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Abstract

We consider the design of high-speed continnous-tisne d=lta-sigma modutarors for anatos-io-
digiral conversion. Mazy of the nonidealitics that affect performance in discress-time madulaters
do likewise in continnons-time modalators, ver there are three addidonal imponant considerations
Unigue to coatinuors-time modulators. The first, excess loop delay, is the time delay between the
quantizer clock and the output of the feedback, which affects stabiliny and dynamic range; irs ef-
fect can be redueed by employing retirn-to-zero-style DACS and [eedback coefiicient tning. The
stoond, clock [itter, whitens the onrput spoetrum in the quantizaiion noise notch and lowers SNE:
a carefzlly-designed VOO will alleviate its effects for all but very wideband or bigh-resolution
modulators. The third, guantizer metastability, also whitens the cutput speetrum and lowers SNE;
iLis cssential 1o use A three half-latch gnantizer over a simple master/slave design o provide extra
Tegenerdion, and even then it is best noc to clock faster than about 5% of maximuom (sosistor
switching speed. A design procedure is given for band pass modulators whose tatended appli-
catiom 15 conversion of analog signals at one guarter of the samnpling frequency, and a faboiearcd
40Hz modulator for 1GHz signel eonversion is simulased, rested, snd redesigned to Lmprove its
performance from 6 its to 10 bits. Fisally, the sppropriatensss of high-speed coprnupus-time

delta-sigma modulation is considered for various applicatons.
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Chapter 1

Introduction

1.1 Motivation

The lare 19905 will perhaps be remembered as the star of the “system on & chip™-sivle of design
and wanmuiacinng: those engaged in building produets fo: certain markets, cellular radio being a
majer oae, are keen to cut costs and therefore gain a competitive edpe by intesrating all system
functions onto 4 single subsirate with as fow cxternal components as possible. This sk is wade
much easier if analog signals, which is how any resl-world quantity must inevitably he represented,
are converted to digiral form for on-chip processing. This helps in owo main ways: digital signals
are less susceptible o corruplion by circuit noise and process variations, and more digical signal
processing circuiery can be integrated into the same die area than analog circuity. Fhus, i is
clear that analog-to—digital converter (ATYC) circuits play an Important cole in modem integrated
SYSILMS,

The thres main performance measures of an ADC are its resolution (usually aumber of bits), its
spesd (bow many conversions it does per second), and its power consumption, where customarily
if 15 desired that rhe first two of these be rmaximized and the third mmmed_ There are manv
different styles of circuit that perform ADC; one pasticular siyle that hes received a good deal of
arention in the [ast Gfteen vears is the delta-sigma modulator (DS or ASMY [Mor37], These
circvits have found their niche in applications requiting very high resolution at low specds (g.g., 20

1
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bits at S00Hz [The%4]) and andic converters (16 or more bits at 44kHz [Kwa96]). and they often
work with very modest power budgets (2.3mW for an audio coder [vdZ977). It is fair o say cthat
for high resolution andfor low power at fairly low speeds (up o a few bondred k7). delta-sisma
modukarion i3 the best ADC architectare choice.

The wvast majority of AXMs have beetr built with discrete-time (DT) circuity, very oftcn
switched-capactior cireuits. IF circuit waveforms are to be allowed adequale setling Gme, the
speed at which DT circuits are clocked must be restricted, These restrictions can be relaxed by
employing continrous-time (CT) circuioy in place of DT cirenitry. We noted last paragraph tha:
DT AEMs already enjoy resolution and power advantages over oer styles of ADC; pechags CT
431Ms could retsin these advantages while operating at higher speeds? This question has beco
given increasing aftention in the last few years as the noed for high-resolution ADC at ever-higher
speeds prows.

It is thig sume guestion thas we address in chis thesis. We shall see that the pracsice of baflding
CT AZMs for high-speed conversion has proved moge diffcult than anticipzred—they operals
cormectly, but tiey achieve lower resolution than delr iower-speed counterparts. We study the
reasany for this in the present work, Past work has (demtified some of the probiems in specific
architectures, but hers we generalize these results o many achitecnmes, explore the effect of some
previously unidentified nonideslities, and explain as much as possible about what can be done o
overcome their effects. Where feasible, we give simple formalas for prediction of performance
Limits. This thesis contains a moderate srnount of emphasis on thegry, but every effor is made w

tie the theory to practice, This is made easier because we have en actal high-cpoed part to test

1.2 Contributions

The intreductory chapters of this thesis present spmmaries of the published liserature in the foi-
lowing subjecta:

a AFM performance measurament;

» 3 ADM nonideality literature SUTVEY:
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+ a OT ASM Titeranme survey,

The firyt and thitd of these are not summanzed elsewhers 1o the author's knowledee and so are nse-
ful overviews, while the second is discurssed in [NorST, Chap. 11] for DT modulators but excended
here for OT modulators. Theseafter follows the odpinal material Listed here.

i.

I

i

The phenomenon of “sxcess loop delay™ in AXMs hac been jdentified as an important non-
idealicy in past work, though the study has been scamered among several papers. Here, we
codlect all the information into ope place, use ag improved mathematical technique. and
apply it ko previcosly-unstudied cireuln architecieres,

The eifect of clocking & CT AEM with an on~chip VOO having a certain phase noise speci-
fication is quantified for the first time.
A new method of system idenrification s proposed and illusteared far CT AT Ms.

CQuantzer metastability 15 identified as a mechanism of performance loss in €T AXMs and
1ts effect characterized.

The radecdfs and pararmeter seection criterda in the design ol f, /4 fourth-ooder hand pass

madulators are outhiced and an explicit design procedure formulated.

Simuisrion and measurement resuls are presented on a fabricated fourth-order band pass
modulsrar with & 4GHz clock. As well. design improvements which appear to beiter the
periormance Significantly are snggagead,

LThere are also many lnstrative examples throughout the following chapters that clad®y the con-

CEPLS prescoted.

1.3 Organization

Chapter 2  introduces the concept of delia-sigma modwlatien_ liss some of the fundamental mod-

niator design choiess, explains how modulator performance is measured, and boefiy discusses
time-domain siravlation of ATMs.
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Chapter 3  summartizes some issues surmounding the implementarion of ATMs, We survey the
Lirerature that charactenizes the effect of certain nonidealfties ia OT AT Ms and explain how these
apply 1o CT AFMs, then we list and bricfly describe the important papers in ©T AZM, Finally, a
summary of the performance achieved in published high-speed CT AEMs is given,

Chapter 4 is shout excess loop defay in CT A¥Ms, which iz delay between the clock edpe and
the effect of the output kit as seen at the feedback. We first =xpound on the cquivalence between
ideal OT anpd T modulators, then explain what loop delay does to this equivalence, illustraring
the performance lost in different medulator ordars and architeeivres, As well, we lock ar mechods

for overcormng this performance loss.

Chapter 5 charzcterizes the effecr of quantizer clocle jitter on ideal CT ATM performance and
looks at the effect of clocking a CT AXM with a practical imegrated VOO with a given phase noise

characierisoe.

Chapter & analvzes quantizer metasiability and its effect oo bizh-speed CT ATMs and proposes

what can be done to alleviate the performance loss it canses.

Chapter 7 presents design guidelines, snaiyais, simwlation regults, and test results for a fourmh-
order 40Hx band pass AYXM fabricared with 5iGc HBETs for conversion of narrowhand 1GHz
analog signals to digital. We also redesign key portions of the modulator and estimate the peor-
mance improvement chat wounld megull.

Chapter 8 conciudes the thesis wirth a diseussion of the appeopratensss of CT ASM for appii-
catons requiring high-speed ADMC and makes recommendations for future work.



Chapter 2

AYM Concepts

In this chapter we explain what a delta-sigma modulator is and how it can be used for analog-to-
digrtal conversion along with some of the basic design cheices in ATM desien. We move on to
how the performance of a AYM is measured. Finally, we discuss some aspects of the time-domain

simulation of AXMs, distinguishing discrete-time modilator simulation from continugus-time.

2.1 A Brief Introduction to ATM

Al overview of the AYM concapts relevant for this work will be presented fere. IF it s=ems too
cursery, the reader may turn to any of a number of excellent summary articles [Hau®l, Can®2b.
A7ISE6, Can®7) for a more detail=d treatment.

2.1.1 Operating Principles

A AXM ADC has three important components, depicted in Figure 2.1:
1. A loop filter or loap transfer furction Hi=
2. A clocked quantizer

3. A feedback digital-to-analeg convemar (DAY

LA
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Figurs 2.1 Basic components of 3 AZM (or AT,

The quantizer is a strongly-nonlicear circuit in an otherwise linsar system, which makes the behayv-
1or of AYMs very complicated to investizate analvticalby [Gra90]. The basic idea of AT modula-
tion is that the anaieg input signal is modulated into a digial word sequenca with a spectrum that
approximates that of the analog inout well in a narmow frequency range and has the quantization
noise “shaped” away from this range. An innsitve gualitative understanding of how this heppens
car be bad by linearizing the circnit as shown in Figure 2.2, The guaniizer is replaced by an adder

u X . Hiz}

< Dac

Figure 2.2 Lineasixing the quantizerin & ATM.

and we pretend that the quantization noise is “generated” by an mput ¢ which is independent of the

cireuit inpait . The petput i May 00w be Written in terms of the two iepis « and e as

OHG o, r
¥iz} = T =] + mﬁ'xﬂl {2.1)
= 3TF{z) - U(z) ~ NTF(z] - E(z) (2.2)

where STF( =] and NTF(z) are the socalled signal transfer fanction and roise ranger funciion.
From {2.[} we see that the poles of H{z) become the zzros of NTF(z), and that for any frenuency
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Figure 23: 5TF{z) and NTE(z) for cirenit of Exarple 2,1.

where H{z) = 1,
Feh = Lz].

In other wards, the output resembles the input most closely at frequencies where the gain of H{z)

is large.

Example 2.1: Consider the system of Figure 2,1 with a simple integratar F(z) =
1/(# — 1) as the loop filter and a one-bit quantizer which prodoces output bits with

valies =1, From (2.1) we can caleulate
STE(z) = z7!, NTF{z) =1 —="". r2.3)

These are depiceed graphically in Figure 2.3 with 7 = exp( 2= f1). We have H(z) —
== at de (Le., ar f = {), which means inpit signals near de should be reproduced
faithfully in the outpur bit stream. In faet, |STF(z)j = 1 everywhere, so we at least
expect the magnritude of an inpur ar any frequengy t be repraduced at the output. As
well, NTF(z} —  at de, and it increages away from de: hence, the quantization noise
15 "“shaped away from de”,

[f we implement the system mathematicallv, simulate it in Matlah, and look at the
power spectrum of the outpur bit stream, we obtain the plot shown in Figure 2.4, In
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Flgure 2.4 Simulated output bit soeam pow'er spoctrum.

this example, the input tone had an ampliteds of 0.434% and a frequency of (B.543 =
107%) f,. Relative to the outpat levels of +1, we cxpect, and observe, an outpyt $igmaf
power of 20 log,;(1.434/+/2) = —10.2dB, The quantization noise spectrum follows
NTF{z] gualitatively at leasr, going 1o zeno at do and increasing away from de, but it
clearly conteins tones spaced at an inferval releted o the input frequency. The wsual
agsumption when lineatizing the quantizer as in {2.1) Is that the quantizarion noise
spectim is white, 25 well as uncomalated with the input; while the former is often tene,
the latter is never exactly true though the comelation is often so complex as 1o be al]
bat impossible w determine, The linearization is thos not really valid, but it often Fives
correct qualirative predictions of medulator perfonmance, However, we usually reguire
qeantiiaiive aociracy, and thus for the most part we eschew linearization throughowt

this thesis, O

Now what is implied in this sxample: the quantization noise is redueed only in a small band-
width, that is, a bandwidth much smaller than the sampling frequency f. If we wish to obtain high
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coRvarier tesglution, then the signal must be bandlimised to a value moch smaller than f.. This
means that for a signal with Nyquist rate fur, we require for <0 f,, whick is the same as saying
we must sample much fester than the Nyguist rate. AYXMs, therefore, are so—called oversrampled

comverters, With an oversampling rario definsd as
OSR = f,/ fw- (2.4)
How is the high-speed low-tesolution guantizer output copverted 1o muitibit output samples at
the Nyquist rate? A complets block diagram of a ATM ADC i3 shown in Figure 2.5; it includes

f

L e Il =1 L

[E
L. L
DAL | Ii I,_a——'l ! |
¢ | |
el F./3 L2

Figure 2.3: Complete AEM ADC block disgeam including decimator

a modulator followed by a cireuit called a decimator. The decimaor's pumpose is twofold: it
decimares, i.¢., reduces in frequency, the high-rate bit stream and removes cverything outside the
desired band with a filter. Typical Hme domain and frequency domain waveforms at the modulator
artd decimaror oulputs are shown in the Gzure,

W do not go into detaf] regarding the design of the decimator, instead preferring to concentrate
on designing a ALM to obtain an cutput bit stream with desirable properties. Decimator design
18 reasonably well-understood and is coverad in [Can¥2a]. As is custormarnily doge in work zhout
ATEM, we shall assume that the modulator output is filtered by a brick-wall fft=r with a gain of 1
in the signal band and O elsewhens,

2.1.2 Design Choices

There ic a mytiad of design choices for ATMs. Very briedy, the major ones am [isted and described

here,
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Oreder of H{z) and oversampling catio

Example 2.1 feamared a single integraror, a first-order transfer function, for (2], In generl, the
order of H(z) {which must be strictiy proper to ensuce consality) is the maximum power of = in
the denominator. It is possible to use & second-, thied-, ar even higher-order H{z) ac a loop flwet;
generally, a converter of order me is bailc as a cascade of i integrators usually sirmounded with
fecdforward and feadhack coefficients [Cha90 as depicted in Figure 2.6.

:

[‘;\B, E,
iite) == L] e i

-- e

win)

Figurs 2.0: Geoeral mth-order law pass AFM swoenore.

In a given application. the signal bandwidth fa is vsually fixed Sampling faster than the
Nyquist rale is @lways beneficial for improving the signai-to-noise ratio {(SNR) in an ATH because
the quantization neise inside the signal band is reduced by 34B per actave of oversampling; it &n
erdec-rn AXM, this improvernent can be shown 1o be 8m + 3dBioct [Can®2?b] beczuss the noisc
15 shaped by the loop filter. Thus, a high-order modulater is desirable heceuse of the huee increass
n converter dynamic range (DR) obtained from each deubling of the OSFL

Mot surprisingly, using a high-order modalator bas diswbacks, First, the stability ol the averall
system with A {z) sbove order two becomes conditipnal: ingut signals whose amplimdes are below
buk close o fll scale (1o be defined later) can casse overload st the outpur of the intearatars closer
tor the quanrizer, which degrades DE [Sch93]. As well. the nla:cn:u:u[ of the poles and zeros of
1z} becomes a corplicated problem, though many solati o5 nave be:er: proposed in the Hieramre
(¢.g., [Ris%4] among others). Furthermore, the technology in which the cirenir is implemented and
the circuit architecture itself will Emit the maximum-achievable sampling rate and bence, from

(2.4). the OSR. Figally, the design of the decimator increases in complexity and area for lapger
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oversampling ratios. Typical values of OSE lic in the range 33236, though cirevits with OSRs
outside this range have been fabricated [Bai®4g, Nysea).

QOuantizer resolution

It Is passible to replace the single-bit guantizer of Example 2.1 with a multibit quantizer, e.g., a
Rash converter [AdaS6]. This has two major benefics: it improves overall A TM resolution and it
tends to make higher-ordar modelaters more stable. Furthermors, nomidealities in the quantizer
(e, slightly misplaced Jevels ot hysteresis} don’t degrade performance muck becanse the quan-
tizet is preceded by several high-paip integrarors, hence the input-referred error is soall [Hau®6).
Its two major drawbacks are the increase in complexity of 2 mulbbit vs. 2 one-hit gquantizer, and
that the teedback [3AC nonidealitizs are direetly inpui-referred so that a slight emor in one DAC
level cocruprs converter performance greaty. Thers exist methods to corapensate for multibit DAC
leved errors (e.g., [Gal96], [LarBR]). These aren't needed in a single-bit design becanse one-hit
quantizers are inherendy linear [Sch3i]

Low pass vs. band pass

Integrators bave poles at de, and bence building H(z) from integrators will shape noise away from
de. ALMs where the quantization noise bas a high pass shepe are built with [ow pass loop filters
and hence ar: denoted low pass (LF) converters. [f we were to build H{z) out of resemators, the
zoise would weod to be shaped away from the resonant freqnency. The quantizadon coise then has
a band stop shape because the loop tilter is band pass, and the resulting A EMs are called bard Pass
(BF) convert=rs [Sch91]. A common type of band pass converter is boilt starting with 2 low pass
Hiz} and performing the substitution =~ — —z~?; rhis praduces & converter with aniss shaped
away from f,/4 with identical stability properties performance as the low pass predotype, thowsh
the oeder is doubled [Sha9s]. )

4 typical application of such a converter is the conversion of an RF or IF signal to digitat for
processing and heterodyting in the digita) domain, a5 depicted in Figure 2.7, The spectrum at the

ourpue of the converter is shown in the figure—the guantization noise is laree evenywhere except
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Figure 2.7: Typizal radio neceiver applizadon for a dand piss 4 DM,

in a narrow band near 1GHz. Mixing to baseband digitally for [ and Q channe] recovery becomes
particnlarly easy when the sampling freguency is chosen to be four mess the input signal frequeacy
beceuse sine apd cosine are sequences involving only =1 and 0, so simple digitel logic can replace a
compheated multiplier cireuit. In general, the abilicy of a ATM to perform nammowband conversion
al a frequency other than de makes them particularly ateractive for radio applicarions; fucthermore,
CT AZMs can be made fast enough to allow conversion of signals into the hundreds of Mz and
Betrand:.

QSR tor BE coaverters is defined as haif the sampling frequency divided by the bandwidih of
interest [NerS7, Chap. 9); shus, an £, /4 converter with a signal cceupying the frequency range
Va4 — 5,038, fo /4 + F./32) bas a bandwidth of f, /16, and bence OSR = &,

Driscrete- v5. continuons-time

We have beew writing the loop trassfer function H7:) in the discrete-time (DT) domain. The

majority of ALMs ip the literamre are implemensed 25 diserete-time circuits such as switched.-

I'This is 2ot the oaly possible amchitecture: we might digitize direcdy er the BF rather then at the IF. although the
noise figure of the ALM might be oo high o achieve the desired sysiem dynzmic reoge. We might also mix mogre
1han ooce pricr oo the modulaie
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capacitor (3C) [Bai®d] or switched-current (31} [Ned®3] circuits. Tt is possible to build the loop
flter 93 a contnuous-time (CT) cirevit 5 {5}, for example with rensconductors and integrators
[Ten@3]. It is this kind of circuit in which we ate interested in this thesis for i will psually he
possible toclock a CT AZM at a much higher rare than an SC or §T design in the same technobaiy.

Sinple stage vs. muoiti-stage

Marny modulaters employ a single quantizer with multiple feedback loops leading o varions pinks
inside the forward modulator path, and these are called maftiloop ATMs. k is possible to build
stable high-order modulators out of two or more low-order modulators where later modulators”
nputs arc the quantization poire from previous stages. Such ATMs are eajled mltistage; they
were eigieally dubbed “MASH™ structures, whers MASH is an acronym deflving somehow from
Multistage Noise-Shaping [HayR6l. In Figurs 2.8, a first-order modulator's guantization noise is

| el ;
: £ o |
-
- — -1 M
—~Tﬁ, 2 —@— )
oAl 1 L '-'I e

Figure 2.5: A multislage ATM.

chaped by another fivst-order moduilarse

1 = U+{1-271E

Yo = —Bi+{1—-z""18,.
When Fa is diferentigted and added 1o ¥, we find

Y o= Vi+{1—-:Nk
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= U+{l—z")E—(1—2""E - (1-z1P°E
= U+(l—2"Y)Es {2.3)

Thus, the (rst-order noise is canceled in the cutput and the modularor achieves second-order guan-
Cizatipn nofse shaping. In principle, this can be extended to mth order noise shaping while pre-
serving wnconditional stzbility since each fitst-order AEXM [s unconditionally stable. In practice.
msmatches between components in the stages result in imperfect noise cancellation [Mae8 7],

To the author's knowledge. all gublished MASH ATMs t date have been DT It is possible o
do CT MASH. but the only place it is discussed is [Nur®7, Chap. 6]. As such, we will consider

only single-stage modulators in this thesis.

2.2 Performance Measures

We have mentionsd cemain AT converter pecformance messures such as dvnamic range and
signal-ro-noise retic, but we have yet 1o explain how to detcrmine them for a AXM. This sec-
tion doees just that by combining information from = literamre survey shout the subject with the

anthot’s practical expertence.

221 Power Spectrum Estimation

A AYM is a notse-shaping corverter the quantization noise is shaped away from the desired
frequency band. We are thus interessed in the frequency dosmain representation of the dme damain
output bits. Maore specifically, we care about the power spectrizn of the output bits. The mesr
common toot for inding power spectra is the discreee Fourier crans form or DFT,

Supposs we have N eaifprmly-sampled data points yin) = §{i)jmmr,. £ = 3.5 - 1,
vin) £ B. We will be using the so-called periodsgram to estimats the power spectrum of yina).
The DFT {which can be a fast Fourfer trangform or FFT when & is a power of twy, which it

frequenddy*is) of y(n) is given by

N-i _ .
Vi) = 5 ¢kl n=g. . N -2 (2.6
=
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and the periodograrn iz defined as [Pre92]
1

P0) = 5V O)F
1 7] r ok (Y 1
Pl = sgl¥(RIF+¥V —nlfln=1_(F -1 (27

P(N/2) = %l?’{fx’,’z}ﬁ'.

This power spectrum is defined at V/2 + 1 uniformly-spaced frequency poinrs berween £ and the
Nyquistrate £, /2, Thus, cach frequency bir is of width f,/N. An example plot of 10 lag,, F from
(2.7} was shown in Figure 2.4 in Exampée 2.1. Evidently, £ is rms power: our iapul had mapnimde
—7.2dB and ies powar in the spectum is — 10.2dB. To this thesis, when we wfer to the "spectrum™,
we mean the power spectrum as found from the pefodogram,

A pertodagram 18 4 deserete representation of the specttum of a discrere (sampled) sigmal, bat
i the real world power spectra zre condnuous fiunctions of continuous signsls. The discretizatfon
Z1ves rise o twa problems in pericdoprams, the first of which is usually dencted spectral leakage
or simply leakage, and the second of which relates to uncermainty, We discuss both and how to
alleviate them below.

Leakage and windowing

[f there exists & tone in the icput signal ar a Sequency that does not fall exactly in the cenrer of 2
freguency bin, then leakage will resuly instead of a sharp “spike” in oce sepotnim bin, the mne
will berome spread over several adjacent bins. This can be vnderstood by realizing thal we can
only take the FEE of a finite stretch of data (i, at a finite number of points); this is akin to wking
the FIT of an infinire stwetch of data multiplizd by a rectangufar window char is 1 for the duration
of the finite stretch and O elsewhere. In the frequency domain, this coeresponds to convolving an
infimte power spectrium with the Fourer transform of a rectangle, namely, fsin x) /z. The ameount
of leakage is deterrnined by the spectrum of this funcrion.

The severity of leakase may be reduced by wirdawing the dara, which means multipiying it by
a windowing function before taling its FFT. This has the effact of convalving the spectmum with a
funchien other than (sin z) /z. [Har73] lsts many examples of windows; in the time demain, they
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Fragure 2.9: Effect of windpwing: (#) unwindowed ourpaut spectrm, (&) windowed curput speatrsrns.

generally peak at | pear the center of the datz and fall to O in various ways near the edses. We
prefer to wse a flann windew (ofien incorrectly called a Hanming window), also called a raized
corine window becanse of the formula that describes ic:

-

w{ﬂ]:é[1—@5(%}[,12:&...,-‘5—1. {2.5)

Example 2.2: Tn the simufarion of AT Ms, it1s easy (and recormemended) to choose
an input sinusoid with a frequency exactdy in the center of 2 bin by malking its fe-
quency 1 multiple of f, /N, Thas, leakage from the Input rone s net ususlly problem-
atic. dMoregver, discrete tones arising from cwrput Limit eyeles also usnaily fall exuetfy
in ehe center of fraguency bins. Ons casc where they dog't ooours when simulating
a fow pass AT and the mean of y{n] is nonzern. This creates & de component in
F(n) and also “miseligns” the ourput limit cveles such that there is feakage into all
the low-frequency bins. We shall see that this tirns out to give an uafaicy-pessimistic
ENE estimate.

Windowing greaily alleviates the problem. Figure 2.9(a) filustrates what happens
when N = 4096 output bits from a second-order modulator bave an average value
af 2/ = —G8.24B: the spectrum near de fattens out to —5§3.2dB. Taking that same



Chapter 2: ATM Concepts 17

ourpai bit stream and first moltiplying it by 2 Hagn window before taking the FFT
yields Figur= 2.2(b): now, the noise-shaping behavior is clearly evidert down to de.
The aurhor prefers a Hann window because the inpwt tone only becomes smesared
over its immediaraly adjacent bin on cach side; compare this 1w Blackman or Weleh
windows, commoniy used by other authors, which sinear the tone over several adjacent
bins. This is of concern for caleulating SNR a5 we shall see in Example 2.4 O

Uncertainty and averaging

The second reason why periodograms are inaccurare is as follows: the periodograt at a single
frequency Fn) is an estimate of a eontizegus foection £ f) over 2 flequency range £, /& centered
at fp. I boos out dhe estimate Pin) has a standard devigdon of 100% of the “achral™ waine.
Howewer, by taking K successive sets of N output bits, finding the periodogram of each. and
averaging them, the standard deviaten in each feoquency bin is reduced by 'K [Pres2].

Example 2.3: Figure 2,10} is a striking iMustration of the effect of averaging on the
autput power spectum of & second-order ATM. The upper-left graph shows the FFT
of ¥ = 4094 outpur bits; the wpper-right graph depicts the averses of B = 4 succes-
sive sets of & ouiput bits, The fellowing graphs are for K = {16, 258, 1022, 16384}
the graphs become smeother and sreoother as the vasiznce in cach fraquency bin is
reduced. Moreover, the detail of the tones near f, /2 is enhanced.

To genevate the graph for £ = 16384 we must calculate & =< K = 67 % 10F outpat
birs, and that takes about 12 manutes with 2 C program on an wnloaded 170MHz Sparc
Lltra ®We do ot usunally need that large a £; it was provided merelv as an illustration.
256 would certainly suffice for most purpozes. 0

2.2.2 Signal to Noise Ratio (SNR)

Cme of the mest important performance measures of a AEM is s signal-to-noise ratio (SMNE).

From this we may calealate other important performance meastres such as irs dynamic range
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flpurc 2.1 1t Unwindsawsd averaged perodogram near dre.

(IVE} and peak SNR [SNEmg, ).

To find the SNE in a Nyquist-rate converter, we would divide the signal smplicade by the
eniegrated noise from {} to fir /2 [Kes90a], which is the same frequency as £ /2. A ATYM is an
ocversampled comverter, however, 50 we do the same calculation over the bandwidth from O to
Fa /2, which 8 now £, /(2 - OSR]). As noted earlier. this assumption is the same as haviez the
modilator followed by a brick-wall low pass fitter which cuts off sharply ar f /2. Thar bein Fsad,
Wwe are about to sce thar there remain a oumber of subtleties in this calculation.

Example 2.4:  Consider 5 4096-point simulation of 4 second-order maodularor,
With £ = 256 averaged periodograms, the spectrum near de appaars as ia Figure 2,11,
The input tone is —13dB and it ocours in bin & = 43, whick is 0.01099 . Let us try 1o
caielae the SNR for OSR = 32,

We must integrars the noise berween 0 and £, /64, which s shown by the dashed
line in Figure 2.11. This corrssponds to bin numbers 0 thronzzh 4096,/64 = 64. Pre-
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sumably, the noise power we're interested in can be fourd from
i
F, =% P{i}— P(h). (2.5
=k

However, do we include bin 64 in the calculation, or exclude it? I other words, should
we find the notse for d < f < f /64 or 0 < f < [ /647 Moreover, what sbould we
do about the bin containing the signal? Do we subtract it as in (2.9) and leave it ar that,
of perhaps zdd the geometric mean of the power in the surmeonding bins to &) to make
up for the missing bin?

Tablz 2.1 addresses some of these considerarions, as weil as the effect of K {the

Table 2.1: Comparisor of SMR calevlation methods, [peleding the bin a2 f, /(2 - OSE) lowers SNE by 0,240, whils
o¥ing (o dccount for che tone Bin lowers it fucthar be 140,

| . : = .

E f: Plil - B(b) ﬁz Bl — Pt 2 AR
= = + P - EE ST

5086, o = 101 5-1?3._ o =053 30,48, o = 056

4 || 4081, 0 =062 | 2940, ¢ =052 L340, o = 0.6)

16 || 5003, 7 =032 © 4264, o= (.35 £0 58, o = [1.2R

64 || 4987, o = 022 | 19.35, o= 018 4047, 5 =012

| 256 || 48,93, ¢ = 0.22 | 49.60. & = 0132 4052, o = (.22

mirmber of averaged periodograms) on the catoulated SNE. For 1en differcnt runs at
each K value, the SNR was calculated by dividing 2(8) by the quanatity listed at the
bop of each table column ard waking 10 log,, of the result. The table lists the average
and slandard deviztion o of the ten SNR values, all in dB. First, we note thar ncluding
bin 54 lowers SNE by 0.3dB or so, while adding the geomeatrie mesn of the bins around
the tone makes another 0.1dB of difference. Second, we aote that o is higher for small
H —that is, the variance in calculated SNR between different mns is grearer when we
dor less averaging. Third, calculated SME droos by a full dB berween & = [ and
A = 3G,
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Henn—windowed outout spectun, K=pe
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Figure 2. [2: Hann-windowed averaged peridagmim nsar de.

Adding o this is the confusion abour what happens when we window the pen-
odogrems. Figure 2.12 is another ron with & = 236, bot now & Hann window is
appled to the dara before finding its spectrum; the dotted line is the dars from Fig-
ure X3 1 reproduced for refereace. In Figurs 2,11, the rone was only in one hin, and
its power was P = —15.58dB. Naw, we find 1he tone spreads over three hins, and
Pl —1)+ Plby + FPib + 1) = —20,23dB. The unwindowed SMR for bins 0 to 64
excluding bin b was 49.66d8; the Hann-wirdowed SNR for bins O o 64 excluding
bins & — 1 &+ 1 is 50.574E,

The difference of —4.28dE in tone power cun bz explained as follows. The peri-
odogram of (1.7} 15 nonnalized such that the signal power in tme and freguency are
equal (Le., Parseval’s thegrem bolds). Since the.outpue sequence is composed of =1,
the power [n time is 1; we can casily verify thar iy + (i) = 1 in Matlab. A Hann
window turns out wr seals the total power by 0.3735, and 14 log,q (0.375) = ~4.2567—
exactly the difference secao in the tone power. The rotal baseband poise secms to have

21
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Welch—windowad output spectrurn, K=255
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Fimure 13 Welch-windgwed averaged pedodogrem near ds.

been reduced by 50.57 — 48.66 4+ 428 = 5.13dB. It is not so easy to explain nu-
merically where the extra 5.13 — £.26 = 0.91dB of nofse reduction by windowing
comes from, though qualitatively we sxpect the reduction because windowing rednces
leakage problems.

Finally, as afluded to in Example 2.2, 2 Hane window is vastly preferable for SNR
caleulations over many other windows. Figuee 2.13 shows whar a Welch window does
to the baseband specirum with the unwindowed spectum plomed for refer=nce, The
tone has been smeared over 0 many bins that it becomes impossible g know where
the meisc begins. We only have 64 bics in which o find the soise, snd 100 many of

them get comipted by smearing for 4 meaningfu] SNE calenlation. g

The pr-:-::éding example illustrates that SNR can vary by abowr 1dB depending on how the
calculation is done. This suggests that specifying SNR to mote than one decimal placs is pointless,
and even the first decima] place might not be very meaningful Unfortunarely, the exarnple docs
little ta clear up confusion about the “righe” way 1o caleulate SVE; papers in the literatore Tarely
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seam 1o be specific. We arbitarily sdopt the definition in the first column of Table 2_F, whers we
nzelect the tone binda} and the fnal FFT bin

Some authors refer o signal-to-guantization-noise matio (SONR), where only quantization ooise
power is counted as noise, 45 distinet from signal-m-noise-and-distornion rato (SNDR or STNAD),
where both guanrization noise power and the power in any output harmonics of the fnput signal zre
counted, We use SNR to mean SNDE—our SNR ealeulsions will include any power in harmonics
of the input signal caused by distortion. We shall examine some of the things that can creats it

signal harrnonies in the ourput specerum prosendy.

2.2.3  Other Performance Measures

Dynamic range

The dynamic range range of a ASM, often specifisd in decibels, is cquivaient to the resolution of
the modulacor as an ADC. We can convert from resolution in dB to resolution in bis by refating &

AXM to a Nyguist-rate converter vsing [Bendd]
DE(bits) = {DR{dE) — 1.76) /8.02. {2.10)

To sctually find the DR for a ziven modulator, SNR is plotted against irpur amplitud=. The input
amplitude sange which gives SNE > 0 is precizely the DR

Example 2.5; For z second arder [ow pass ASN, Figure 2, 1402) shows the SNE
as a funetion of input amplitde for ewo different OSRs, 32 and 64, We call this Hod
of graph a dymamic range pler. The slope of each curve is 1dB/dB except for larze
inpue ampiitudes where the SNE stays constant or decreases with input amplimde. For
senall inguts, the SMR is limited by the in-band noise, whils at larze inputs, the SNE
starts 1o boecome affected by input signel harmonics. Figures 2.15(a) and (b) show
the basehand output spectrum for inputs of —6dB and —2dE, mspectively. Signal
harmenics are clearly present for the larzer inpul.

Extrupolating to SNR. = () for small inputs indicates the DR for OSR = 32 is 62dEB,
at about 10 bits from (2,107, and for QSR = 64 the DR is 774E (abour 12.5 hits), We
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satd earlier that at & Oxed input amalitude SWE improves as 6m + 3dB per octave of
oversampling, where #: is the order of the modulator, Fipure 2,14(b) demanstrates the
truth of ttus for a4 —2448 npue tone. |

Full seale amplitnde

in the previous example we referred to the input as being in dB_ bor what we did not make explicic
is thar it is dB relative 1o full scale®, How ic “full scale” defined for a ATMT The answer i3 not

always obvious. In many cases, a full-scale input is one wiose magnitude equals the maximum

magnitude of the quantizer feedback, assuming a quantizer whose curput is centered at O (whick it
almost aiways is). For an input larger than this, the feedback wilk not be able 1o keep the moduliator

stable; we refer to this as overloading the modidatar.

Example 1L.6: In the previous example, the guantizer was feeding back +1. When
ithe input was a tons with peak amplitnde 0.1V, it transpired that the tone appeared in

*1t would probably bs less confusing i€ the unis of the input sfenal were explicitly specified as “dEz=l” or somethins

sinuar 1o ndicats that it ts & reladve to some mazimem. However, most of the lterature tefecs i "dB™, so we do the

same= here.
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Frgure 2. 13: Inceease in bageband harmonics for inputs neer &l scale: (23 —6G4E inpur, (b —24B japur.

ik ouiput spectrum with magnitnde —23 01dR, which comesponds ro a peak ampli-
wde of —20dB = 0.1V. We can deduce that 1¥ is the full-sczle inpur Tevel in thal
cxamyple. An input larger than 1V will overload the moedolator. Toputs close o 1V
cause graceful degrudation of SNE doe to increased spectral harmonic content, 45 we

gaw in Figure 2.13. =

Example 2.7: Figurc 2.16 shows a typical implementation of & secoad-order low

. fs
Em: :E.Ezi [
!:l-—l-_'_ - ;F ' I
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Figura 2.16: InP second-order CT AXM by Tensen ar al.
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pass T AEM for high-speed ADC, The input signal is fed through 2 mansconductor
Hral, and af the transconducior cutput node, there is a feedback cument of masninsde
ka. The coment g u can be no larger than & wihout overloading the modulator
therefore, the full-scale inpur signal magnioide is Lo/ g, . Typical component values
might be &3 = 0.4maA and g, = ImAWY, 50 a 0.4V input signal would appear at the

ouiput as (B when the ougpur bits ars 2. o

For certain more complicated modularer suuctures we will sncoanter later. the fufl-scale inpur
range will necd to be found from siraulation ratber than calenlation.

Mavimum SNR and maximum stable amplitode

Mazimum SNE, SNR, . (sometimes called “peak SNR"), is casify found from a DR plot 25 che
peak of the SWE vs. input amplimde curve. It tumns oot that the second-order low pass AT iz
stable all the way up to an input snplitede of 0dB [Wan93;. It alse twms out that highsr-order
madulators psually become tinstable befors OdR is reached; ihis inseability wsually manifests itsell
in clipping of the final integraror output which causes the quantirer o produce 2 long corsecutjve
sequence of the same output bit. Tais meaas the signal encoding propertics of the modiiator
become poor [Riz?4] and henee SWR 15 degraded. The maxirnuem stable amplitade (MSA) iy, then,
the larpest mput ampliluge which keeps the final intesrator output bounded “most of the tme". It
toedy, can be found from a DR ploc as the makimom input amolimde for which SWRE = 0.

Spurious free dynamic range

Nyquist-raie ADCs sometimes specify a rating fior spurions free dynamic ranege (SFDR) [KestOh].
To measure SFDIR, we apply a tone al the ADC mput and look {or the largest spur between 0 and
far /2, where & spur iz a wone visible above the noise finor In theory, we must do this for all input
frequencies and phases to find the very worst-case spur. Then, SEDR fs the larsest magninde
difference berween the amplitudes of the input tone and the largest spur in dB. over ail inpus tone
amplitudes,
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The importance of SFDR depends on the applicarioa. In some applications, a zood SFDR is
more important than 3 good DE. Ik radio systems, for example, it mighe be impotant o keep
the amplicade of spuricus tones low since nonlinearties might cause therm to intermodulate and
corrupt the desired signal, while the toral amount of in-band noise misht not matter 5o much.
SFDR measurements aren’t often quoted for oversampling converters sueh ay A ZMs, though they
sometimes are [Jen95]. Realistically, an SFDR measurement can omly be performed on an actoal
ciruuit rather than in simulation because it requires many different input amplimodes, frenuenciss,
and phases. We will psoaily neglect SFDR in our examination of CT AYXMs untl we come to

Chapter 7 whare we can explicitly measure it for a fabrdcared design.

2.3 Simulation Methods

To charaeterize the performance of a ATM, we take the speciim of {5 output bit steam. How
do wre 2eteal ly penerars this eutput bit siresm 0 a simulzrion? Becanse of the nonlinear yuantizar,
detersmining che output bits apalvtically is very difficult As a cesult, time-domain simuiaron of the
maxdolator is the usual method. In the simulation of just abaut any svstem, there exists a radectf
between realism and yimudation time: as we model the bebavior of a svsem momre accuratsly, the
length of time required Lo generate simalation resnlts increases, Let us first consider our simuiztion
aptions tor DT ATMs, a subject whick has received a considerable amount of atteotion io che
literature, followed by thase for CT AEMs [(ChedBa).

2.3.1 Dhscrete-Time Modwlator Simulaton

An ideal DT AXM can be described by a discrete-time system of equations. For the general
modularor in Figure 2,17 which includes inpot prefiltering [Ris%4], we can write a linsar squation

for the quantizer input in terras of the circwit inpuz apd quartizer nurpﬁt

X(z) = CLOH(:)U{(z} — H(z)¥(z). (2.11)
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Figure 2.17; A penersl T ATM jaciudiog ioput prefiiterios.

(2] and H(z} are rational functions of », with G(=) proper and i (2} sidetly proper. I is a wrivial
matteT o take the inverse Z-transform of (2.11), which leaves an expreszion for 2(v). the quanrizer

mpet now, it eerms of past samples of (u, T, y):

Tt b m
z(n) = Za}.-,_:.*{n—k:l + 3 Bauln — k] + E:,r_.y[nu 5. 2L
k=1

i=1 =l
{fix, be. ¢} are constznts that can be found from GV 7] and H{z). Far each x(n] found from (2,12},
we find yin) by assumning an ideal quansizer: in the case of a single-bét quantizer,
i) = =1, =z{n) = (2.13)
=1, z{n} <0
Applying (2,12} and (2.13) for e = %, .., N in a high-level lenguape such as Marlah THan98] or
C zives a very rapid merthed for derermining the outpu: bit stream,

Rapidity ic one thing. but realism is another. A practical circuit wiil likely not be represented
by 118 ideal cquarfons. Eventually, we will bave a ransistordevel description of a circuit whose
hebavior we would like o simolare, and we will most lkely turn e a full-cirerit sicnutator such as
SPICE or Eldo. While such a simulation is Hikely to be able 1 model most it pot ali of the pertinent
nonidealities which affect eirenit performance, we will often be stuck waiting for hours or even
days while generating enough output bits for an FFT. A detailed u:iiscu-ssiﬂn of these nonidealities
appears n Chaprer 3.

Fortupately, there exists more rhan one “reidéle-ground” approach, where we achisve reason-
able accuracy while still maintaining acceprably-fast simulation speed. Several prograrns (Simulink
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undar Matlab {SimS6], SPW [SPWS2], and Prolemy [P1o97] among thern) allow 2 system 1o be
defined ar the block diagram level sraphically, with the fupction of each block controlted by the
user. This aliows both rapid, wser-fiendly prototyping of AEXM systems along with the inclusion
of nonidealities (sach as dnite int=grator output swing and quantizer hysteresis) by using the appro-
priate blocks in the simularian. In 2 similar manner. fofl-cizeuit simulatdon programs like SPICE
znd Eldo® often allow the specifcation of a circuit with macramadels, where a block iz modeled
as an ideal version of itself instead of &s & mansister-leve] descrption. Betrer 3tll. ideal blocks
can be repiaced one at ¢ time with sransistor-Tevel descriptions. which allews the user to see the
=ffect of nonidealities in cach individus] block on overall modularer performance whiie keeping
the simnlation speed faster than for a complets ransistor-level circuit,

Even betier still, there exist special-purpose programs weitten specifically for the simulation of
DT A Ms. Both MIDAS [Wil92] end TOSCA [Lib33] are examples of prozrams which can sim-
ulare and extact key performance parameters from otharwise idsal ATMs ac well 25 DT ATMs
which include important nonidealities such as finite op amp gain, finite swich on-resistance. and
clock feedthrough. A program by Medeiro et al. Med235] goes even furthers the user specifias
madulator parameters sich as required resolution, clock rate, and power consumption, and then
the program can design 2ed automaticafly produce the circuit lavout for a compleie SC modulatar
which meets the specifications.

Cleerly, a first-cime DT AEM desizner has pleaty of options for genemting an gurput hic se-
quence relatively quickly while sdll including the effeces of relevant nonidealitizs.,

2.3.2 Continoous-Time Madulator Simulation

The siruatien for CT ATDMs @5 erhaps not 25 2ood, most likely beczuss there has been considerably
less anention devoted to the design of CT AXMs. Nonctheless, there are several choices. As with
DT AXMs, we may represent an ideal CT ATM with a frequency dormain equation akin to (2,103,

X{sy = G2 H(s)0(s) — H(s1¥(3), (2,14}

*Eldu is perhaps more suited to disceete-time block-level siowlstian thag SEICE.
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where we use the continnous frequency variable = rather than the discreee one =z = exp(s72) and
T, 15 the sampling frequency. Taking the inverss Laplace transform of (2.14) doses not [zad o as
gasilv-implemantable an equarion as that which resulted from the discrete case {2.12%, so Tor time-
domain simulation, we must represent the system as & series of coupled frat-order differential

zquations and solve thern using numerical integration.

Example 2.8: For the modulator in Fisuee 2. 16, the equations describing cirewit
behavior are
Grld?zf' = et + gf(t)
Cofst = goed(§) + &-git)

and the siregle-bit quantizer is described by (2.13). Tmplementing these equaticns in

{2.13}

A numerical infegration program is perhaps slightly more tedious than solving the dif-
ferance equations, but it is still not paerble FifGcull. O

It bappens thar becanse of the clocked quantizer inside the CT loop, an ideal CT modulator bas a
DT equivaient, Thus, thera exists a mapping berween the s-domain description of a ATM and the
z-domain which can be exploied o incrouse simularion speed and give intuitive understanding of
modiarer behavior, We leave a more detaifed discussion of this uniil the time when we scnually
make use of 1t in Chanter 4.

Onece again, ideal OT AZM behavior is ope thing and the behavior of a real circuit is another.
As with DT modufators, full-cireni: simulation of CT modiutarers is painfully slow when sach
block is described down to the cansistor level. Also as in the DT case, mecromods] simalation
14 an attractive option for reducing simulaion Hme while incorpararing key ponidealities: a CT
AEM is first described with ideal blocks in a full-circuit simudater, then nonidealities can be added
gradually to observe the cffect on performnance, Often, eraphical block diagram simulatoss (such
8% those listed In the previous secdon) can alsn stmwlaie CT systems, so this o is a choice for CT
AT Ms.

Ag for ag specialized CT ATM simulation tocks go, the literature ssems not to menticn larze-
scale efforts. Frequently [Bro20, Chad2, Ush®, Cheb8a] special-purpose progrars in a high-feval
language such as C are written in the course of studying medulator performancs. Opal [Cpats]
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hag beile 2 faurly general framework based op the CT/DT equivalencs mentionzd ahove, Dot to this
aunthor's knowledge, there is no equivalent of a program lke TOSCA {or CT ATMs.

Fumpid and realistic simuladen of €T A¥XMs is a cenral underlving theme of this thesis. Wa
will be meking use of various sicnuilation techriques as we delve into detail, znd we will describe
them mere sc we need o make use of them,

2.4 Summary

Delta-sigma modolation is a wchnique which combines fillering and oversampling to perform
analog-ro-digital conversion: the onise from a low resolullon guaniizer is shaped away from e
sigmal band prior to being removed by Altering, High-speed conversion can be accomplished by
wsng a continuous-time filter inside the delta-sigma loop, and we are interested in this for its
potential applicability 1o radio ceceiver and other high frequency circuits. Performance of a ATM
is determined by caking the spectrum of a sequence of outpur bits generated from time-domain
semulation of the modulalor; it is characterized with some of the vsnst ADC performance measuras
suck as DR and SNR, while omitting others which have no meaning in ATMs such as DNL
and INL. How to acrually perform the time-domain simafation is 2 matter of considerable fmpart
in oversampled converters because they will wsually requite many more output szmples than 2

Nyquist rate ADW before perfiormance: can be messuned.
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Chapter 3
AYM Implementation Issues

The theory of ideal d=lta-sizma modulatars is quite well-anderstood [Nord7, Chap. 4-5]. The
purpose of tis chapter (s twotold: firgt, 1o summarize the papers from the published literature
which digenss the effects of commonly-cncounrered nonidealities on the performance of ATMs,
and second, to List the imporcant literature papers regarding CT AEM specifically, of which thers
are consicerably fower than those thar discuss DT ATM:, We close this latter section with 2
summary ol the performance achieved in published high-speed CT ATk,

3.1 Nonidealities in AT Ms

There are certain eonsiderations tha: eppiy to the design of both DT and CT maodulators. Firss
of all, the sroblem of choosing the CT loop transfer fonction &{s) can be formulated in the DT
domain, whers () is chosen using any one of the numerones sugestiong in the lissrames and
her ransformed 1o the approprizte H{3). We will see several examples of this in Chaprer 4.
Additionally, theee are centain nonidealities which adversely affect the performance of DT ATMs
which have '51'_113513.1: effect in €T A¥Ms. In this s=ctioz, we take it as mven tha: how io select
2 wansfer function te achicve » given performance is understoad; we survey the lieramre on the
performance effect of nonidealities in delta-sizma modularion and semmarize the results that zre
gormane to the design of sinple-stage CT ATMs, A version of this summazry for DT AXMs

33
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gppears [n [MNocd?, Chag. 11); we exterd it here to include CT ATy

311 OpAmps

Not all modutatoes inclede op amps, though many do. If an op amp ioside a ATM deviates from
ideal, performance is invanably worseped. We consider verious types of commonlv-ancounterad

op amp problems hers.

Finite op amp gain

Probably the most widely-smdied nonidea) effect is that of fnite on amp de gain [Hao8s, Boss,
Chad), Feebl, Can92b, Cha%2]. Ap ideal integrator has a DT transfer function F(z) = 1/(z — 1);
it can be shown that an ietegratar built from an op amp with de gain 4, tesalts in & transfer funerion
I
z—pll —1/4,]

where p is a consiant. Fioite op amp gaie causes leaky infegrarion: the NTF zeros are moved off

Fig) = (3.1]

the unit cirele towards 2 = (0, which reduces the amount of atenuartien of the quantization in the
baseband and therefore worse SNR. The eguivalent problem in a BP modulator occurs when the
resonatoes have finite 0.

A good nde of thumb which applies to both DT and CT AXMs is that the intesrators should
have Ay #2 OSR, the oversampling ratic [Haug6, Bos&8, Thad2, Cand2h, Ber9s1. If this holds, the
SkE will be only about 16E worse than if the lategrators had infinite de gain [Bos&8). In [Jends].
which 15 a CT ALM wsing the citeuit in Figure 2.16, it was shown thar the parameter which limited
the baseband noise Hoor was Ap Ry, where Ay and By, are the gain and ingur impedsnce of the
op amp and O is the imegreting capacitor. That is, the baseband noise went from shaped to white
at a frequency given by = (274 R ) 7L, so vnee agaie, high Ap is beneficial.

Finite bandwidth (nonzero settling tme)

Lisozlly, it is assumed that sn op amp can be modsled as a single-pale system with dme constent
T [Hau8é, Bos8s, ChaBl, Med94]. [BosSB] noles that for meny sampled-data analog flters, the
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unity-gain bandwidth of an op amp must be at least &0 order of magnitede higher than the sempling
rare; [Gre86! says it shoald be five times hizher.,

This requirement 15 greatly relaxed in BT AYXMs. Both [Med%4] and [Bai94] contend thar
incomplete integrator setfing is the same s a gain error, which results in increased baseband
quantizaron aofse. However, fHauB6[ finds that even with a settling error as large os 10%. as
lomg as it is a {ineqr cIror. 14-bit performance can be achieved, The fabricared d=si2n in [BosE8]
exhisired negligible performance lows for + = T, /2. It thus sesms that = can be on the order of
T for acceptable performanee. Chan [Chag2] found samething sireilar for 2 CT AEM: op amp
bandwidths could be as low as f;, the sampling frequency, and s1ili give negligible performance

Iods.

Finite slew rate

Generally, in DT circuits we are worried aboat slewing of the inpur signal. A DT ADM, however,
is eversampled, which means the input signal is slow compared to the sampling rate; thus, what
conCeTws ws i3 slewing of fuernal signals (most particufarly op amp outputs). It might appear
that slew-rate limiting of these sigpals should not make any difference on top of that made by
imperfect settiing—so long as the outputs are “close enoush”™ 1o the comect values afier a full
clock period, why does it matter whether they approach these values by slewing rather than linear
sertling? In fact, it dwes matter because op amp slewing is a aondinear setrling process [ChaSo,
and ifis introduces input signal harmonics in the outpit spectrum which deaeades SNDR [Med$4].
In [BosBE]. a lagge increass hoth in quantization naise and harmonic distortion was observed when
the slew ram dropped below L1A T, where A is the difference berwesn adjacent quantizer ontput
levels. Mote well, however, that this is an exremely relaxed requirement comparsd with non-
oversanlpled cirouits—slew rate iz one of many parameters in which ATMs are quite toleranr of
imperfections.

We show by example that a sienilar thing happens in CT ATMs,

Example 3.1: Typical integrawor and quantizer output waveforms for an ideal CT
double inlegration moditlater with a small do ibput are depicied in Figuze 3.1. The
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Firore 3.1: Typical intserator output and quandzer wave fomres.

first integrator operares on the sum of two curens, 2 constant one determined oy the
quantizer bit and a nearly-constant one from the input {which in general is slowly-
varying compared to the sampling clock}). Hence, the intesrator output ; (£ Appears
as a swaight line. The outpur £5(t) is the integraf of the s of #,(7) (a smaighe line)
and the cutour bit (2 eqnstant), so it kas a parabolic shape.

A typical output spectrum for the ideal modularer appears as in Figure 3.2(a). For
the modularor parametcrs chiosen. the maximwm slew rate required for the f; = 1GHz
semapling cloek 18 about 0.35V/ns. I we Lot the slew rate to 0.25V/ns, the graph
in Figure 3. 2(b) results, We see both a slizht increass in baseband quantizarinon noise
and a large increase in harmonic distortion. Clearly, avoiding slew-rate limiiag in CT

A¥Ms 35 as impariane a5 in DT cirowits, though doing co is not vsually difieulz. O

Limited ogtpat swing

An mih-erder ATM has m states whose values at sampling instants complately determine mod-
nlarer behavior. [t is usually the case that the integratar output voltagss are precisely the system
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Figure 3.2: Outpur specms using op amps with (2} 0o slew-rew limitng, (b) siew-rzte Hmitns.

states. Therelors, if the integrators are built with op amps whese ousput swing s not large enough
o produce the required state values, modutator bebavior will e ahered. Bork [Hau®6)] and [Bos&R]
Hlustrate that clipping the integratars resuits in severe basehand noise penaldes. Formnarely, this
problem has heen very well-smdied. and it is not difficulr w scale the pasameters in a ATM to
avold clipping op amp outpus (e [Cha®)] among others). Circunt noise considerations yizld a
practical lower limit on how semall signal swings can be.

Gain nonlinearity

1f the gain of the op amp depends in a nonlinear manner o the op &mp ioput voltage, harmonic
distomtion of largs input signals appears in the output specorum [Bos88, MedSd, Diadd, Berda], Ir
is difficult 1o give general results for how much nontineasdty can be tolerared: op amp 2ain showuld
be made a5 independent of input signal lavel as possible, though the amount of independ=nce
reqired depends oo the desired modulator resolution. Gair nonlinzarity in the op amp nearest the
nput stage has 1he grearest effect berense Jater-stage gain nonlincarties are divided by the (larze)
guins of easlier stages when refermd to the fnput [Bos88); this facr is impoetant in both DT apd CT
AF s
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3.1.2 DNMdismatch and Tolerance

A maditoral notion about AXMs (as compared with Nyquist-rare ATHCs) is that they often meed
not have matching or tolerances berter than the desired resolurion of the converrer. This is tue for
mismarch among components in the forward loop (ie.. in the loop flter), bue not tue for DAL

lesral muisrgatch.

Component mismatch and tolerance

In 5C ATMs, 3 mismaseh between sampling and integrating capacitors in an 8C inlegrator stags
resufts in a gain error [Reb89, Baz98] whoese effects we can treat in a manner simdlar to [Bosg85].
There exise layout t=chnigues to keep integrated capacitors matched quite well [RebES]: as well,
asing large caparitors and/or clever circuit architecures can alleviste problers [BazB6]. To Five
an idea of the reguired tolerances, in a particwlar 3048 SC converter, it was found 5% emor in
individual coefficicats of the leop flter led to performence losses of only 1=3dB [(Chad], Sensi-
vty to tolerance obviously depends an the exact ciseuit architsetere, so it is difficulr to zeneralize.
However, for a typical CT AXM. matching raquirsments are unlikely to be temribly siringent, just
as was tound in [Cha%0].

Multihit DAC level mismatceh

AEMs frequently emnloy & one-bit quantizer for two rcasons: It is easy to build. and becapse
a feedbmck DAC with only two levels Is imharentiy linear [Sch93], If e+ choose oo build our
modulator with & muolbit guantizer, then we requize a multibit DAC, and now any errors in the
spacing between DAC levels are directly input-refeered. Thus, it would appear the resolution of
e everall modulator depends directly on the DG matching.

Fortunakely, there exist technigues called dynamic element marching where mismarched DAC
elements are “shuffled™ so that diffecen: elements are weed each Hme the same puipat code occrs.
A survey of this ares alone is quite Interesting, though for brevity and relevance reasons we cmir
it. The most important papers whick diseuss DEM techniques are [Car$7. Baids, Ewa®s, Ten9i,
ShuSE], and [Mor97, Chap. 2} contains a sood sammary af present knowledge in the arsa. This
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same chaprer also goes ivto diptal-post comection schemes which can 8lso compensate for mulribi:
DAC errors.  All DAC emor comection schemes conid in theory be applisd just as well to CT

clesigns, something we discuss more in §4.3.

3.1.3 Quantizers

Just as A3Ms are tolerant of mismatch, 5o too are they tolerant of eorrnon quantizer imperfections
EFand]. The guantirer is preceded by several hish-gain siaees, so de offsets (or level spacing
errurs 10 a multibit quantizer) are negligible oncs input-refermed. OF course, the comparator must
b= “fast coongh™ to resolve f2s input signal to the desiced [ogie level; there 1s some discussion op
tins point for DT designs o [Hau01, and for CT designs, not much has been said. We devote
considerable attention to this important point in Chaprer & of this thesis.

It transpires that for one-bit quantizers, hysteresis is not termibly problematic. Boser [Bos88]
shows that hyseeresis may be as severs as (.14 (one tenth of the step size} with neglizible perfor-
mance Joss in his ST ciecuie theugh Chen [Cha®?] fournd a requiremment af 04014 in his CT circait.
We consider hysterasis in Chaprar 6, and we discover thar CT AXMs are very toberanc of it

3.1.4 Circuit Noise

In simulation, the in-band neise Aoor ina AYM ouepul spectrum is determined by quantization
noise only in an ideal modulator. Certain nonidezlides like DAC level mismarch (discussed above)
and clock jinter (discussed befow) can also contribute to in-band aoise in 2 simulstion. In manufac-
tured circiis, often it is the inpur-referred elecmonic cirenit noise ehat litnits performancs [BosE8].

Once again. circoit ooise depends on the circuir architecturs. In 2 typical 3C ADM, noise

corres from three main sources [Diad2a, Dia%?h].

1. Switch resistance means the voltage sampled onto the input capacitor bas uncertainty L
[Greg6] where % is Boltzmann's constant, T is absolute emperaturs, and ¢ is the capaci-
tance. Depending on resolution, this might requite relarively largs inpur capaciros—for par-

tHeularly high-resolution converters, intezrating such capacitars onto a chip might be prob-
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lematic: fdS00}. Offchip capacicors could be used, or using a CT integrator as the first staze
with BT integrators for later stages alse works [dS90].

Z. The thermne! noise of the first op-amp must be kep: small. Tt is inversely proportional to the
iranscondectance gr, of the input MOS differential peir, which can be conrrolled by sizing
the mput devices appropriamely [Gre86].

3. MOS mangistors also have so-cailed 1/ F noise [Gre86), where low-fregueney noise increases
a5 10dB/dec with decreasing frequency. This can be overcome with so-called chopger stabi-
lizarion [Gred6, d5590] where the 1/ f noise is cleverly modulated to the sampling frequency
and thos filrersd owt by the decimator. As well. it is unlikely that I/ [ noise would affect 2
band pass AXM, since then the baseband wouid he away from low frequencies.

We leave a discussion of thermal noise in oypical CT ATMs for Cheprer 7 where wea presanr test
reswits on an actmal fabrcated circuit,

2.1.5 Oxher Nonidealities

There are a few other nonidealities which have been stdied in connection with ATMs. Two
cifects which matter in SC designs, but ot in CT designs, are sanrero switch “on™ resistance
and signal-lependent charge injection, The firs: of these limits the maximum modularer clock rate
because of the RC time constant involving the switches ard the sempling capacitor [Hau9], henee
small-resistance swirches ars often important. The second disturhs the voltage on the sampling
capacitors, though it can be circumvented with (echniques such as differential cireminy [BosBE],
additional clock phases [Bos83, Baz96), and battom-plate sampling [Bazbe).

Designing the first stage

We have already alluded to this in the previous subsecriong, but we say it explicitly here: the first
stage is the most important o design well in terms of ite theonal noise, lineariry, matching, ete.

This is because nonigealities in later stages, when Input-referred, arc divided bw the wnal gaia
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preceding ther. By design, each stage in a ATM has a high gain in the signal band, so stages two
and beyond have a reduced influence at the inpue, but the first staze does now. Thus, in a DT AYM,
considerable effert must be spend designing the first op amp [Vok87] while reguirernents on later
op amps may be relaxed. Likewise, the first transconductor tn & CT AEM is the most important
for overall thermal noise and lineariey [Jen23, Mor928]. A mismatch in the input differsntial pair
transistors leads to an offset which results in a de term in the owtpu: spectrum: special care must

be taken ir convertess where de is not removed by the decimaror,

Component nonlinearity

Earficr we mentioned nonlinearity in the first stage op amp gain characteristic adds harmonic dis-
tortion. The same thing bappens if components near the input ars nonlinear, For example, [Hau26)
shows how a voltage-sensitive first integrating capacitor degrades performance in a typical $C
LAEM. In [J2n25), the input ransconducter in their OT ATM uses a differential pair degenerated
With an emilter resistar 1o SeC grm; it is observed thar the linearity of this resistor which s the key to
the linearity of the whole cireait. If the fitst inteararing capaciter is slightly nonlinear, harmonics
of the input signal appear in the output spectrum—the resufting spectnom looks similar te the ane
in Figure 3.3(b). Usually, component linearity requirernents ar= rore stringent than component
tolerance regEirements.

Clock jitter

How impoertant is timing jitter in the quantizer clock in a AXM? Compared 10 & Myquist-rate con-
verter, Harrls {Har90] found AXMs had a tolerance o white fivter improved by the oversampling
ratio for the ssme fiter variance. Boser [Bosk$] found the same thing, but he also anted that be-
cause jitter noise falls as 1/OSR while quantization noise falls as 1/0SR*™ ! modulaiors with
high OERs are more likely to be performance-limited by jitter, Van der Zwan [vdZ945] PIESEIrs &1
argument that T A M5 are mom sensitive o fitter than DT AEMs; we will taie this issue up in
Chapter 3 when we consider in detail the problem of clock jitter in CT AT Ma.
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3.2 Important CT AZM Papers: A Survey

No study of CT AY M would be complets without a review of the significant papers in the literatare
on ihe subject. We present a chronological listing of these papers as vpearthed by the author in an
exfensive literature survey with a brief description of each, and we 1hen summarize the performance

achieved in tests of actual fabricared circnits.

3.2.1 Paper List

[Inof2], Mnot3] The firse of thess papers is where ATM was first published, thowgh there was a
patent granted to Cutler a conple of years earlier [CutG0]. The secand paper contains some
analysis of a CT AEM with both 2 single and double integrator, In particufar. the 9dB
and [3dE of SR improvement per octave of oversampling for :he first- and second-arder
modufarers are derved, They build circuits for both and venfy the predicted performance,
and apply the circuies to the epcoding of video signaly.

Following thisx paper, over the next twenty years thers were ot many papers on A EM be-
canse integrated MOS processes were stll expensive. As they became cheaper, the DSP

required in the decimator became cheaper, apd hence AZMs began to receive more inserest.

[Can83] It is thic paper which really sparked interest in AYM as a mathed for ADMC. It is widely
ciied as the source for the so-called dewble inregrarmon AEM, althongh in fact [Ino63]
predates it. Such a AXM contains two cascaded integrators and implements NTF[z) =
(1 —="1)%, i.e., douhle differentiation of the quantization ooise. We denote this maodulator
the siondard [low pesi] second-order AEM since, as we shalf ses, there bave been many
subsequent implementatons of it. This paper 15 the first to derive the DT/CT loop Alter
efaivalence

= Hs)= L:i (3.2)

-

Dx—1

(o] — =% —
Hizl 17

for a feedback DAC that cmits full-period pulses. and a CT AEM cirenit was built based on
thns equivalence.,
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[BacB6] This is also 2 double integration CT AEM, following Candy’s lead. Witk a 1 SMHz clack,
the achieved performance was 77dB over a 120kHz bandwidth and a power conzumption of
20mW-——certainly not poor even by woday's stangards.

[AdaB6] Wiles abesd of its e, this paper describes a fourth-order four-bit (ie., with a four-bit
quantizer) CT AEM that achieves [8 bits of resoludon at Z4kHz. The crucial issue of DA
waveform asymmetry (ie., differing risc and falf times at the DAC output) is first discnssed
bere. This will be menttoned again in Chapter 4.

[Gzar86] Floyd Gardner’s paper is the frst 1o describe the impulse-invarians fransformation be-
tween CT and DT as an altermative to the {perhaps more common) bilinear trunsform. We

mentioned i3 existence in §2.3.2 and we will make use of it in Chapter 4.

[PeadT], [Schi3¥]. [Gaid®] The idea of band pass ADM was, to the author's knowledge, first sug-
gesied in the first of these papers, though it czn hardly be said that those procesdings aee
widely available. In Elecironics Letrers, Sehreier and Snelprove first introdiesd the idea to
a wider audience in the second paper listed: anbeknownst to them &t the tims, a U.S. malent

bad been granted 1 Gailus ot al. a few months earbier, as the third citarion shows.

[Gros88], [Gos50] These papers were the Oret to poinr cus that a delay between the sampling ciock
edge and DAC pulse edge affects the perdormance of a CT AEM, We shall danate this delay
as gxcess (ogp delay, and 2s we shall see in Chapter 4, it turns out éo bave a major impact on
the design of CT AXMs,

[BroM)] Thic was an early paper on how to simulate DT systems in C1. It used a third-arder CT
ALM as an example and showed how to simnlate ity behavior boith in C and SABER. The
bilinear cansform was vsed to map betwean z and 5 domains, though we prefer the impulse-
ivariant transformation, ' '

[Hor®0] Another paper very advanced for i*s dme and often cverlooked, it also discusses sxcess
loop delay in ©T AEM 20d 35 the first to suggest the use of the modifisd Z-iransform o
accaount for leop deiay in the design of high-order CT AZMs, While [GosE8] showed that a
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certain amount of leop delay is beneficial to 2 frsr-order CT ATM, this paper extended the
results (o higher-order CT ARMs.

[Asi91] Although no cireuit was actually designed here, this is an early paper that considers some
155ues in the design of very fast CT AEMs. For a standard second-order CT AYM clocking
ar 30UMHz in GaAs, the authors examine the effect on SNE of finite op amp de gain, guin-
bandwidth predust, and signal swing, and small nonlingarides in the op amp, and conclude

that a L0-bit converter could be built ro work at thiy speed.

[Com%1] This is one of the few CT AYM papers that docsn’t use op amps: it is « CMOS currenc-
steering design. Nothing much similar has appeared in the literamure to 1his muthor's knowls
edge since its publicarion.

[Thud1] At the tme this paper was published, the fdea of band pass ATM was rolatively new,
This paper is the first to use the impulse-invarisnt transformarion o design a continoos-
Hme EF AZM. They designed a loop trassfer function with nenoptimal noise shaping: it
tonk |She%4] 1o explain how to ovarcome 1his.

ECha®2] The authors talk about desizn issues of & standard second-omer CT ASM in GaAs for
SUOMELz clocking, including finite op amp de gain and gain-bandwidth prodoct, and quan-
tizer hyseeresis and delay. Thwey then fabricars and test 4 prototype whose noor performance
is atfributed to poor comparator sensitvity. However, the circuit was ooe of the first to
demaorstrate the feasibilicy of mntegrating high-speed CT & Fhs,

[Can®2h] This is the first of two [EEE Press books published about ATM. it is a compendium of
{’andy and Temes' opinion of :he important papers in AW up until carly 1590, This asthor
Iecommends oWNing a copy (o anyons working in ATM design since most or all imperant

carly papers may be fornd i this convendens refersnce.

[E¥al92] This is another carly high-speed modulator, rhis time i 2um CMOS clocking at | S0MHz,
It describes a standard second-ced=r CT AEM and achieves 10-bit resolution at an OSE of
128,
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[Wan92] It had long been suspected that the standard double integeation AXM is stable for de
inputs up co the rails. This paper proves it using & geometrical atsurment about the bounds of

nternal scares.

[Tro93] These authors designed a BP CT AZM on an analeg-digital FPGA. As in {Tou®t], they
dido’t implernent the comect H{z)...

[Sho®4] ...it was in this paper thar a comect method for designing band pass CT ATMs based on
the impulse-igvariant ransform wae explained.

[LshA4] This paper isn't teribly interesting exeept for the fact that they model the guantizes as a
steep tanh functien for simulation purposes, which allows them o write and simulare linear
differential equations for @ AXM. Little seems to have been made of this sinee then.

[Ris?d] Lars Rizbo’s doctoral thesis is unigue. Mativated by his desire 1o buiid the hest-sounding
CD player possible, he examines stability and desizn methads for high-order singls-nir
AFMs m ways that are highly innovative and otiginal. Sadiy, his ideas will [ikelv be appre-
ciatedd by fow becanse they ame almost too clever: it took this author thrce separate attempts
OWET NS Year to grasp much of what Risho savs. Nonetheless, this is a refzrence work o
e Taken serigusly for anyone wishing & deep wnderstanding of ATMs, His Appendix ©
containg some diseussion of elock jitter in CT ATMs, a topic we cover at lengrh in Chaprer
5.

[Fendd], [Nar¥4], [Ten?4] Thres bigh-speed T ATMSs appeared at the GaAs Integrated Clronis
Symposinm in 1994, The firsr listed clocked at 300MHEz_ the secand at 2GHz, and the third
at 45Hz; the first two are standard second-order low pass GuAs designs while the thisd
is & firge-opder low pass InP design. All three designs suffered From moderate amounts of

harmonic distortion in the baseband.

[Jen?5] We spent considerable Hme studyvins this paper, It describes the building of & standard
second-order CT AEM psing In? double heterosmenre HEMTs clocking at 3.2GHz far
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converting a 30MHz baschand signal and 7idB SFDR Is achieved A cirecuoit diagram of
their modufarer was shown in Figure 214 on page 25,

[Mit35] The authers of this paper simlate, it don™c baiid. a first-arder CT ATM in CMOS that
dissipates only 3mW at a clock speed of 12EMHz.

[Sho?6], [Sha97] Cmid Shoaei’s excellent PR.D. thesis is, to date, the definirive worck on high-
speed T AFM, It is required rsading for anyone working in the area Shoast attempted
ter build & 250MHz fonrh-order bend pass CT ATM for copversion of narrew band signals
ar 62.5MHz, bui the final performance way shwarted by unexpectedly hish fabricarion toler-
anees and 3 lack of common-mode fredback cirouioy in bis transcanductors. Shoaei's work
will be referred o extensively throughooe this thesis. The first sitation is the thesis itself, and

the second is a joemal paper which summarizes the thesis.

[Erb3&] This brief paper describes a silicon bipalar standard second-order CF ASM clockize ar
1.25¢Hz. The performance is at best 8 bits, though the paper’s lenpth permits very [izle
detail to be given. It is implied ther the authars use a cireuft architecmare similar o tha ip
Fizure 2.16.

|Seh96a] This paper explains how o design a CT ATM by transforming it e a DT ATM design
problem usimg the impulse-invariant ransform. While [Sho96] deals with the problem in
pole-zero form, [Schf6a] represents the modulator in state-space.

[Opa%6], [Don97], [Don8h], [Dend8a] Opal's 1996 work focuses on the capid simulation of
clocked CT systems in the 0T dewmair. Since then, a stzdeat of his, Yikoi Dong, has wric-
ten several pupers about rapidly simulating nonideal effecrs in CT ALMs, most particularly
thermal neise. Such a wel is extemely useful. and the sirmulation results look plausible, by

unformnalcly no experimencal validation of their results has been provided o date.

[vdZ96], [vdZ97] These nice pspers preseet fowth-order CT ATNs with very low power. The
first is a 0.2mW voice band coder, the second a 2.3mW sodio coder. Both achieve ahoat 15
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buts of performance. [vdZ06] also contains some discussion abour tradeoffs between DT and
T desipns.

|BenST], [(zu087a] As noted, excess loop delay io a CT AEM worsens performance. Both these
papers talic about how to compensate for laop delay with appropriate fesdback and mning.
We wiil be examining this further in Chapter 4.

[Rag¥7] Writen by the aurhors of [Jen4d], this paper describes Figure 2,16 with an addinonal
transconductor clement te tum the low pass moedolator into a mildly band pass one with a
noise notch funable from O o TOMHz and 2 4GHz sampling clock. A claim of 924E SNR 1s
made for 4 very namow bandwidth corvesponding te an QSR of around 5000,

[Ched7] it is bulisved that this is the first mention of the performance effects of qaantizer metasta-
bility in €T ALMs. It was written by the aothar, and a large amount of new matedal alons

these lines is given in Chaprer a.

[MNor®7] This is the second [EEE Press book about ATM. Instead of a compilation of papers,
the editers commissioned vatious quthors to wiite chaptees in their arcas of expertise on
many aspects of AXM theary, design, and simulation. It. too, is highly recommended ag
a reference work for anyone in the arca—the book has acquired the moniker “rthe orange
Eihle™.

[Beliz97], [Mm%8] In these pupers, a SGHz HEMT modulatar was sesigned for a S0 Hz band-
width, and 7-hit performance was achieved. It rnust he noted, however, that this performance
was achieved with 2 signal band that did not extend below §MHz: this was apparcatly to
avoid further SNE degradarion by the 1/ f aoise of the devices.

[Jay97] Following [Tea95], these authors make a foush-order BP CT ATM clocking 2t 3.2GHz
with an S00MIz center frequency. Theyv achisve 7-hit performance in a 25MHz band,
though they estimate with proper design this could be mised s 10 bits. We armve at a
similar corclusion for our 4GH? modnlator in Chapter 7.
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[Gao¥7b], [{a0%8b] These papers present an aggressive 45z CT second-order band pass design
in 250:Hz 33 bipolar technotogy for direct conversion of 930hMHz anslog siznals. In a very
narrow bandwidth, 10-bit performance was achisved.

[ChedBal, [Che®8b] The author presented these papers at ISCAS 1998 in Moatersy. The first
deals with simniaring CT AXMs, sommething we covered briefly in the previoos chapter, and
the second deals with the nonideal effacts of excese loop delay, clock jiner, and quantizer
metastability on the parformanes on CT AXMs. This chesis is in large pert an expansion of
the second paper: we devots one chapter to each of these three key nonidealities.

[(Gao98a] Preliminary test resuits on 4 fourth-order 4GHz CT band pass modulater in & 40GHz
5iGe HBT wechnolozy sre preseated in this papar. We grestly extend these results in Chapter
7 of this thesis.

[OLi®8] In this paper the eifect of jiter in the DAC pulse width of renirmn-to-zero-siyle Grst- and
second-order modulators is studied. The suthors concluds, s [Che97] did eacliee, thar jitter
in the width of the DAC pulse is not notse-sheped and bence degrades performance. How-
#ver, their new result is thar a second-ordsr modulator provides fisst-erder shaping of Juise
startimg time jitter, henca, they proposs using a monostable multivibralor &5 a qusntizer,
which produces fixed pulse widths even in the presence of vadable pulse start tme.

[Mor98] This is the first paper to the author's knowledge which consaing a high-speed design
of order three. This circuit contains two separate modulators for I and Q channels with
integrated mixers, similar in architecture to Figure 2.7 ooly where the mixing is dooe a5
pam or the first stage of the moduolater so that the modufators themselves are low pass. In 4
SOMHz bandwidth, 3548 SNE was achieved.

3.2.2 High-Speed CT AZM Performance Summary

Table 3.1 summarizes the order and type of the high-specd CT ATM designs supveyed, where
“ILE" means first-order low pass, “2BP” means second-order band pass, ete. The majority of the
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Table 5.1: High-spesd CT ATM published performance.

—
Paper Technelogy hJ Type [ £ I Enict:l PR
; (B

{Che??] |  1pmGaAsDMESFET | 2P || 200MHz | 100 | 38
[Hals2] | Fym CMOS P || isinabz | 23] 63

| [Fensd] (.50mm Gass HEMT ap osooMHz | ton | &0
P [Mar4] 1.4pm Gass HET P 1GHz | 43
. [Tens3] .0pmm InP DHEET P | 3.3GEz | a4
P IMEDS, 1.2pm CMOS iLP || iZaMEz © 128 | 6D
[Shon] 0,5 5i BICAIOS IBF || z00MHz | 500 | S0
[Ert96] SiBIT boaLp 1.28GHz B4 -
[Rag®T] 2.0pm InP DHET | ALEVBP || 4GHz B2 | 44
[Gz097h) 0.5um 5 BIT ZBP i 33GH: | 10000, 607

" [TayeT] AlGade/Gens HET 4BF | 5268z | | a4z
[PmPE] | O4pm InGaFInGads HEMT | ZiP 5GHz 0| 51
[Geola) 0.5um SiGe HBT 4BP R son | a2
[Mardg] 0.5 SiGe HET | awp || cecuz 15| -
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designs are itoplementations of the standand double-integration maduiator with a [oop filter given
by (3.2), H(z) = (22—1}/[z~1)*. The two second-order BP madulators ars for convering analog
signale at ane quarter of the sampling frequency to digfral; ideally, they have the same petformance
and stability as a first-order TP design, The two fourth-arder BP designs are also f, /4 designs, and
they have the same performance and stability as a double-integrstion ATM. Thus, all the high-
speed designs listed except the last one are first- or second-order. For each elock rate §, and OSR,
DE and SWE_,. are also listed,

The performance of an ideal first- or second-order madulator can be found from DT simulation
as we did in Example 2.5 or from (Sch93, Fig. 7). Based oa thess, an approximale Formula for the
a¢hievable performance in a doukble integration modulator is

DR == 15log, {0OSR) — 13 dB, SNRoy = 13 ]log, (OSE) — 20 4B. (3.2)
Table 3.2 shows how each of the published 21 PMBP modulstors compares to {3.3). Generally,

Tablz 53.2: Performance in published doubls intearztion CTAEM: relative io ideal simuladion.

| Moduletor i 1Cha02) | (Hal92f | [Ferbal | [Na94] | [onda i
CLGHZ || 02 0,15 03 24 32

| SR 10 126 | o 1 o | 32
IR loss {d_é_} it 20 YR T L3
Usefl SR || 187 240 | 20n 110 15.1
Modulaesr ' IEcb6] | [RagfT] | [(Jay7] | [Om3E] © [Gaoddal
fu (GHZ) 1.28 20 | 32 50 | 44

. O5R fid 64 | 65 | s 200
DR loss (dB) || 257 33 ;7 o3 Lo 50
UssFul SR ist | &3 85 0 149 165 |

we ses performance falling far short of ideal, particularly for OSRs of 64 or mare. Frequensly in
papers that publish ourpue speetra it is elear that the signal band is filled with white, rather then
shaped, moise, Thus. doubling the OSR results only in a 3dE DR improvemen: instead of 1548
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Figure 3.3: ld=al vs. real specma io daublz integration modutalacs.

for an idest second order AEM as depicred in Figure 3.3 We could exmapolate backwards o the

approximate point where noise shaping ends apd white noise begins as
Useful OSE & QSR - 20Rkesilz 34)

Tlus 15 termed “usefnl OSR" because it is the OSR for which noise shapéing ceascs, and it is listed
in the table for each modulater,

Clearly, there is liotle bepefit in using OS8R > 13 for GHz-speed modularors. Tt s surpoising
now consistent this number is, ever with quite different clock speeds and semiconductor procosses.
The problem is not with CT ATMs in general—fAda86), for example, achicved DR = 105dB in
8 20kHMz band—it is with high speed CT AEMS, [t might be that all these modulators are lirnired
simply by thermal coise: the same thermaf noise spec would cause 3048 morc noise in 2 20ME:z
band than in 2 205Hz band, 50 2 4GHz medulator would be more likely to be thermal-noise limited
than = £0Hz modulator with the same OSE., Still, chere are a number of other possibilicies which

we explors in the coming chaptess.

33 Summary

Published high-speed CT ATM: achieve poor performance compared to an ideal modnlatos We
spend the remaind=r of this thesis investigating the performance-limiting nonidealities in hizh-
speed CT ATM design,
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