ccvverveireeieiieseesiesteeeessesresseesseseeneess 13
1.7 Published ADC PerformManCe.........coooiireeiireriee et 13
1.8 Technology node used fOr X86 PrOCESSON ........ccceieeieriereriesieseeseeseereeseesresseesseseeneess 15
2.1 (a) 3-bit flash ADC with 7 comparators. (b) 3-bit folding ADC with 2

(6000107 = (0] 5 TSRO 18
2.2 (@) Four cross coupled differential pairs. (b) Folder output currents cross four

times, each crossover point comes from asingle differential pair...........cccocovevvvvevviennnnn 19
2.3 (a) Cascaded folding-by-four generated by two stages of folding-by-two. (b)
Equivalent CMOS DIOCK Qiagram. .......ccccoouiieriiiieeiee et 21
2.4 Interpolation is used to reduce the number of required folders. In this example

every second folder IS OMITLEH .........ocviiiiiice e 22
2.5 (@) 4-bit folding ADC has 4 folders and comparators. (b) Output waveforms............ 23
2.6 Offsetsin coarse ADC cause large errors in OULPUL...........ceceeeerieseeeeseseeniesieseeneens 24
2.7 Use of 2 comparatorsin coarse ADC to align coarse ADC with folders..................... 24
3.1 Yield versus redundancy for an 8-bit ADC. ........cceeeiiiieie i 27

Vi



3.2 Small, low accuracy redundant folders and comparators are used to generate
FEAUNCANT ZErO-CrOSSINGS .. veevveieeeesiesteeee e eseeieseeseesteeseeeesseeseesesseestessesseesessessaesesseeneess 28

3.3 (a) Nominal comparator trip-points with a redundancy of 4 comparators
foreach code. (b) Offsets move trip-points. Example of reassignment, 2A is

BSSIONEA L0 COUR 3 ...ttt ettt e b e ste s beeseeseebensaeseaneenee s 29
3.4 Redundancy and reassignment of folder zero-Crossings.........ccoccevvvvevenesieesesnseenns 30
3.5 Block diagram of digitally caibrated folding ADC .......cccooceiiiieiiiieene e 32
3.6 Example of Zero-crossing memory, 8 words required for 3-bit coarse ADC ............. 33

3.7 Polarity Corrector memory consists of 4 words of 256 bits. Here 4 bits are
S 01011 o PSR 34

3.8 Coarse ADC comparator search. In this example, a comparator is found on the
IS S o I (= 1 oo P 35

3.9 The parasitic capacitance of the routing and folder inputs forms the sample-
2010 o 0T0] Ko or= o = ot g To S P 36

3.10 (a) Resistor ladder suffers from parasitic corner resistance. (b) Resistor
ladder with ‘L’ shaped resistors. (¢) DAC switches and substrate connections are

embedded iN 1adder CAVITIES........ooi i 37
3.11 (a) Calibration of coarse ADC. (b) Zero-crossing SEarch ........ccocvveeeeneseeriesnseennns 38
3.12 Folder output ismirrored into tWO COMPAIaLOrS ..........oceereeruereereeseereesie e see e 39
3.13 Increase in folder input voltage decreases tail current source current ..o, 41
3.14 Folder output currents for three different differential pair transconductance............ 44

3.15 Transconductance of each folder, versus input voltage. As differential pair
transconductance reduces so does folder transconductance.............cccevvvveevevecieeniesieenenn, 45

3.16 DNL plots derived from Spectre simulation of an 8-bit ADC using these
folders. The distorted output of asingle folder as the input voltageis swept isin

L0 0 S 47
3.17 (a) Random comparator offsets generate 8 unique zero-crossings. (b)

Comparator latch, matching is dominated by the size of MPLand MP2 ...........cccccoeeeenee 48
3.18 ADC yield as comparator offset is varied for various folder offsets.........ccccveneeneen. 50
3.19 Coarse ADC yield as comparator offset isincreased..........cooooevevercieniennene e, 51
3.20 Monte Carlo results of mean ENOB versus DAC PreCiSioN.........ooeeeeeereeseesenseenens 52

vii



3.21 Folding ADC die MIiCrOgraph ........cceiiiieie et 53

O o O (== i o 0= o USRS 54
.23 ADC LESE SELUD ...cuveeneeeteeiee sttt sttt sttt st ae et e e s e nr e e nne e e nnean 55
3.24 DNL before calibration is 6.8LSB and after calibration DNL is0.8LSB................. 56
3.25 SFDR, SNDR and THD versus sampling frequency with Fin=1MHz ...................... 57
3.26 SFDR, SNDR and THD versus input frequency with Fs=500MS/s.........cccocevvevenen. 57
v/ o o [T Tl o)V Fo] o = USSR 60
4.2 Equivaent circuit for the folder with Vin cloSetovr2.........ccoceiiiinciiccc 60

4.3 (a) Stacked Folder reuses singletail current. (b) Output currents asinput is

ST o PSP PP PR PPROPR 62
4.4 Stacked folder, folding by 9 requires 3 large current sources and 3 small .................. 64
4.5 Yield versus redundancy for an 9-bit ADC. ........cceeeiiiieie i 67
4.6 A 4-bit Coarse ADC gives 16 sections. A selection, (folder 0,15,31,47 and 63)

of thetotal 64 folding by 8 waveform outputsisaso ShOWN..........ccccvveeenevieenece e, 68
4.7 9-bit folding ADC uses 64 folders and 256 COMParators. ..........ccoceeeevenesieeriesnseennns 70
4.8 Vinissampled into C. and a source follower provides VOUL...........cccceveveeniesneeennn, 71
4.9 (a) Simple sampling circuit. (b) Bootstrapped circuit generates a constant Ves......... 72
4.10 BOOLSLrapPing CilCUIT.......ccveiveirieiesieiieitesieeeeseesteesees e e s seeseesreesaessesseeseessesneenes 73
4.11 Output vboot isVpp above vinwhen chishigh.......ccoiiiiiee e, 74
4.12 Yield versus standard deviation comparator offSet...........ccovveeveeveiinienienieese s, 75
4.13 Comparator mismatch dominated by M1, M2 and MP1, MP2 matching.................. 76
4.14 Die micrograph of 9-bit folding ADC ProtOtyPe........ccoceererereeneerieniesesee e 77

viii



List of Tables

Table

1.1 Summary Of reported ADCS........cveiiiiiieieseeiee et 10
3.1 Summary of 8-bit ADC performancCe ..........ccccvevereeieriiniese e 58
4.1 POlarity Of ZENO-CIrOSSINGS ... .ceoviiveruieiirieiee e eeere et sessre st e e b se e b sae e sbesreeneas 69
4.2 Simulated 9-bit ADC PerformManCe.........cocviveieriiiieiesi et 78



ABSTRACT

DIGITALLY ASSISTED ADCS

by

lvan Timothy Bogue

Chair: Michad Flynn

This work involves the development of digita calibration techniques for Anaog-
to-Digital Converters. According to the 2001 International Technology Roadmap for
Semiconductors, improved ADC technology is a key factor in the development of present
and future applications.

The switched-capacitor (SC) pipeine technique is the most popular method of
implementing moderate resolution ADCs. However the advantages of CMOS, which
originaly made SC circuits feasible, are being eroding by process scaling. Good switches
and opamps are becoming increasingly difficult to design and the growing gate |eakage
of deep submicron MOSFETS is causing difficulty. Traditional ADC schemes do not

work well with supply voltages of 1.8V and below. Furthermore, the performance



required by present and future wireless and IT applications will not be met by the present
day ADC circuits techniques.

Bearing in mind the challenges associated with deep sub-micron analog circuitry
anew calibration technique for folding ADCs has been developed. Since digita circuitry
scales well, this calibration relies heavily on digital techniques. Hence it reduces the
amount of analog design involved. As this folding ADC is dominated, in terms of both
functionality and power, by digita circuitry, the performance of folding will improve
when implemented in smaller geometry processes.

An 8-bit, 500MS/s, digitally calibrated folding ADC was designed in TSMC
0.18um. A second prototype, 9-bit 400MS/s, was designed in ST 90nm. This ADC uses
novel foldersto reduce thermal noise.

The major accomplishments of thiswork are:

» Thecreation of anew folding ADC architecture that is digitally dominated
allowing large transistor mismatch to be tolerated so that small devices
can be utilized in the signal path.

* The development of modeling techniques, to investigate and anayze the
effects of transistor mismatch, folder linearity and redundancy in ADCs.

e The design of a new folder circuit topology that decreases the required
power consumption for a given noise budget.

e The design of aresistor ladder DAC that uses a unique resistor layout to

allow any shape ladder to be designed.

Xi



Chapter 1

Introduction

1.1 Background

In the world of eectronics there are 2 types of signals. analog signals and digita
signals. Analog signals pertain to the real world values, heat, pressure, sound or
temperature. Digital signals are discrete time signals and have distinct levels. Analog
signals are converted to the digital domain for storage, digital signal processing,
transmission and display. Analog to digital converters (ADCs) perform this function. An
ADC compares the analog input voltage to known reference voltages and then produces a
digital output. By its nature an ADC introduces a quantization error. This is smply the
information lost rounding an infinite set of analog voltages to afinite set of digital codes.
The more digital codes that the ADC can resolve the less information lost to quantization
error.

ADCs are a key component in many systems. Today's ICs are mixed-signal
systems consisting of a large digital signal processing (DSP) core surrounded by analog
circuitry including RF front-ends and 1/0. Fig. 1.1 shows how ADCs connect the analog

to the digital domain.
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Fig. 1.1. ADC usage

This work concentrates on fast moderate resolution ADCs that are typically used

in RF devices, wireline communications and consumer video applications.

1.2 ADC Offsets

Mismatch in key components of the analog section of the ADC can cause errorsin
the output binary code of the converter. These mismatches become larger as the device
size shrinks [1]. The main causes of the mismatch and the resultant offsets experienced in

ADCs are detailed in this section.

1.2.1 Analog Mismatch

For an ADC to accurately convert analog signals to the digital domain its analog
components ideally should match. Differentia pairs are the basic building blocks of the
analog circuits in ADCs and are used extensively in pre-amps, folders and comparators.

Across any die, transistors with identical geometries are likely to have dightly different



characteristics. The impact of MOS transistor mismatch becomes more serious as the

sizes of the devices are reduced and the available signal swing decreases.

Vinff_l V=052V V. =0.49 I_ Vin- Vinff_l V7,=0.52V Vy,=0.52Y |_||||ﬂ

0.03V offset
voltage

(b)

Fig. 1.2. (a) Unbaanced differentia pair. (b) Equivaent differential pair with offset
voltage.

Consider asingle differential pair, Fig. 1.2(a). If the V1 of the 2 transistorsis the
same, the pair is said to be balanced, however a V3 mismatch causes a voltage offset.
This can aso be considered as a symmetrical differential pair with a voltage source in
series with one input - the voltage source being equivaent to the offset voltage, Fig.
1.2(b).

Other key analog componentsin ADC design include:

* Resistors: resistors are used extensively in the reference voltage resistance
ladder. If one resistor in the ladder is larger or smaller than desired then
there will be an associated error in the reference ladder voltages.

» Capacitors. capacitors are used to perform voltage addition, subtraction
and multiplication in ADCs. The fabricated value of the capacitance can

vary from the desired value.



1.3 Offset reduction/correction techniques
To alow successful operation of ADCs various analog techniques have been

utilized. The major techniques are presented in this section.

1.3.1Largetransstors
The deviation in threshold voltage is seen to be inversely proportional to the

transistor area [1].

1

\/V\—/L (1.1)

It is apparent that using large transistors, with alarge W and L, would reduce V14

O-(AVTH ) D

mismatch. Therefore comparator and folder errors would be lessened. This is a simple
method and requires no extra offset correction circuitry. However chip area and power
consumption increase dramatically when this technique is used because of the larger
parasitic capacitance. When designing moderate-to-fast speed ADCs, it is desirable to

keep parasitic capacitance as low as possible.

1.3.2 Offset Storage

Offset storage can also be used to reduce voltage offset in the comparators [2]. It
involves using capacitors to store charge to cancel the offset seen at the inputs. This
allows small transistors to be used. Complicated circuitry is required with this method
and this doesn’t scale well because switches are difficult to implement with alow voltage
supply. Also, because the offset has to be refreshed periodically, continuous conversion is

not possible.



1.3.3 Offset Trimming

A DAC current can be used to reduce the differential pair offset [3]. This method

facilitates continuous conversion but increases analog design complexity.

1.3.4 Digital Calibration

Digital calibration is either implemented on chip power up [15], a ‘one-shot’
calibration or as continuous background calibration [29][35] where the converter isin its
normal operation while being calibrated. Digita calibration is typically implemented on-
chip using digitally synthesized logic to correct the analog circuitry. Digital calibration is
commonly used in pipeline ADCs to correct errors due to DAC and inter-stage gain

errors, and capacitor mismatch [34][44].

1.3.5 Current ADC design

Traditional techniques used in ADCs to overcome transistor mismatch include
switched capacitor techniques and DAC trimming. Switched capacitor techniques
measure the mismatch in the analog circuits and correct these errors by using charge
stored on capacitorg29] [33] [35]. DAC trimming is used to compensate for threshold
voltage mismatch by digitally controlling the current flowing through the devices [28]
[3]. Since modern, smaller transistors suffer badly from gate |eakage these techniques are
harder to implement. ADCs now primarily use digital circuitry to overcome analog
mismatches. One of these methods isto use calibration routines at chip power up to select
comparators [15]. The ADC described in [28] uses calibration just one time at chip power

up to correct errors in the pre-amplifiers. Other ADCs use continuous background



calibration, for example to adjust reference voltages in a pipeline ADC [33]. Digita error

correction to overcome the analog errors is especialy common in pipeline ADCs [32-49].

1.4 ADC primer
The flash ADC is conceptually the simplest type of ADC and most other ADC
architectures are derivatives of flash. An N-bit flash ADC consists of 3 main components:
« 2.1 comparators
« A resistor ladder which provides 2"-1 reference voltages
* Anencoder
Each comparator has 2 inputs, one connected to the ADC input, the other
connected to the reference ladder. If the input signal exceeds a reference voltage of a
comparator, the output of the comparator will be high. The output of the comparator
block forms a thermometer code. An encoder converts the 2" -1 bit code into N binary
signals. A 3-hit flash ADC would require 7 comparators and 7 resistors as shown in Fig.

13.
Reftop vin

lopooua
N

ADC
output

YYVVVVV

T\/\/\A*’VWVVV\/-‘VVV\N-’VWVVV\N—

Refbot
Fig. 1.3. 3-bit flash ADC.



1.4.1 ADC metrics

The main ADC metrics are conversion speed and output resolution. This work
concentrates on moderate-speed and moderate-resolution ADCs. These are typically
defined as ADCsin the 30MHz-1GHz range with an output resolution of 6-10 bits.

Two main types of tests are applied to characterize ADCs- static and dynamic
tests. Conceptually, in the static test a very slow linear ramp voltage is applied to the
input of the ADC and output is recorded. For an ADC, the ideal output for thistest is a
staircase with each step having the same width. Differential and integral non-linearity
(INL and DNL) are a measure of the deviation from the ideal step size. INL and DNL
values of zero areideal.

Dynamic testing is performed by applying a high-speed sinusoidal input voltage
waveform to the ADC. The reconstructed ADC output should be a sine wave. The quality
of the reconstructed output sine wave can be determined by running a Fast Fourier
Transform (FFT). This provides some key information including Signal to Noise and
Distortion Ratio (SNDR). From this, an effective number of bits (ENOB) of the ADC is

calculated. The greater the ENOB of a given ADC the more resolution it can provide.

1.5 Recent ADC publications

Fast, moderate resolution ADCs are typically implemented as flash, folding or
pipeline ADCs. While successive approximation ADCs generally have a maximum
conversion rate of about 100MHz, faster ADCs have been successively implemented by
interleaving 2 or more of these slower building blocks [30][31].

Pipeline ADCs are typically small in area and have low power consumption. They

have alarge latency as the signal being converted has to pass through al the stages of the



pipeline, anywhere from 3-8 stages, before the final output can be determined. They are
frequently used for higher bit resolution, 10-14 bit designs, where conversion rate is in
the order of 20MHz-100MHz. But some faster ADCs have also been published, recording
conversion rates of 220MHz while providing 10 bits output [38]. Background calibration
and digital error correction are used extensively in pipeline ADC design [32-49].

Successive approximation ADCs (SAR ADCs) can be interleaved to form an
ADC that can converts at a speed of 600MS/s [31]. SAR ADCs use a large capacitor
array in the conversion process. The capacitors usualy require some form of digita
calibration [30]. Flash ADCs have the highest conversion rate of any ADC architecture
[4]. However each additional bit of resolution approximately doubles the area of the flash
ADC [5]. Therefore flash ADCs are popular for fast, low-medium resolution ADCs. Pre-
amps and resistive averaging have been used to reduce matching requirements in the
comparators [13]. DAC trimming has also been used to calibrate the comparators [14].
Flash ADCs with 6 bits resolution have been reported with conversion rates in the GHz
range [13,14,17,17,19]. Both two-step and folding ADCs are derivatives of the flash
ADC. They trade the speed and paradldlism of the flash technique for increased
complexity and reduced area. A lot of the techniques such as auto-zeroing and resistive
averaging used in the design of flash ADCs dso extend to these ADCs. Folding ADCs
are usually used to provide 6-8 bits resolution with an operating speed of 200-800MHz.
A faster folding ADC has been reported [28] but this uses 2 interleaved folding ADCs.

A figure of merit for ADCsthat is commonly used is:

P

%o = 25(2ERBW) (12)

This figure of merit is known as the “quantization energy” and has units of Joules

per conversion. P is the power dissipation, B is the high-frequency ENOB (calculated



from SNDR) and ERBW s either the effective resolution bandwidth or the Nyquist
frequency, whichever isless.

Table 1.1 shows a summary of the performance of fast moderate resolution
presented ADCs presented at the 3 main solid-state circuits conferences, 1ISSCC, CICC
and VLSI symposium, for the years 1997 to 2007. These are al CMOS ADCs

implemented in transistor technol ogies ranging from 0.6um all the way down to 90nm.



Publication | Fs [MHZz] | Resolution | Technology | ERBW | ENOB @ | Power | Figure of | Reference

Year [um] [MHz] ERBW [mW] Merit
[pJ/conv]
Flash
1997 48 10 0.5 12 8.7 240 24.05 [6]
1998 400 6 0.35 100 5 190 29.69 [7]
1999 500 6 0.4 125 5.5 400 35.36 [8]
1999 500 6 0.6 30 5 330 171.88 [9]
2000 700 6 0.25 136 5.55 187 14.67 [10]
2000 800 6 0.25 50 5.3 400 101.53 [11]
2000 1000 6 0.35 450 4.1 900 58.24 [12]
2001 1300 6 0.35 600 5.02 55 141 [13]
2001 1600 6 0.35 300 5.05 350 17.61 [14]
2001 300 6 0.25 50 5.2 110 29.95 [15]
2001 900 6 0.25 150 4.95 450 52.01 [16]
2002 1600 6 0.18 660 5 328 7.77 [17]
2002 400 6 0.18 100 4.85 70 12.14 [18]
2003 2000 6 0.18 941 5.6 310 3.39 [19]
Folding and Two Step
1998 400 6 0.5 30 5 200 104.17 [20]
1999 50 6 0.35 1 5.2 20 272.05 [21]
2000 125 8 0.35 62.5 6.4 110 10.42 [22]
2002 100 10 0.12 12.5 8.83 180 15.82 [23]
2004 600 8 0.35 200 7.3 200 3.17 [24]
2004 600 8 0.18 200 6.35 207 6.34 [25]
2004 125 8 0.13 8 7.6 21 6.77 [26]
2007 160 10 0.09 80 9.1 84 0.95 [27]
Interleaved
2004 1600 8 0.18 797 7.25 1400 5.77 [28]
2004 150 8 0.18 80 7.18 71 3.06 [29]
2004 50 10 0.18 25 9.2 29 0.99 [30]
2004 600 6 0.09 300 4.89 13 0.73 [31]
Pipeline

1999 100 8 0.5 50 6.68 165 16.09 [32]
2000 80 8 0.5 4.1 7.4 250 180.51 [33]
2001 100 10 0.18 50 9.4 180 2.66 [34]
2001 30 8 0.18 15 6.18 18 8.28 [35]
2003 150 10 0.18 10 8.37 123 18.59 [36]
2003 80 10 0.18 100 9.29 69 0.55 [37]
2004 220 10 0.13 10 9.01 135 13.09 [38]
2005 50 10 0.18 21 8.84 35 1.82 [39]
2005 125 10 0.18 80 8.17 40 0.87 [40]
2005 200 8 0.18 99 7.68 30 0.74 [41]
2006 50 10 0.18 20 8.8 18 1.01 [42]
2006 64 10 0.09 19.2 9 32 0.5 [43]
2006 800 6 0.18 100 5.3 105 13.32 [44]
2007 80 10 0.09 40 8.25 6.5 .26 [45]
2007 30 10 0.09 2 9.4 3.7 1.72 [46]
2007 205 10 0.09 30 8.87 18 1.01 [47]
2007 200 8 0.18 100 6.4 8.5 0.50 [48]
2007 205 10 0.13 102.5 9 92.5 0.88 [49]

Table 1.1 Summary of reported ADCs.
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The ENOB recorded is the ENOB at the ERBW and using this number and
reported power, the figure of merit for all the ADCs was calculated. Fig. 1.4 shows a plot
of figure of merit change versus publication year. The solid line is the best-fit line. The

data shows approximately a factor of 100 improvement for figure of merit over the last

11 years.
1000
A ¢ 10-bit
A u m 8-bit
100 A A A 6-bit
>
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Publication Year

Fig. 1.4. Figure of Merit for published ADCs.

Fig. 1.5 shows the reported active area of the same ADCs. Again the solid lineis
the best-fit line. The ADCs display only a very dlight decrease in area over the last 11

years.

11
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Fig. 1.5. Active area of published ADCs.

1.6 Technology Scaling

The past 15 years has seen continuous improvement in CMOS fabrication
techniques leading to far smaller transistor sizes. With this reduction in transistor size it
has become easier to include extra functiondity in a single die. Digital circuits scale
particularly well, hence the increasing functionality and speed of microprocessors. While
most aspects of digital circuitry are enhanced as transistor sizes scale, analog design,
because of the decreased supply voltage, becomes more problematic and performance
deteriorates.

As the feature size decreases the speed (f1) and the power efficiency (gn/lp) of the
transistors increase. Digital circuits capitalize on these new improved devices. The x86
processor, from Intel, is an industry leading example of digital circuit innovation. A
simple metric for microprocessor circuit performance is the number of transistors per

processor. Fig. 1.6 shows the number of transistor in millions in each of the main Intel

12



x86 processors over the last 11 years [50]. The figure shows about a factor of 100

increase in transi stor number.

1000

100 A

Number of transistors (millions)

l T T T T
1997 1999 2001 2003 2005 2007

Year

Fig. 1.6. Intel x86 number of transistors per processor.

A common ADC performance metric is the sampling rate of the converter times
the number of bits that it outputs. This metric shows the processing power of the ADC
and is plotted in Fig. 1.7 for the ADCs in Table 1.1. There is only a slight improvement
over thelast 11 years.
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Fig. 1.7. Published ADC performance.
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Over the same time frame the digital performance has increased by afactor of 100
while the analog has increased by only a factor of 10. Signal processing can be
implemented in either the analog or digital domain. Due to the smaller size of digital
transistors and the associated deterioration in analog performance, analog signal
processing is rapidly being replaced by digital signal processing. In the past an electronic
system consisted of a number of ICs, however using modern CMOS processes much of
the functionality can be incorporated onto a single chip. These devices are commonly
referred to asa“ System on a Chip”, (SOC) ICs. A SOC has the benefits of:

* Reduced power, space, weight and cost
» Enhanced performance
e Increased reliability

Since digital performance is improving a a faster rate than the anaog
performance, analog circuits are the bottlenecks in SOCs. The relative area and power of
analog circuitry in relation to digital circuitry is increasing as the feature size shrinks.
This means that analog circuit design and in particular ADC design has to evolve rapidly

to overcome these system issues.

1.7 Porting Designs

ADCs are commonly integrated with other devices in a SOC. For faster
performance and low power consumption in digitally dominated SOCs it is advantageous
to implement these SOC in the latest process technologies. Fig. 1.8 shows the technol ogy
nodes used by the Intel x86 processors over the last 11 years. In total there were 6
different processes used, from gate lengths of 0.25um in 1997 down to 45nm in 2007.

Digita circuits are easier than anaog circuits to port from one process to the next.
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Therefore a predominantly digital ADC would be desirable for implementation on any
SOC designed with aview to migration to finer geometry processesin the future.

300

Gate length (nm)
[y
[8)]
o

100 -

50 4

O 1 1 1 1
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Year

Fig. 1.8. Technology node used for x86 processor.

1.8 Contributions of thiswork
The major accomplishments of thiswork are:

e Thecreation of anew folding ADC architecture that is digitally dominated
allowing large transistor mismatch to be tolerated so that small devices
can be utilized in the signal path.

* The development of modeling techniques, to investigate and anayze the
effects of transistor mismatch, folder linearity and redundancy in ADCs.

e The design of a new folder circuit topology that decreases the required
power consumption for a given noise budget.

* The design of aresistor ladder DAC that uses a unigue resistor layout to

allow any shape ladder to be designed.
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1.9 ThesisOutline

The motivation for investigating design techniques for digitally calibrated, fast,
moderate resolution ADCs is discussed in this chapter. The folding ADC architecture is
reviewed in Chapter 2. A new digital calibration technique is presented in Chapter 3 and
the prototype results of 8-hit folding ADC implemented in TSMC 0.18um are presented.
In Chapter 4 a second prototype, fabricated in ST 90nm, is described. This design uses
digital calibration and a unique folder scheme to build a 400MS/s, 9-bit ADC. The

conclusion and suggestions for future work are given Chapter 5.
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Chapter 2

Folding ADC review

2.1 Introduction

In a flash ADC, fast converson speed and a high input bandwidth can be
achieved thanks to the parallel nature of the converter. The input signal is applied to all
comparators at once and is converted in a single clock cycle. Flash ADCs are
advantageous in nanometer processes, since, unlike pipeline ADCs, operationa
amplifiers are not required. Very fast ADCs have been reported using the flash
architecture; however these are usualy confined to 4-6 bits of resolution [13,14]. Where
more than 6 bits is required the number of comparators in a flash ADC becomes
prohibitive and folding [20] becomes an attractive option. Folding preprocesses the
analog signal before it enters the comparators, reducing the total required number of
comparators by the degree of folding performed. In this manner, fast, moderate-resolution
folding converters have been presented [20-27]. These devices are typically required for
various applications such as RF quadrature demodulation front-end (e.g. 8-bits, 40MS/s
[22]), wireline communications such as 10G Ethernet (e.g. 8-bit, 700MS/s [25]) and

consumer video applications (e.g. 10-bits at 54MS/s [23]).
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2.2 Folding ADC architecture

The flash ADC is conceptually the simplest ADC architecture and most other
ADC architectures can be considered as derivatives of the flash scheme. A flash ADC,

Fig. 2.1(a), consists of 3 main components; comparators, a resistor ladder and an encoder.
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She il
| Coarse
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Refbot

(a) (b)
Fig. 2.1. (a) 3-hit flash ADC with 7 comparators. (b) 3-bit folding ADC with 2

comparators.

The output of the comparator block forms athermometer code, where the location
of the transition from high outputs to low, known as the meniscus, is related to the value
of the input signal. Although there is a separate comparator for each ADC code, at any
given time only a few comparators (those around the transition of the thermometer code)

provide useful information. A folding ADC applies analog pre-processing to reduce the
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number of comparators and a block called a folder does this pre-processing. A 3-bit
folding ADC, folding by 4, requires just 2 comparators, as shown in Fig. 2.1(b). A
separate coarse ADC generates the MSB. In general, a N-bit folding ADC, folding by f,

requires 2V/f folders and comparators, while the coarse ADC requires logy(f)-1

comparators.

2.2.1 Folder

A folder, folding by 4, Fig. 2.2(a), consists of an even number of differential pairs
whose outputs are connected in alternating fashion. One input of the differential pair is
connected to the analog input, Vin, the other input is connected to one of the four

reference voltages, vr1-vr4. Each current source supplies afixed current, I;.

In Ip+

1 )
i
M1 M2
Il |2 |3 I4 I5
Vin i ) ) ) )
MWV vrl \7r2 \7r3 vr4
(a)
SZI‘- Ip
5
© 17 v
01 Wi Switched region ;| ~CIV€ T switched region vin
! region i ~n_,
(b)

Fig. 2.2. (4) Four cross coupled differentia pairs. (b) Folder output currents cross four

times, each crossover point comes from asingle differential pair.
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The polarity of the differential output signal changes each time the input voltage,
Vin, reaches a reference voltage level. In this way, the input signal is “folded” at each
reference voltage. Fig. 2.2(b) shows the folder outputs, Ip and In, as the input voltage,
Vin, is swept from low to high. Ip and In change polarity four times The fifth current
source, Is, acts as alevel shift so that In and Ip cross [20]. The differential output formed
by Ip and In, is fed to a comparator.

The output currents of a single differential pair are also shown in Fig. 2.2(b). For
Vin close to vr2, current flows in both M1 and M2, this is the active region of the
differential pair. For Vin much lessthan vr2, I; flowsin M2 and for Vin alot greater than
vr2, I flowsin M1. These regions are referred to as the switched region of the differential

pair.

2.2.2 Cascaded folding

The larger the folding factor, f, the greater the reduction in the number of
comparators required in a folding ADC. A large value of f is difficult to achieve in a
single stage because it is hard to avoid overlapping of adjacent folding differential pairs.
This is especialy prevalent in finer geometry CMOS process with shrinking supply
voltages and reduced available signal swings.

The use of cascaded folding removes the need to generate al the foldsin asingle
stage. Cascading folders together alows the folds to be generated in connected stages.
Cascading folders simply means that the output of the first stage of foldersisfolded again
in the second stage. The overall folding factor is the product of the folding performed by
each of the two stages. Cascaded folding is analogous to a double reduction gear system,

Fig. 2.3 [51]. Here the input is attached to the first gear which turns in proportion to its
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relative motion with respect to the reference ladder. One rotation of the large gear causes
two rotations of the small gear and four rotations of the second small gear. Gain is also
illustrated in Fig. 2.3(a) as the output of the small gear in the first stage shares the same
axle as the large gear in the second stage. The equivaent CMOS block diagram is show
in Fig. 2.3(b). The first stage consists of 2 folding-by-4 blocks and their outputs are
folded by 2 to create the overall folded-by-8 output. Cascading folding is commonly used

infolding ADCs [21][27][51]
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. comparators
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. | L L | L
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refBot « > <

folding by 4~ ¢ Tfoldngby 2
) folding by 8 g
€Y (b)

Fig. 2.3. (a)Cascaded folding-by-four generated by two stages of folding-by-two [51] (b)

Equivalent CMOS block diagram.

2.2.3 Interpolation

Interpolation can be used to reduce the number of folders required in a folding
ADC [20-22]. Fig 2.4 shows a simple example of interpolation. Every second folder is
omitted and the missing information is recovered by interpolation. Interpolation can be

easily implemented by inserting resistors between the outputs of remaining folders
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(folders 1,3,5) and the taps between the inserted resistors recreate the omitted folder
outputs (folders 2,4). In this example the outputs of folders 1, 3 and 5 are approximately
linear over a limited range near each zero-crossing. The interpolated signals show some
distortion, the output is not linear near the zero-crossing in the recreated folder outputs,
but the distortion suffered is not a problem as long as the location of the zero-crossing
itself is not affected. As the overal number of folders is decreased the power
consumption and input capacitance is reduced, however the output impedance of the

foldersis decreased.

folder 1 M
folder 3 M
folder 5 M

o

AAA f l'l'l'

l'l'l' f l'l'l'

) . . _ Vin
Fig. 2.4. Interpolation is used to reduce the number of required folders. In this example

every second folder is omitted.

2.2.4 Encoder

The encoder combines the output of the folding comparators and the coarse ADC
to produce abinary ADC output. A 4-bit folding ADC, folding by 4, consists of 4 folders,
4 comparators and a coarse ADC, Fig. 2.5(a).

The output of the coarse ADC isthe MSB, B[3]. The coarse ADC in thisinstance
is a single comparator with a trip-point at the middle at the reference ladder. The other

bits, B[2:0], are evaluated from the comparator outputs. The output C1 provides MSB-1,
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B[2]. Each of the folders has 4 unique reference voltages providing the comparator

outputs C1 to C4, Fig. 2.5(b).

RefTop

RefBot

Vin

folder

1

—

VI M

12>
folder :D—':)
C3
[

fold
older %:)
folder :D—

C1(B[2])

—| Coarse
ADC

g

(

a)

X4

X3

X2

sy | L] L LJ 1

refBot . refTob
Vin

(b)

Fig. 2.5. (a) 4-hit folding ADC has 4 folders and comparators. (b) Output waveforms.

The simplest encoder architecture inverts the polarity of the folding comparator

outputs, C2-C4, when C1 is high. XOR gates can readily accomplish this. An adder

converts the XOR gate outputs to the two least significant bits (LSBs), B[1] and B[0].

2.2.5 Coarse ADC Accuracy

In the simple folding encoder scheme described above, it is assumed that the zero-

crossing provided by the coarse ADC aligns correctly with the mid-scale zero-crossing of
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C1. Even with relatively large transistors, this can be difficult to achieve in practice.

Fig.2.6 [20] shows the ADC output with a misalignment of AV between the output of the

coarse ADC and the MSB2 folder, B[ 3] and B[2].
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Fig. 2.6. Offsetsin coarse ADC cause large errors in output [20].

In practice two coarse ADC comparators and a ‘bit sync’ are used to generate the
MSB [20], Fig. 2.7. The zero-crossings of the two comparators B3a and B3b are
nominally placed as shown. Combining the comparator outputs with the output of B[2]

generates B[ 3]. Thistechnique is resilient to large offsets in the coarse ADC comparators.

B3a
B3b B[3]
B[2]
B3a
B3b
B[3]
B[2] I

Vin
Fig. 2.7. Use of 2 comparatorsin coarse ADC to align coarse ADC with folders.

24



Chapter 3

A digitally calibrated 8-bit folding ADC

3.1 Introduction

Threshold voltage, Vy, mismatch causes mismatch in the differential pairs used
in the folders leading to poor folding ADC performance. Traditional methods used to
overcome mismatch in folding ADCs are implemented in the analog domain. The
simplest approach is to use large devices, as mismatch is inversely proportional to gate
area [1]; this however leads to large, slow devices with large input capacitance. DAC
trimming has also been used in folding ADCs [28] but this increases the complexity of
the folder design.

This chapter describes a digital technique, based on redundancy and re-
assgnment to calibrate and correct an 8-bit folding ADC. Unlike other folding ADC
calibration techniques [52] this approach also compensates for unintended non-linearities
and distortion in the folders. Much as the technique in [53] overcomes amplifier non-
linearity through digital processing, this approach trades analog accuracy and distortion
for simple digital calibration techniques. Digital calibration decouples analog accuracy
from ADC accuracy allowing small, minimum length devices to be used in the signal
path. A fully-integrated self-calibrated prototype 500M S/s 8-bit converter is fabricated in

0.18um digital CMOS.
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The digital calibration scheme is briefly described in section 2. The ADC
implementation is described in section 3. Issues in design of the critical analog blocks,
particularly distortion and matching requirements, are discussed in section 4. Measured

performance results of the prototype are shown in section 5.

3.2 Digital Calibration Scheme

The new architecture works by generating redundant zero-crossings. At startup, a
calibration engine controls a DAC that searches the set of available zero-crossings and
selects and enables circuitry that generates the 2V-1 most appropriate zero-crossings.
Redundancy can ensure a high yield even with low accuracy analog components,
decoupling speed and accuracy [54]. Cdlibration information is stored in SRAM. During
normal conversion the calibration engine and unselected redundant circuitry is powered
down.

A conventional N-bit folding ADC generates a folder zero-crossing for each of
the 2M-1 codes. In this scheme, a calibration routine selects the 2"-1 most appropriate
crossings from the set of available redundant crossings. Reassignment allows any zero-
crossing to be assigned to any code.

A folding-by-4 folder is used in this design. Folding by 4 reduces the required
number of comparators by afactor of 4. With an input applied to the folders of frequency
fin, the input applied to comparators is at least 4 times fin. Increasing the folding factor
further decreases the required number of comparators but requires a comparator with a
larger bandwidth.

Matlab scripts, modeling transistor mismatch and folder nonlinearuty, were run to

determine the degree of redundancy required. 1000 ADCs were generated for each of
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four different values of standard deviation of comparator offset (0.5, 2, 5 and 10LSBs)
and the yield was determined as redundancy was increased. A ‘good’ 8-bit ADC is one
with a ENOB of more than 7.5 bits. If aredundancy of 4 is used, ayield of over 96% can
be attained even with standard deviation of offset of 10LSB (Fig. 3.1.). Increasing the

redundancy above 4 dlightly increases the overall yield but also increase power and area

required.
100 n
80 A
o
Q
z 60 A —e— oOffset=0.5LSB
2 —=— offset=2LSB
S —a— offset=5LSB
040 A
> —m— offset=10LSB
o
20 1
0 T T T

4
Redundancy

Fig. 3.1. Yield versus redundancy for an 8-bit ADC.

To generate four redundant zero-crossings for each code transition the following
configurations could be used;
a) four redundant folders each connected to single comparator
b) asingle folder connected to four redundant comparators
c) two redundant folders each connected to two redundant comparators
In each case the number of comparators increases by a factor of 4 but the number
of folders differs. Reducing the number of folders decreases power consumption however

connecting a single folder to 4 comparators would mean that the zero-crossings generated
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by the four comparators would show a large dependence on the mismatches of the single
folder. For this design a redundancy of 2 is used for the folders and each of the foldersis
in turn connected to 2 redundant comparators redundantly, assigning four zero-crossings
to each ADC code transition. Detaills on the folder and comparator matching
requirements are given in section 3.4.3.

Fig. 3.2 shows a 3-bit folding ADC using redundancy. Instead of using large, high
accuracy folders as in Fig. 2.1(b), small redundant folders are used. Even though the
number of folders is doubled, (i.e. a redundancy of 2 is used), since these folders have
low matching requirements the overal area is about the same. Redundancy is aso used
for the comparators. Each folder is connected to two low accuracy comparators. Again

these comparators have relaxed matching requirements and can be made small.

I>—
vin folder _lEr
4 D>—]
>
folder Er o
>_ -}
o
(@)
_l_>_ o |abc
folder E:r output
o
folder _lEI
>—
Coarse MSB
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Fig. 3.2. Small, low accuracy redundant folders and comparators are used to generate

redundant zero-crossings.
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To illustrate the technique, Fig. 3.3 shows a simple example of redundancy and
reassignment in a 2-bit flash ADC [54]. Four comparators are redundantly assigned to
each code transition. Comparators, 1A, 1B, 1C and 1D are nominally assigned to code
transition 1, Fig. 3.3(a), similarly 2A-2D to code 2 and 3A-3D to code 3. Offsets in the
comparators cause the trip-points of the comparators to deviate from the nominal values,
Fig. 3.2(b). In this example comparator 1A has a trip-point close to the ideal value and is
assigned to code 1. Comparator 2D is selected for code 2. 1n an example of reassignment

comparator 2A, nominally assigned to code 2, is selected to represent code 3.

A x x x
3A 1B 1D
Code 3—%¢ 3¢ % 3¢
3A 3B 3C 3D ® 9 N X
% 2A 3B 3C 3D
© | Code 22— % Y %~ .
5 X
g 2A 2B 2C 2D X x (28
Code 1—% % 3¢ 3¢ _C
1A 1B 1C 1D 1’: X
1C
ideal with offsets

Fig. 3.3. (&) Nominal comparator trip-points with aredundancy of 4 comparators for each

code. (b) Offsets move trip-points. Example of reassignment, 2A is assigned to code 3.

Fig. 3.4 describes how redundancy and reassignment are applied in a folding
ADC. The figure shows two ideal folding waveforms A, B, as well as examples of low
accuracy folding waveforms from redundant folder pairs (Al and A2, B1 and B2) that
approximate A and B. By digitally selecting the most appropriate individual zero-
crossings, the correct folder characteristic is constructed. Similar to a conventional

folding ADC, the calibrated ADC aso incorporates a coarse ADC or cycle pointer, but in
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this case the coarse ADC functions in a somewhat different manner. In this example, the
coarse ADC divides the ADC input range into four quadrants; labeled 0-3. If a zero-
crossing is selected, then afolder output is enabled for an entire quadrant. In an example
of reassignment, a zero-crossing from B2, X1, is selected for folding waveform A. Since
no zero-crossings are selected from folder A2, it is powered down.

Calibration must ensure that a folder with two zero-crossovers in one quadrant is
not selected, and also must correct crossover polarity. In quadrant 3, folder B1 has an
ideal zero-crossing (X2) for A. However if the output of folder B1 is enabled in quadrant
3, two zero-crossings (X2 and X3), not one, would be selected, and therefore Al is

selected instead.

Ideal A_/ \ / \_
Ideal B / \ / \

Coarse uadrant 0 uadrant 1 uadrant 2 uadrant 3
oase g X « X q X q

am_f \ /
22 / T\

o1 JE
A ’ \ l \-—

Fig. 3.4. Redundancy and reassignment of folder zero-crossings.

To count the number of zero-crossings a folder has in a given quadrant a

boundary check is performed. During the boundary check, the folder output is tested at
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the top and bottom of the quadrant of interest. For example, B1 is O at the bottom of
quadrant 3, and is O at the top of quadrant 3. Because B1 has the same value at both ends
of quadrant 3, it means that B1 has 2 zero-crossings in this guadrant. On the other hand,
a boundary check on B2 yields a 1 and O respectively at the bottom and top of quadrant
3. This means that B2 has only a single zero-crossing in quadrant 3. The calibration also
corrects zero-crossings that occur close to an ideal zero-crossing voltage but with the
wrong polarity - the zero-crossing of B1 in quadrant 2, X3, isinverted by the calibration
logic. Comparator redundancy is also used in the digital calibration scheme. Redundant
comparators increase the number of zero-crossings. A conventiona 8-bit folding ADC,
with fold-by-4 folders, consists of 64 folders connected to 64 comparators. The prototype
incorporates 128 folders, feeding 256 comparators, generating 1024 potential zero-
crossingsas shownin Fig. 3.5.

At power-up, the ADC undergoes calibration during which the resistor ladder is
configured as a 10-bit search DAC. The calibration engine controls the DAC to search
the available 1024 zero-crossings for the best 255 zero-crossings. The calibration results
are stored in the Zero-Crossing Selector and Polarity Corrector blocks, both
implemented as SRAM.

The prototype uses a 3-hit coarse flash ADC to divide the ADC conversion range
into octants. Although a 2-bit course ADC could be used dividing the ADC range into
quadrants, the use of a 3-bit rather than 2-bit coarse ADC decreases the risk of having
more than one zero-crossing in a given segment. The coarse ADC itself is calibrated from
a set of 21 available redundant comparators. The locations of the coarse ADC trip-points
are stored in a Coarse ADC Trip-point Register. Synchronization between the coarse

ADC and foldersis achieved through overlap and digital correction.
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Fig. 3.5. Block diagram of digitally calibrated folding ADC.

In conversion mode, the DAC and the calibration engine are disabled. The Power
Control block, shown in Fig. 3.5, drives a 256 bit bus, en[1-256], that powers down
unselected redundant circuitry. Comparator outputs are decoded on-chip using
information from the coarse ADC and the information in the Polarity Corrector and

Zero-Crossing Selector memories, (details of these memories are discussed in the next
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section). An adder sums the decoded comparator outputs and combines this sum with the

output of the Coarse ADC Trip-point Register to give the 8-bit ADC output.

3.3 Implementation

This section describes the implementation of the key building blocks of the

converter.

3.3.1 Zero-Crossing Selector and Polarity Corrector memories

The coarse ADC divides the conversion range into 8 sections or octants, and there
are 256 comparators. To be able to select zero-crossings in each of the octants requires
the Zero-Crossing Selector block to use an SRAM of 8 words of 256 bits. As an
example, Fig. 3.6 shows 4 rows of the memory array loaded with the correct values to

select the highlighted zero-crossings.
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Fig. 3.6. Example of Zero-crossing memory, 8 words required for 3-bit coarse ADC.
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As discussed earlier in the Digital Calibration section, the use of a 2-bit coarse
ADC would mean that selecting X2 would also select X3. Here, the use of a 3-hit flash
ADC to identify octants rather than a 2-bit flash ADC that identifies quadrants, enables
X2 to be selected independently of X3. However the increase in coarse ADC resolution
causes an increase in the SRAM size.

Information, on whether a 1-0 or a 0-1 zero-crossing is selected, is stored so that
the encoder can properly encode the correct 8-bit result. During the boundary check,
registers temporarily store the value of the comparator output at the top and the bottom of
the octant in which it lies. By examining these registers it is straightforward to determine
whether a zero-crossing is a 1-0 or 0-1 transition. Zero-crossings from the same folder
selected in adjacent octants always have an opposite switching polarity, i.e. if oneis 1-0
the other must be 0-1. This reduces the SRAM requirements so that a 4 word, 256 bit
configuration is sufficient. Fig. 3.7 shows the Polarity Corrector for the waveforms
displayed in Fig. 3.6. A 0-1 transition in an odd numbered octant isa 1 as is a 1-0

transition in even numbered octant.

Octant 0/1 Octant 2/3 Octant 4/5 Octant 6/7
Al 0 1 0 0
A2 0 0 0 0
B1 1 0 1 0
B2 0 0 1 0

Fig. 3.7. Polarity Corrector memory consists of 4 words of 256 bits. Here 4 bits are

shown.
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3.3.2 Coarse ADC calibration

The coarse ADC is calibrated first. An example comparator search is shown in
Fig. 3.8. Generating an input to the bank of redundant comparators with the search DAC,
the search range expands beyond the ideal value until a comparator is found. The location

of the comparator trip-point is stored in the Coarse ADC Trip-point Register.

Comparator trip point
.................................... 4=+ 4 DAC LSB

LTI T PIE .-+ 3 DAC LSB
CTTPTCTTUTTPTCPTUTIPTPLIUEIPICEEPRT ECEEPETPELED «++ 2 DAC LSB
............ -+ 1 DAC LSB
nominal ADC trip-point
R JA DR N ...-1 DAC LSB
SRR JTRN SR ...- 2 DAC LSB
SRR A ...- 3DAC LSB

................................................. Y...- 4 DAC LSB
time

voltage

>

Fig. 3.8. Coarse ADC comparator search. In this example, acomparator is found on the 4™

search iteration.

3.3.3 Sample-and-hold

A folding ADC, with an input frequency F,y and folding by 4, applies an input to
the comparators at a frequency of 4 times Fiy. A 3.3V sample-and-hold is used at the
input to the chip, to relax the requirements on the comparator input bandwidth [55] and to

reduce current slewing at the folder output, Fig. 3.9.
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Instead of using a dedicated hold capacitor, C,. consists of the input capacitance of
folders and input wiring. Although the input capacitance of the folders varies non-linearly
with applied voltage, thanks to the small folder devices the folding input capacitance is
only 1.3pF of the total 2.1pF. M2 is a dummy transistor and cancels charge injection

when M1 turns off.

clk

VinQ

5555 SJ19p|0} SSSS

Fig. 3.9. The parasitic capacitance of the routing and folder inputs forms the sample-and-

hold capacitance.

3.3.4 Resistor ladder DAC

A resistor string generates the ADC reference voltages and during calibration the
resistor string is configured as a DAC. Each folder requires four reference voltages,
equally spaced over the entire reference range. Bending the meta 1 resistor ladder
simplifies the connection of the reference taps to the folders but this adds extra parasitic

resistance at the corners, Fig. 3.10(a). These corner errors are eliminated by building a
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ladder comprised of ‘L’ shaped meta resistors so that the ladder can take almost any
shape, Fig. 3.10(b). Switches for the DAC and substrate connections fit into the ‘ cavities

of the resistor string, Fig. 3.10(c).

Parasitic substr{:\te
resis\t‘ance L o )Z connections
R ﬂ%i o [fLE
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| g 71(—5‘ 1 I J[[l

(a) (b) (c)

Fig. 3.10. (a) Resistor ladder suffers from parasitic corner resistance. (b) Resistor ladder
with ‘L’ shaped resistors. (c) DAC switches and substrate connections are embedded in

ladder cavities.

Averaging is used to increase the effectiveness of the calibration, since the analog
circuitry may be subject to noise giving spurious zero-crossings. Averaging is performed
by applying the same test voltage twice during the zero-crossing search. If the same zero-
crossing is found on both searches, it is boundary checked. However if no zero-crossing
is found twice, but one is found in either the first or second search, then it is boundary
checked. Likewise, the boundary check routine is implemented twice. Since a failure in
the boundary check search could lead to a glitch on the ADC output, a zero-crossing is
only selected if it passes the boundary check on both iterations; otherwise the search

range is extended. To relax the DAC settling time requirement the DAC is alowed nine
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clock cycles before the comparators are clocked. Details of the DAC precision are given

in the next section.
3.3.5 Zero-crossing sear ch

The zero-crossing search algorithm is similar to the coarse ADC calibration. For
each code, the search begins by looking for a zero-crossing between -1 DAC LSB and +1
DAC LSB of theidea value. If no zero-crossing is found then the search is extended to -
2DACLSB to+2 DAC LSB and so on. As discussed earlier the boundary check ensures
that selecting a zero-crossing in a given octant only enables a single zero-crossing. If the
boundary check fails then the search range is extended. The overal ADC calibration

processis summarized in Fig. 3.11.

code=1
delta=1
code=1
delta=1 Check folders at <
Ideal +/- delta <

Check comparators at
Ideal +/- delta

LA A

Increase
delta

boundary
check?,

Load Coarse ADC
Trip-point register

Load Zero-crossing Selector and
Polarity Corrector memories

No | Code=code+1

delta=1
Code=code+1
delta=1

yes

Begin - - —

Zero-crossing Calibration f|n|shed._ _
Search Power down unselected circuits
Gy (b)

Fig. 3.11. (a) Calibration of coarse ADC. (b) Zero-crossing search
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3.3.6 Folder and comparator implementation

To nominally place 4 zero-crossings at each code transition, a redundancy of 4
could be used for the folders with each folder connected to a single comparator. However
as comparators consume less power and occupy less area than folders, a redundancy of 2
is used for the folders and each folder is in turn connected to 2 comparators, nominaly
places 4 zero-crossings at each code. Fig. 3.12 shows the overall folder and comparator

configuration.

?jliltkjm %RJMZ
V|r_1__| il Viﬂlr?.l-:lllrz Viny

W=2.5pn(‘ :

L=0.18um |pV In

JH

-l-h

|

Fig. 3.12. Folder output ismirrored into two comparators.

The output currents of the folder are mirrored into the comparators through a
cascode. With an input frequency Fin the nature of folding causes the output currents to
be at a frequency of 4 times Fin. Higher mobility NMOS transistors are used in the

current mirror and the folders are built using PMOS devices. The input transistors in the
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differential pairs have a width of 2.5um and are minimum length. The tail current
transistors have awidth of 2um and alength of 0.7um. The area of a single comparator is
less than 300pum?. The comparators are powered down if their enable signal, enA or enB,
islow. If both are low then the folder is powered off.

Ip from the folder is mirrored into the positive input, Cp, of one comparator and
into the negative input, Cn, of the other comparator. This protects against the effects of a

systematic offset in the comparators.

3.4 Distortion and Matching

The low transconductance of the differential pairs and the low output impedance
of the tail current sources cause distortion in the folder outputs. These issues are
examined in this section, as are the matching requirements of the folders and comparators
used in the folding section of the ADC, as well as the matching requirements of the

comparators used in the coarse ADC. The DAC precision is also discussed.

3.4.1 Tail current output impedance

The output resistance of the tail current transistors (M1 to M5) used in the folders
was thus far assumed to be infinite. However to reduce both area and the taill node
capacitance, to alow faster folder operation, short, narrow, devices are used. These short
devices have low output resistance and this distorts the folder zero-crossings. Fig. 3.13
shows the current flowing in the tail current sources of Fig. 3.12, and the resultant folder
output as a function of input voltage. I; nominally flows in each current source however
as the tail node varies and the output resistance is low, different currents may flow in

each current source.
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For a small value of Vin al PMOS transistors connected to Vin are on. Current
flowsin the left side of each different pair. AsVin isincreased the tail node voltages also
increase, decreasing the voltage drop across the PMOS current sources and decreasing
the output current. The decrease in output current with input voltage is shown as the

diagond linein Fig. 3.13.

=y

N

Tail Current

w

>

v

v;l vIr2 vr3 v'r4

Fig. 3.13. Increase in folder input voltage decreases tail current source current.

For Vin greater than vr1, the tail node of the vrl differentia pair, in Fg. 3.12, is
dependent on vr1 and the tail current no longer decreases with Vin. The vr2 differentia
pair behavior is similar. For Vin less than vr2 the tail node tracks Vin and for Vin above
vr2 the tail node voltage is dependent on vr2 only. The tail nodes of the wr3 and vr4
differential pairs also track Vin up to their respective reference voltages. The 5th current
source provides a constant current which we define this as I;, and note that for large Vin,
the drain of both M5 and M3 are at the same potential, dependent on vr3, and |; also

flows in M3. Assuming that the tail current transistor exhibits a constant output

resistance, Rout, then at vrl, IM, the current flowing in M1, is|; +24l;, where 4l is (vr2-
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vr1)/Rout. The current sources IM,, IM3 and My, for Vin equal to vrl, are supplying the

same current. When Vin is equal to vrl the outputs Ip and In are:
1par2y=0.5IM1+ Mo+ 1M,= 2,51+ 5, (3.1)
INaryy=0.5I Mg+ IMa+IMs= 2,51+ 34l (3.2)

Instead of Ip and In being equal at vrl, Ip is 24l greater than In. From the folder
output plot in Fig. 3.13 we see that near vrl a slight decrease in Vin, decreases Ip and
increases In. In effect, the zero-crossing moves from vr1 to vr1-241t/Gm where Gmis the
transconductance of the folder. We define the error in the zero-crossing voltage, 241t/Gm,
as Ve.

Performing a similar analysis for the zero-crossing nominally placed at vr2 and
noting that when Vin equals vr2, IM,, IM3 and IM, are I+ 4l and IMy is +24l;, Ip and In
are:

Ipwr2= IM1+0.5IMx+ IM4=2.51+3.54l, (3.3)
INwr2)=0.5IM2+ M3+ 1Ms=2.5l+ 1.54l; (3.4

Again lp is 24l; greater than In at vr2 however in this case aslight increase in Vin
will decrease Ip and increase In causing the zero-crossing at vr2 to shift to vr2+V..
Similar analysis for the zero-crossings at vr3 and vr4 show that they shift to vr3-(V/2)
and vr4+(Vd/2) respectively.

In an ideal 8-hit, fold-by-4, folding ADC, consisting of 64 folders, the zero-
crossings for the first 64 codes come from the vrl differentid pair of the 64 folders.
Codes 65 to 128 come from the vr2 differential pairs of the folders. Codes 129 to 192 are

from the wr3 pair and 193 to 256 are from the vr4 pair. The low output resistance of the

tail current source moves codes 1 to 64 down by V., codes 65 to 128 up by V., codes 128
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to 192 down by V/2 and codes 193 to 256 up by V/2. Thisin turn causes a large DNL
error a code 64 of 2V.and another smaller DNL error at code 192 of Ve

In atraditional folding ADC, Ve is reduced by increasing the output impedance of
the tail current transistor, however this involves using long devices which, for a given
overdrive voltage, requires a corresponding increase in width, increasing both area and
tail node capacitance. The transconductance of the differential pair input transistors could

also be increased to reduce V. but again thisinvolves using large devices.

3.4.2 Folder transconductance

In adifferential pair all the current is completely steered through one of the input
transistors when the difference between the two applied voltages is a factor of 2 greater
than the overdrive voltage of the input transistors. In ideal folder operation, for any DC
input, at most only one differentia pair isin the active region. This requires the overdrive
voltage on the input transistors to be at least /2 less than the difference between two
adjacent references AVr, (i.e. AVr= vr4-wr3). Shrinking supply voltages associated with
finer geometry processes leads to a reduced reference voltage range, forcing adjacent
references closer together.

The transconductance is also reduced in the finer processes due to both mobility
degradation with vertical field and velocity saturation. Fig. 3.14 shows folder output
currents for three different values of differential pair transconductance, Gm. The larger
Gm is, the greater the folder gain and the larger the difference between the two folder

outputs.
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Fig. 3.14. Folder output currents for three different differential pair transconductance.

Fig. 3.15 shows the folder transconductance for the three different vaues of Gm.
Differential pair transconductance is a function of input voltage. When Vin is close to the
reference voltage, the transconductance is large. The greater the difference between the
two inputs to the differential pair the less the transconductance. For alarge Gm the folder
transconductance has four distinct large peaks, one at each of the reference voltages. As
the differential pair Gmis reduced the active region of adifferential pair overlaps with its
neighbor and the overal folder transconductance is reduced. For small Gm the folder
transconductance is significantly reduced by this effect and at the reference voltages more

than one differential pair are in the active region.
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Fig. 3.15. Transconductance of each folder, versusinput voltage. As differential pair

transconductance reduces so does folder transconductance.

The overlapping of the active regions of adjacent differentia pairs causes
distortion in the folder outputs. When Vin is close to vrl, in the middle of the active
region of the 1% differential pair, for the large Gm case the output currents are;

I perny=0.5I M+ Mo+ IM,= 2.5l (3.5)
Inaryy=0.5IMy+IMa+IMs= 2.5l (3.6)

However for small Gm the 2™ differential pair is also in its active region at vrl
and itstail current is not fully switched. If we define the error, the amount of current that
has not been switched by the 2" differential pair, as le, then at vrl, Ip =2.5I; -le and

In=2.5I;+ le. Thelow Gm causes Ip to be lessthan In by 2le at vr1 and the zero-crossing
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moves from vrl to vr1+(2le/Gm). For Vin close to vr4 and low Gm, the 3" differential
pair isin its active region, Ip=2.5I; - le and In=2.5l; + le, and the zero-crossing moves
from vr4 to vr4-(21e/Gm).
When Vin is at vr2 the positive output and negative outputs, for large Gm, are
equal.
Ipwr2)=IM1+0.5IMx+ 1M, (3.7)
INw2=0.5IMz+IMz+1Ms (3.8)
For low Gm, a w2, the 1st and 3rd differentia pairs are till in their active
regions and Egn. (3.7) and (3.8) become;
Ipwr2= IMs-ler+0.5IMy+les+ My (3.9)
INwr2)=l€1+0.5IMo+ [ M3-les+1Ms (3.10)
le; and le; are the errors currents that have not switched from the 1% and 3
differential pair respectively. Assuming that the transconductance of al 4 pairs is
identical, le; and le; are the same and Ip and In are equal. With Vin at vr3, le from the 2"
and 4™ differential pairs cancel. Low folder transconductance causes errors in the zero-
crossings nominaly placed at w1l and wr4 but the zero-crossings at vr2 and vr3 are
unaffected.

A conventional 8-bit folding ADC using 64 of the distorted folders, the same
folders as those used in the final ADC design, which have both low transconductance and
low tail current impedance, was simulated with Spectre, Fig. 3.16. The simulation results
show the DNL at codes 64 and 192 as 3.8LSB and 1L SB respectively. This simulation
shows the effects of folder distortion due to both low transconductance and low tail

current resistance and does not include the effects of transistor mismatch.
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Fig. 3.16. DNL plots derived from Spectre simulation of an 8-bit ADC using these

folders. The distorted output of a single folder as the input voltage is swept isin the inset.

In this design the use of small transistors in the folders and comparators with large
offsets decouples the zero-crossing locations from the effect of low tal current
impedance and low transconductance. The calibration engine can then pick zero-
crossings and the calibrated ADC shows no DNL errors caused by the either the low

impedance or low distortion issues.

3.4.3 Folder and comparator matching
Folder offset is dominated by the size of the differential pair input transistors used
in the folder. This ADC uses small devices, of width 2.5um and length 0.18um, and the

input referred offset of the folder due to differential pair mismatch aloneis over 3 LSB.
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Redundant, low accuracy comparators together with low accuracy folders are
used to ensure high yield. If two identical comparators, C1 and C2, are connected to a
folder, but have no offset, they provide the same outputs, Fig. 3.17(a). As the zero-
crossings provided from C1 and C2 are identical, in effect only two zero-crossings are
nominally placed at each code. Increasing the comparator mismatch causes the zero-
crossings of C1 and C2 to become unique, assigning four zero-crossings to each code.
With four zero-crossing per code an acceptable yield is achieved. The comparator used is
shown in Fig. 3.17(b). The input referred offset of the comparator is dominated by the
matching of the PMOS latch transistors, MP1 and MP2, and to a lesser degree the
transistors in the NMOS latch, MN1 and MNZ2. By using small transistors in the latches,

the overal mismatch isincreased.

folder

C1 (no offset)

C2 (no offset)

C1 (random offset)

C2 (random offset)

Vin

Fig. 3.17. () Random comparator offsets generate 8 unique zero-crossings. (b)

Comparator latch, matching is dominated by the size of MP1 and MP2,
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The overall input referred standard deviation offset Jey) of afolder connected to

acomparator is;

aey) = \/J(fM )2 +%z (3.11)

o(fwm) is the standard deviation folder mismatch and d(cy) is the standard deviation
comparator mismatch. The voltage gain of the folder, A, is the small signal voltage gain
from the folder input to the comparator input when the input voltage is close to a
reference voltage. Making the folder gain large would reduce the second term in Egn.
(3.11), having the same effect as making the comparator mismatch small. The
combination of low folder gain together with small devices in the comparator is required
to ensure randomly distributed zero-crossings.

Fig. 3.18 shows Monte Carlo ssimulation results of the digitally calibrated 8-bit
ADC, as both dfy) and Jcv) are varied. The gain of the folder is 4 and the results are
shown for Jfy) of 1,4,7 and 10 LSB. Here a ‘good’ ADC is defined as an ADC with
more than 7.5 effective bits of accuracy. For small Jdcy) the yield is very low as the
comparator pair connected to afolder does not provide unique zero-crossings. As JCy) is

increased the yield aso increases. For Jfy) of 10 LSB a yield of over 93% can be

attained with a dcy) of 20LSB.

From a mismatch perspective, minimum size transistors can be used in the
comparator latch. In practice dlightly larger devices are used for metastability and speed
requirements. MP1 and MP2, the transistors in the PMOS latch in Fig. 3.17(b), and MN1

and MN2, the NMOS latch transistors, are minimum length with respective widths of

0.8um and 0.5um.
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Fig. 3.18. ADC yield as comparator offset is varied for various folder offsets.

3.4.4 Coarse ADC matching

The coarse ADC is a 3-bit flash ADC with aredundancy of 3. From a bank of 21
comparators, 7 after calibration are enabled and the remaining 14 are powered down. The
coarse ADC is used to divide the ADC conversion range into 8 octants so comparators
are nominally at the MSB-2 transition voltages. Much as a traditional folding ADC uses
synchronization [20] to correct offsets between the coarse ADC and fine ADC this ADC
uses digital error correction. Overlap and digital error correction are used if a selected
zero-crossing is within 6 LSB of a coarse ADC trip point. The error correction works by
ensuring that the zero-crossing is selected in the two neighboring octants. Thus if the
coarse ADC and folders drift apart during conversion, there are no errors in the output
code provided the coarse ADC stayswithin 6 LSB of itsoriginal caibrated value. For the

digital error correction algorithm to work two different digital error correction regions
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cannot overlap. To achieve this, the only restriction on the coarse ADC is that adjacent
coarse ADC comparators, after calibration, are at least 12LSB apart. Fig. 3.19 shows
Monte Carlo simulation of the coarse ADC with redundancy as comparator offset is
varied. Here a successful coarse ADC is one where the minimum code width is greater

than 12 LSB.

100 -

98 -

96 -

94 -

Coarse ADC yield

92 A

90 T T T
0 5 10 15 20
d(Comparator offset) (LSB)

Fig. 3.19. Coarse ADC yield as comparator offset isincreased.

Large comparator offsets can be tolerated in this manner. With a standard
deviation comparator offset of 10 LSB ayield of over 99.8% can be achieved.

The comparator consists of a single differential pair, the outputs of which are
mirrored through a cascode to a regenerative latch. The differential pair used is the same
as that used in the folders and the comparator latch is the same as the latch used in the
comparators connected to the folders. This helps ensure that the coarse ADC and folders

remain aligned over all frequencies.
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3.4.5 DAC precision

Monte Carlo simulations were used to determine the required DAC precision.
Five random combinations of folder offset standard deviation, Jfv), and comparator
offset standard deviation, Jdcy), were used. The folder gain in each case is 4. The mean

effective number of bits (ENOB) for 100 of each ADC configuration, after calibration,

versus DAC precision is plotted in Fig. 3.20.
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Fig. 3.20. Monte Carlo results of mean ENOB versus DAC precision.

Irrespective of the folder and comparator mismatch in the ADC, there is only a

dlight improvement in the mean ENOB, for each configuration, for increases in search

DAC precision above 10 bits. However, for every bit extra bit of DAC resolution, the
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number of switches doubles and the DAC decoder logic becomes more complex so a 10-

bit DAC is used.

3.5 Prototype M easurements

The prototype 8-bit ADC, fabricated in 0.18um digital CMOS, Fig. 3.21, has an
active area of 1.22mm? The total analog active area (i.e. folders, comparators and
sample-and-hold), is only 0.2mm?. The prototype is entirely self-contained, incorporating
al calibration and decoding logic. All digital circuitry is synthesized from verilog, and

automatically placed and routed.
LI L LN
o e e v e

ey er’ e |
Powerline " " Sample Hold
AN RN NN Y

Fig. 3.21. Folding ADC die micrograph.

3.5.1 Printed circuit board

The chip was packed in QFN48 package. A custom printed circuit board (PCB)

was designed for testing the chip. It isa 4 layer board with copper layers, Fig. 3.22.
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Fig. 3.22. PCB test board

The middle two layers are used as power and ground planes. The power and
ground planes are both separated in two sections, analog and digital. Decoupling
capacitors are used on the board to reduce noise caused by bonding wire inductance and

clock kickback.

3.5.2 Test Setup

The test setup is shown in Fig. 3.23. Separate power supplies were used for the
analog and digital power supply voltages. The clock source and input source were locked
to a10MHz reference signal to alow coherent testing. The 8-bit ADC output was fed to a
Logic Analyzer. Matlab is used to control al the test equipment and is also used to read

the ADC output from the Logic Analyzer. Matlab programs measure ADC performance,



while adjusting setup for both calibration and conversion, alowing the optima ADC

performance to be determined.

Power
Supplies Clk & Input
Sources

L
Reference  Test PCB Analyzer
generator

Fig. 3.23. ADC test setup.

3.5.3 Prototyperesults

Fig. 3.24 shows the DNL before and after calibration measured at a sampling rate,
Fs, of 500MS/s. Before cdibration the maximum DNL is 6.7LSB and after calibration
maximum DNL is reduced to 0.8LSB. The folder distortion described earlier causes large
DNL at codes 64 and 192 however the uncalibrated DNL shows missing codes around
code 64, 192 aswell as near code 164. Thisis dueto distortion in the folders and also due
to the lack of synchronization between the coarse ADC and the folders [20]. The DNL of

6.7LSB at code 17 is due to threshold voltage mismatch. The calibrated INL is between -
0.57 and 0.73L SB.
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Fig. 3.24. DNL before calibration is 6.8LSB and after calibration DNL is 0.8LSB.

The SFDR versus sampling rate, measured with a IMHz input (Fyy), is shown in
Fig. 3.25. At F&=39MS/s, SFDR is 63dB and remains above 55dB up to Fs=550M S/s.
Thermal noise in the folders limits the SNDR to 44dB. Simulations show that thermal
noise can be reduced significantly by increasing the transconductance of the input
transistors in the folder differentia pairs. This requires only a small increase in totd
analog power. The SFDR, measured a Fs=500MS/s, is above 52dB for F;y up to
120MHz, Fig. 3.26. Using the method described in [55], no metastability error was
detected in 10'* samples indicating a BER less than 102, At 500MS/s analog circuitry
(clocking, S/H, folders, comparators) consumes 132mW while the digital backend
consumes 216mW. The thermal noise of the folders in this design limits the ENOB,

measured at an ERBW of 120MHz, to 6.2 hits.
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Fig. 3.25. SFDR, SNDR and THD versus sampling frequency with Fiy=1MHz.
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Fig. 3.26. SFDR, SNDR and THD versus input frequency with Fs=500M S/s.
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The overall ADC performance is summarized in Table 3.1.

Anaog Power (@500M S/s) 132mwW

Digital Power (@500MS/s) 216mw

Area 1.16mm? (0.2mm? anal og)
DNL (before and after calibration) 6.8LSB,0.81LSB

SFDR (Fin=120MHz,Fs=500M S/s) 52dB

SFDR (Fin=1MHz,Fs=39M S/s) 63dB

Table 3.1. Summary of 8-bit ADC performance.
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Chapter 4

9-hit folding ADC with novel folders

4.1 Introduction

This chapter describes the design of a 9-bit folding ADC implemented in ST
Microelectronics 90nm CMOS. A unique folder architecture reduces thermal noise for a
given power budget. Thermal noise in foldersis discussed in section 2, digital calibration
and implementation in sections 3 and 4. Matching and yield is examined in section 5 and

the prototype is presented in section 6.

4.2. Thermal noisein parallel folders

For moderate to high resolution ADCs thermal noise in the analog circuitry is a
significant source of error [56]. Therma noise is caused by the random motion of
electrons in a conductor. Transistors exhibit therma noise, primarily due to the noise
generated in the channel. In a folding ADC, the transistors in the folders and the
comparators can suffer from thermal noise. The folders provide gain and the input
referred thermal noise due to the transistors in the comparators is reduced by this folder
gain. If the folder gain is large enough the comparator thermal noise can be ignored. In

this section the thermal noise from afolder, folding by 4, is examined, Fig. 4.1.
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Fig. 4.1. Folding by 4 folder.

If the input voltage, vin, is close to reference voltage vr2 and the transconductance
of the differentia pairsis large enough then the circuit can be simplified to that shown in
Fig. 4.2., vinisalot greater than vr1 so M1 is off and the gate voltage of M2 is connected
to an AC ground. vr3 is greater than vin so M6 is off and M5 is connected to an AC
ground, and similarly M8 is aso off and M7 is connected to an AC ground. The
transistors M2, M5, M7 and M9, in this particular case, are cascodes and so do not

contribute noise. M10-M 14 are connected to Vb which isan AC ground.

Ip+ ' In+

2 |_u_| M3M4|_ﬂ Vs ¢_|M7 ¢_| 9
I L

Avin
Fig. 4.2. Equivalent circuit for the folder with Vin closeto vr2.

The input referred thermal noise power of this circuit, where Af is the bandwidth

of the folder, the transconductance of the current sources are gm and the
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transconductance of M3 and M4 isgmg 4, isgiven in Eqn. (4.1). Thefirst term is the input
referred noise from transistors M3 and M4. The second term is the noise from M10, M12,

M13 and M14. Any noise from M11 is differential and does not affect the folder output.

2
4 4

Vi’ =| 204K 2y 4 agakT :gm ) af 1)
g

In generd for any value of Vin, the input referred therma noise of the folder is
inversely proportional to the transconductance of the input transistors of the differential
pair operating in its active region and is proportional to the transconductance of the tail
current sources in the differential pairs acting in their switched regions.

The transconductance of the tail current sources can be made small, reducing the
second term in Egn. (4.1). The primary source of noise is the low transconductance of the
input transistors, gmg 4. The transconductance of the M3 and M4 can be approximated as
21i/Vbst Where | is the current flowing in the transistor and Vpsy is the overdrive voltage.
In 90nm technology and below, Vpsy typically used is about 100mV. For high speed
operation the folder bandwidth should be in the order of 1GHz. Using these folders to
create a 9-bit ADC with an input range of 600mV, giving an LSB size of just over 1mV,
would mean that to keep the input referred noise less than 0.3LSB, the current flowing

through each of the differential pairs has to be greater than S0puA
4.2.1 Reducing thermal noise

Traditional folding circuits perform their folding using parallel differential pairs.

For each degree of folding a differential pair is required. An extra current source is aso
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required to provide a DC offset so that the output currents overlap. As an example, a
folder, folding by 8, would require 9 current sources.
To reduce thermal noisein afolder there are two options:
e Increase gmg4 This would require either more current, increasing power
consumption or bigger devices which would work slower and require more area.
e Limit the folder bandwidth, Af, by adding extra capacitance, this would slow
down the overall ADC performance.
For low power folding ADCs in nanometer technologies a new folder architecture is

required.

4.2.2 Stacked Folders

A more efficient folder is shown in Fig. 4.3(a). Here the differential pairs are

stacked so that one current source is reused by 3 differential pairs.
IpT In‘l’

:
Vm_l M3 M4 I—Vrl ViI’I_I M5 M6 I—Vf3

(a) (b)
Fig. 4.3. () Stacked Folder reuses single tail current. (b) Output currents as input is

swept.

If Vinislessthan Vr2 current is steered to the differential pair, M3 and M4, and if

Vinislessthan Vrl then al the current flows through In. The same current flows through
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all active differential pairs. The current outputs as Vin is increased from low to high are
shown in Fig 4.3(b).

If the differential pair transconductance is large then for any value of Vin only one
of the differential pairsisin its active region, the other two are in their switched regions.
The therma noise of the folder is due to the noise performance of the differential pair in
its active region. If Vin is close to Vrl then the input referred thermal noise is inversely
proportional to gmg 4, close to Vr2 the noise isinversely proportiona to gmy , and close to
Vr3itsinversely proportional to gmse. The input referred thermal noise of the folder can
be reduced by increasing the transconductance of transistors M1-M6. The
transconductance of each transistor is proportional to the current flowing through it.
Therefore the input referred thermal noise of the folder can be reduced by simply
increasing a single current source, the tail current flowing through M1. This new
structure means that folding-by-3 requires only one large current source, a traditional,
paralld folder folding-by-3 requires 3 large current sources.

In this design the differentia pairs, M3, M4 and M5, M6 have a length of 0.1um
and awidth of 6um. To increase the output impedance of M1 and M2 they have alength

of 0.5um and a width of 12um. This folder has significant distortion but the digital

calibration technique overcomes the distortion.

4.2.3 Stacked folding by nine

In an N-bit folding ADC, the number of comparators required is 2'V/f, where f is
the degree of folding performed in the folders. The larger f is, the smaller the number of
comparators required. Similar to the cascaded folder described in section 2.2 of chapter 2,

here the outputs of 3 of the stacked folders are folded together in a second stage to
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increase the overal folding factor to 9; Fig. 4.4. The second stage is a simple parallél
folding by 3 folder.

The addition of the cross-coupled latches, the Mg transistors, to the individual
fold-by-3 stacked folders increases the stacked folder gain. The diode connected
transistors forms a load resistance. The Mg transistors form negative resistance that isin
paralel with the load resistance. By carefully selecting the value of the negative

resistance the gain can be substantially increased.

Parallel Voo If
folding by 3 5 Fl H’ff%\cmf;?ﬁép'ed
folder - ——d
Vp —oV, /
[ . /
— — -
: 12 12 12
AETTTT N Q ! ﬂ | ﬂ . "

M L [Mg, /\ Mg, 1 : Y Mgs / \ Mds

Voo resetb’T” _reseto T/ | reseth T

viﬂl I_vr4 viﬂl P/rS Viﬂl |_W6
Stacked
folding by 3 |1 ; 11 11
.. folder L I = -
vrl erVV\' vr3'VV\' vr4VV\' vrSVV\' erVV\' vr7VV\' vr8

Fig. 4.4. Stacked folder, folding by 9 requires 3 large current sources and 3 small current
SOurces.

For vin approximately equal to any of the reference voltages the magnitude of the

gain through the stacked folder increases from gmi/gmy to gm/(gmg-gimy), where gmy,
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gmy and gmy are the transconductance of the input transistors, diode connected transistors
and cross-coupled transistors respectively in the stacked folder.

The folders are reset when resetb is low. Resetting the folders alows for faster
folder operation and overcomes hysteresis. With resetb low the outputs are forced equal,
opening the reset switches. When resetb goes high, the folder outputs quickly switch in
the correct direction [24]. The transistors used in the parallel folder differential pair have
awidth of 5um and alength of 0.1um. A cross-coupled latch is aso added to the paralld
folder to increase the gain of that stage.

The input-referred thermal noise due to the parallel stageis reduced by the gain of
the stacked folder, so the current, I, in the parallel folder does not have to be aslarge as |,
used in the stacked folder. The current I; is 45uA whereas the current I, is only 15uA.
Vpbp is used in place of Vr9, providing more orthodox folding by 8. This new stacked
folder requires only 3 large current sources and 3 small current sources meaning the total
current is only 180pA. A paralle folder, with the same therma noise, folding-by-8,

would require 9 large current sources, i.e. 9 current sources each supplying about 45pA,

giving atotal of 405pA.

4.3 Digital calibration

Digital calibration is dso used in this ADC. The scheme is similar to the
calibration described in Chapter 3. However, the ADC described in Chapter 3, is an 8-bit
folding ADC, folding by 4, this design is a 9-bit folding ADC, folding by 8. To reduce
both area and power consumption and to accommodate the higher degree of folding some

changes were made to the digital calibration routine. This includes an increase in the
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coarse ADC resolution, and changes to how the redundancy is implemented and how the

polarity of the selected zero-crossings is handled.

4.3.1 Coarse ADC

A coarse ADC divides the ADC conversion range into sections. This ADC uses
folding by 8 folders. This high degree of folding increases the required bandwidth of the
comparator above that required in the 8 bit, 0.18um version, but this higher bandwidth is
achievable in the finer geometry. To reduce the probability of a folder output having 2
Zero crossings in a given section a 4-bit flash ADC is used to divide the ADC conversion
range into 16 sections. The coarse ADC is calibrated from a bank of 45 available
comparators (i.e. a redundancy of 3 used), and 15 comparators are selected, their trip

point locations stored in SRAM and the unsel ected comparators are powered down.

4.3.2 Redundancy and reassignment

A 9-bit folding ADC, folding by 8, would require 64 folders each connected to a
single comparator. This design uses redundant comparators only, and there are no
redundant folders.

To determine the degree of redundancy required, a Matlab simulation was run.
Redundancy was varied for different offsets, and the yield recorded, Fig. 4.5. 1000 ADCs
were generated in Matlab for each configuration of redundancy and offset. With a*‘good’
ADC was defined as one with an ENOB of over 8.5 bhits, a redundancy of 4 gives ayield
of over 98% even with a standard deviation of comparator offset of more than 10L SB.

Increasing the redundancy beyond 4 shows only amarginal improvement in yield.
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Fig.4.5. Yield versus redundancy for the 9-bit ADC.

To generate the 4 redundant zero-crossings the number of comparators used in the
design was increased by a factor of 4. No redundant folders were used in the design to
reduce power consumption. The use of 4 comparators connected to a single folder
nominally places 4 zero-crossings at each ADC code. The overall mismatch of the block,
the folder and the 4 comparators, is again given by Egn. 3.11. To reduce the distortion of
the folder, larger devices are used in the folder design of this ADC than were used in the
8-bit version, decreasing the folder mismatch, d(fv). The comparators used are very small
and their large offset, d(cu), coupled with the low folder gain, A, means that the overall
input referred standard deviation offset, d(en), of the block is dominated by the
comparator mismatch. From the available set of zero-crossings the calibration engine

selects the most suitable zero-crossing for each code
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4.3.3 Polarity vectors

In a folding-by-8 folder the output of the folder changes polarity 8 times. The
polarity of the zero-crossing selected during calibration has to be determined and is used
to encode the ADC output. To reduce the amount of SRAM required in the ADC,

polarity vectors are used. Fig. 4.6 shows the outputs of the folding by 8 folders.

Coarse ADC_ O X T X 2 X B XA XX B X T X B X X T X X2 X BXTa X5
Folder0 5 \ [ \ Eog PN P P !

Folder15

Folder31

Folder47

Folder63

" Vin

Fig. 4.6. A 4-bit Coarse ADC identifies 16 sections. A selection, (folder 0,15,31,47 and

63) of the total 64 folding by 8 waveform outputs is aso shown.

For simplicity only a5 of the 64 folder outputs are shown, folders 0,15,31,47 and
63. The folder outputs are identical but offset from each other. The ADC conversion
range is divided into 16 sections by the coarse ADC. The polarity of a zero-crossing is
positive if the folder output goes from low to high as the input voltage is increased, (e.g.
X1), otherwise the polarity is negative (.e.g. X2). Mismatch in the folders causes the zero-
crossings to move but providing the standard deviation of the folder zero-crossing offsets
is not large the polarity of a zero-crossing for any folder in any coarse ADC section can
be predicted.

During calibration a zero-crossing is selected only if it is close to an idea cross-

over value and it has the correct polarity. A zero-crossing is only selected in section O if it
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has positive polarity. Similarly a zero-crossing is only selected in section 15 if it has
negative polarity. In the 8-bit design, described in Chapter 3, a zero-crossing was selected
irrespective of polarity. However that required a dedicated zero-crossing memory, the
Polarity Corrector SRAM. In this design the need for a dedicated memory for polarity is
removed.

Asthefolder folds by 8, and there are 16 coarse ADC sections, a folder nominally
places a zero-crossing in every second section. Of these 8 zero-crossings, aternate ones
are positive and negative. Therefore the sections repeat in every 4" section. For example
in Fig. 4.6 section 1 has a positive zero-crossing from folders 31, 47 and 63. Sections 5, 9
and 13 aso have positive zero-crossings from folders 31, 47 and 63. All sections repeat,
sections 1, 5, 9 and 13 are identical to each other as are sections 2, 6, 10, 14 and 4, 8, 12.

Table 4.1 shows the polarity vectors used. For example, an offset could cause the
zero-crossing X1, of folder 31, to shift up or down while still remaining in section 4 or 5.
From the table we see that a positive edge of folder 31 can be selected in section 4 or 5.
However if the causes the zero-crossing to shift into either section 3 or 6, then as a
positive zero-crossing on folder 31 it cannot be selected in those sections and X1 would
be ignored. Using polarity vectors requires a slight increase in the matching requirements
of the folders however this removes the need for a dedicated polarity SRAM. During the

conversion phase the polarity vectors are used to correctly decode the folder outputs.

Coarse ADCsection [0 (1|12 (3|4|5|6(7|8|9|10(11({12(13|14 |15

Folder Oto 15 A A A R
Folder 16 to 47 M I T e I N T i e I A B I EE R O
Folder 48 to 63 A R R A R A e

Table 4.1 Polarity of zero-crossings
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4.4 Implementation

A prototype ADC was designed in ST Microelectronics 90nm CMOS. The full

chip implementation is shown in Fig. 4.7. There are 64 folders each of which are

connected to 4 comparators.
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“MN MWW\~ Resistor Ladder =AMV~
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Fig. 4.7. 9-bit folding ADC uses 64 folders and 256 comparators.

S

Doutgg

During calibration the bootstrapped sample and hold is disabled and the DAC

voltage is fed to the folders and to the coarse ADC. The cdlibration engine loads the

Coarse ADC Trip-point Register and the Zero-Crossing Selector memories.

In the

conversion phase the DAC is turned off and the analog input to be converted is fed into

the bootstrapped sample-and-hold. The Power Control block disables the unselected

comparators. The comparator outputs are decoded by the Zero-Crossing Selector and
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Polarity Vectors blocks and the resultant 256 bit output is summed and added to the

output of the Coarse ADC Trip-point Register block to give the overall 9 bit ADC outpuit.

4.4.1 Sampling Circuits

A sampling network and source follower, Fig. 4.8, are used at the chip input to
relax the requirements on folder and comparator bandwidths. When vboot, the signal at
the gate of M1, is high, M1 ison, and Vin is sampled onto capacitor C,. M2 is a dummy
transistor to cancel the charge injection introduced as M1 is turning off. M3 with M4 and
M5 form a source follower. The bulk of M3 is connected to its source to remove the body
effect. M5 is a current source and adding M4 forms a cascode load. M5 is a high
threshold voltage transistor and M4 is a low threshold voltage transistor. The threshold

voltage difference between M4 and M5 is large enough to keep both transistors saturated.

VDD

enbar :t
._||: M5 (high V,,)

booth
vhootb O M4 (low V)

vboot ( ﬁ A1 Vbias I Vout

Fig4.8. Vinis sampled into C. and a source follower provides Vout.

In calibration mode the DAC output is connected directly to the output of the

source follower, Vout. The relatively low output resistance of the source follower would
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pull the resistor-string DAC output low. Adding M6 and M7 dlows M3, M4 and M5 to
be turned off when enbar goes low. This presents a high output resistance to the output of
the DAC.

The signal vboot is a bootstrapped signal. Bootstrapping is necessary when the
input Vin approaches the supply voltage, Vpp. To demonstrate the need for bootstrapping
consider the ssimple sample-and-hold, consisting of a single transistor M1 and a load
capacitor C, Fig. 4.9(a). Here clk is a digital signal with two levels ground and Vpp.
When clk is high M1 is on and the capacitor C, begins to charge up to Vin. As the drain
of the transistor approaches Vin the voltage drop across the transistor decreases, and M1

enters the linear region.

clk clkb

clk

. 3T .
V V
INnQO M1 INnQO

Fig. 4.9. (a) Smple éaan2pl ing circuit. (b) Bootstrapped circuit gg%grates aconstant Vgs.

The on resistance of M1 in thelinear regionisgivenin Egn. 4.2.

Ron = L (4.2)

W
H,Cox T(\/GS Vi)

Vs, the difference between the gate and source potentia is Vpp-Vin. When Vinis

large, Ves, is small and the on resistance of M1 is large giving alarge RC time constant
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and the load capacitor does not charge completely to Vin. For constant low on resistance
the Vgs has to be kept constant irrespective of the value of Vin. A bootstrapping circuit
can perform this function. Fig. 4.9(b) shows how bootstrapping works. When clk is high
the gate of M1 isat Vin+Vpp generating a constant Vs of Vpp. When clk is low, clkb is
high and the gate of M1 ispulled low.

Fig. 4.10 shows the complete bootstrapping circuit used in the design. This
circuit charges Cpoot t0 Vpp. T0 be able to turn M3 on and off, with its source at Vpp, the
gate of M3 has to switch between Vpp+Vgs and Vpp, The signa ch is a clock signal.
Initially when ch is low and without any charge on the capacitors, the gate of M2 is at
ground, and M1 turns on charging C.;. When ch goes high the gate of M1 is low, M2
turns on and C, charges. C.; and C, eventually charge to Vpp. With C¢; charged to Vpp,
and the signal ch switching between ground and Vpp, the gate of M3 switches between
Vpp and 2Vpp turning M3 on and off. When M3 is on M4 is a'so on. The bottom plate of

Choot IS connected to ground and the top plate of Cpoot IS cOnnected to Vpp.

Fig. 4.10. Bootstrapping Circuit.
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When ch is low, chbar is high M5 is on and Vin is connected to the bottom plate
of Cpoot- The output of U2 turns on M6 and the output of the bootstrapping circuit vboot is
Vpbp above Vin.

When ch is high vboot is pulled low by M8. M7 is always on and reduces the Vps
drop across M7. The bulk of M6 is connected to the top plate of Cpoot to prevent the bulk-
source diode of M6 from becoming reverse biased. To avoid overstressing the NMOS
transistor in U2 its bulk istied to the bottom plate of Cyoor.

The output waveforms are shown in Fig. 4.11. When ch is low, the output, vboot,

islow. For high ch, vboot is Vpp above Vin.

ch

/
" N\ ™

- N
. N ]
wn,/” \\\ /// \\\

Fig. 4.11. Output vboot is Vpp above vin when ch is high.

vboot

4.5 Comparator matching and yield

A comparator redundancy of 4 is used to ensure high yield. Similar to section 4.3
in Chapter 3, large comparators with good matching do not provide unigue zero-crossings
and the yield would be low. To ensure unique zero-crossings small transistors,
introducing random mismatch, are used in the comparator design.

Monte Carlo simulations were run in Matlab to determine the optimum
comparator mismatch. The stacked folder gain is approximately 4. The gain through the

entire folder, including the paralel folder is 8. Assuming that the standard deviation of
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the folder mismatch is dominated by the differential pair sizing, then the folder mismatch
of each stage can be calculated from the mismatch of the differential pairs using Egn 4.3;

d(dp) :%‘” 43

Ayt is aprocess parameter and for the process geometries of interest for this work
is approximately 5mvVum[57]. W and L for the stacked folder was given in section 2.2
and the input transistors used in the parallel folder have a width of 5um and a length of
0.1um.

In Fig 4.12 the simulated yield, of calibrated ADCs, is plotted against standard
deviation comparator offset. A good ADC is defined as one with an ENOB of over 8.4

bits. For low comparator mismatch the yield is very low. As mismatch increases yield

approaches 100%.

100
90 1
80
70 1
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0 toooe . . .
0 10 20 30 40
d(Comparator Offset) (LSB)

Fig. 4.12. Yidld versus standard deviation comparator offset.

Fig. 4.13 shows the comparator [58] used in the 9 bit design. The inputs V. and

Vg are the outputs of the folder. The input differential pair is protected from the latch by
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acascode [59]. Transistors MP1 and MP2 form a PMOS latch. When the comparator isin
tracking mode @, is low and the latch is reset. When ®; goes high the latch enters a
regenerative phase and any difference between the voltages at nodes C and D is
amplified. When ®; goes low the NMOS latch, MN1 and MN2, amplifies the difference

further.

el o8

Vaqlomr w2 e . .
¢2_II"| MNll:_I I"TNZF-II_(DZ

Fig. 4.13. Comparator mismatch dominated by M1, M2 and MP1, MP2 matching.

The input referred mismatch of the latch is primarily from the mismatch of MP1

and MP2. The overall mismatch of the comparator is given by Eqgn. (4.4).

(&) = Ja(dp)z +% (4.4)
g

Adp) is the differential pair mismatch and dAMP) is the mismatch of the MP1,
MP2 latch. dpg is the differential pair gain; the gain from the comparator input to nodes C
and D. M1 and M2, the input transistors, and MP1, MP2, the latch transistors, have a
width of 0.6pum and a length of 0.1um. The gain of the differential pair is approximately
2. Combining Egn. 4.3 and Egn. 4.4 gives a comparator input referred offset of about
32mV. For a 9-bit ADC with a 600mV input range, the LSB size is about 1.2mV
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meaning that the comparator mismatch is about 26LSB. From Fig. 4.12 a standard
deviation of comparator offset of 26L.SB gives a yield of about 96%. The low matching
requirements allows for small comparators so that the overall area of the comparator is

only 60pm?.

4.6 Prototype
A prototype ADC was fabricated in ST Microdectronics 90nm CMOS, a 7 layer
process. The ADC layout is shown in Fig. 4.14. The total areais only 0.4mm? of which

the analog area, comparators, folders and sample and hold is less than 0.1mm?.

-Folders&
Comparators Y

i 1 (el

L L e e S S S

Fig. 4.14. Die micrograph of 9-bit folding ADC prototype.

The simulated ADC performance is summarized in Table 4.2. The total number of
comparators enabled after calibration depends on the selected zero-crossings. A Matlab

Monte Carlo model was run to determine the average number of comparators selected,
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Over 100 calibrations the average was 181. All folders in this design are aways enabled.
The figure of merit calculated from these Matlab simulations and Spectre power
simulations s approximately 0.8pJ/conv and compares favorably with the Figure of Merit

for the surveyed ADCs plotted in Fig. 1.4.

Power Consumption | Sampling Circuits 6mw
@ 400MS/s
64 Folders 14mwW
181 Comparators 28mw
Digital Circuits 65mwW
ENOB 8.35
ERBW 181MHz

Table 4.2 Smulated 9-bit ADC performance
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Chapter 5

Conclusion and suggestions for future work

5.1 Conclusion

A new digital calibration technique for folding ADCs has been developed. The
caibration algorithm removes the need for large transistors as critical analog
components. This greatly simplifies analog design and is also robust to variations in die
fabrication that may otherwise reduce ADC accuracy. The anaog circuitry is smplified
at the expense of digital complexity. By doing so, the overall performance improves with
processing speed and digital density, thus, aligning precisely with the benefits of CMOS
scaling. Therefore, as technology shrinks, these circuits will scale accordingly, port
easily, and will not suffer performance degradation.

Two different ADCs were described, an 8-bit 500MS/s ADC in TSMC 0.18um
and another ADC, a 9-bit 500MS/s in ST Microelectronics 90nm. Both of these designs
are predominantly digital, the analog area of the designs is relatively small. The designs
have very low matching requirements and also compensate for non-linearities in the key
analog blocks.

The matching requirements of the comparators and folders used in the designs
were determined by Matlab modeling. Matlab was aso used to calculate DAC resolution
and the amount of redundancy to achieve an acceptable yield. The first design described,
the 8-bit 500M S/s ADC, used a unique digita calibration technique and aso had some
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novel analog design features including a new method for layout of aresistor ladder DAC

and a Sample-and-Hold circuit that did not use a dedicated load capacitor. A new folder
technique was developed for the 9-bit folding ADC that significantly reduces power
consumption over atraditional folder circuit for a given noise specification.

The new design techniques used in this design, particularly digital calibration and
redundancy, will improve with finer processes. The idea of trading analog accuracy for
digital techniques decreases matching and linearity requirements of the analog circuitry
but increases the digital power consumption. For the processes used in this work, TSMC
0.18um CMOS and ST Microelectronics 90nm CMOS, the digital power is a significant
percentage of the overall power consumption, however for finer geometry processes the
energy per transition decreases reducing the digital power consumption.

The area and performance of the digitally calibrated folding ADC architecture is
limited by the SRAM area and the thermal noise of the analog circuits. The large amount
of SRAM required in the designs consumes a lot of power and area and in future work
techniques to reduce this overhead should be considered. Thermal noise in analog circuits
reduces ADC accuracy. While a new ‘stacked’ folder has been designed in this work to
reduce noise, the analog power consumption is still dictated by noise requirements. In
finer geometry processes new analog techniques are required for moderate, 6-8 bit,
resolution ADCs. This work reduces the requirement for transistor threshold matching
however therma noise caused by the reduced input conversion range of ADCs will

continue to be a significant issue in deep submicron analog circuits.

5.2 Suggestionsfor futureresearch

Although significant research advances have been made during this research,
there are several areas in which further investigation would be useful. A few of these

areas are discussed in this section.
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5.2.1 Reducing the size of on chip memory

Both prototype designs are predominantly digital, over 70% of total area of both
chipsis digital. Of that digital area on-chip SRAM accounts for a significant portion. A
more efficient design could be used for the Zero-Crossing Selector memories, since the
SRAM needed is large. The number of words is set by the coarse ADC resolution, e.g. a
4-bit coarse ADC requires 16 words, and the word length is dependent on the number of
comparators in the design, so that 256 comparators means aword length of 256 bits. The
effect of decreasing the coarse ADC resolution, at the cost of increasing the risk of
having more than one zero-crossing per section could be explored. Similarly ‘sharing’
words could be examined. If a certain comparator C1 has 4 zero-crossings, nominaly in
section 1, 5, 9 and 13 and comparator C129 has 4 zero-crossings, nominally in section 3,
7, 11 and 15 then they could possibly share the same Zero-Crossing Selector word. Data
compression could also be investigated to reduce SRAM size.

Reducing the SRAM size would not only reduce die area but would aso reduce

power consumption as the SRAM isread repeatedly during conversion mode.

5.2.2 Continuous background calibration

Both designs described in this work use power-on calibration. The ADC is
calibrated once and then enters conversion mode and the calibration engine is turned off.
A background calibration could continuously check the selected zero-crossings and
compensate for any drift caused by changes in either supply voltage or temperature.

Assuming that a random analog input is applied to the ADC then each code in the
ADC should be “hit’ the same number of times. If one code is ‘hit' more often than its
neighboring code then the zero-crossing has moved from its calibrated code and a new
zero-crossing would need to be selected. New zero-crossings could be repeatedly selected

until a more uniform distribution of codesis found.
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5.2.3 Sample-and-hold distortion

The digita calibration technique compensates for non-linearity in the folders. The
sample-and-hold, with the signal-dependent on-resistance of its switching transistor, is
non-linear and adds distortion. In the ADCs designed in this work, the sample-and-hold is
not in the calibration loop. The test voltages, generated by the DAC, are applied directly
to the folder inputs. Instead, the DAC voltage can be sent through the sample-and-hold

and the distortion in the sample-and-hold can be overcome through calibration.

5.2.4 Redundancy in other ADC architectures

This work focuses on digital calibration techniques for folding ADCs but the
techniques used could be considered for other architectures. Matching of capacitors is
crucia in both pipeline and SAR ADCs. Redundant capacitors could be used and a

calibration engine could pick comparators from the available bank.
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