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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.



Chepter 1; Inimoduction 4

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



Chapter 2: AY M Conceprs 13

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
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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 [
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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



Cazprer 3: ALM Implementation ssuas 41

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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Chapter 4

Excess Loop Delay

Consider once again the high-speed double-integration moduolator from Figure 2,16 [Ten®5] re-
prodnced in Figurs 4.1, The quantizer is & latched comparator whose outpot drves differenrial

: f,
Ep-_'l H; Em 1y IIIII

4=

Figure ¢.1; Exampiz of high-snecd doubla intermation CT AT,

pair DACs; their output currents sum with the Tansconductor outpues. Ideally. the DAC cirments
respond Immediately to the quantizer clock edge, but in practics, the transistors in the lstch and
the DAL bave a noazero switching time. Fhus, there exists a delay berween the quantizer clock
and DAC current pudse. I is this delay that we call excess loop delay, or simply excess delay or
losp delzy. There is really oo analogous problem in DT modulators; pethaps the closest thing is
incomplete settling, which we discussed in §3.1.1.

23
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Excese delay has been studied in the literamre before; a brief summary of past work is Apnro-
peiate. Gosslau aed Gottwald [Ges88, Gos%] fowrd thar excess delay of 25% actually improves
the DR of a 1LP CT AEM. Horbach [Hor%0] confirmed this and extended the mesults to higher-
otder LF medularors, showing that excess delay is detrirmental to their performance. Chan [Cha8?]
found a full semple of feedback delay in his 2LP moduiator cavsed |Q4B of SNR loss. Shoesi
[Sho6] found exc=ss delay problemaric in IBP and 4BF modularors, Gao of al. [Gaod7a] ETORIO0SE
feedback cosfficient tuning and demonstrate that it alleviates delay problems in a 4BP modulator,
while Benabes et al. [Ben37] add an cxtra feedback loop w 2 2LP modulacor for the same purpose.

One of the aime of this chapter is to unify and summarizz the past work in the area, but we
also contribute new material. First, most authors use the medified Z-transform for studying excess
delay, but we expiain here why this is inappropriars snd demonstrate 2 preferred method. Second,
we consider higher-order LP and BP modulators in much more detail than has previous] v appeared,
We also consider multibit modulators, something which seerms ot to have been done in the past,
ldeas from this chapter have appeared pactially in [CheG&h]. and the chaprer has heen scceprad
almost verbatim in its entirety for jourral publicadon fCheGoh],

4.1 Preliminaries
A generad CT AEM is depicted in Figure £2°. The CT inpu 4[5 {possibly prefiltared by ﬂ{s)}

£,
N L R I_L
i) —=] Gis) sl T fis . _~|—_ ———
y L=

I
v
[S——

Eatl

¥it] '

[1znmre 4.2 General 1 AEM block diugram.

"WWe have made & slight chrnge from Figure 2.1: the DAC ot is new added o the inpud instead of suliircied,
Ihis is a uavizl differecce which will iavert the =i of O], but otherwvise leave modularor behavior idegtical,
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is applied to a modelator with a CT loop filter £(s) whose output we denote #(#), The quantizer
samples this sigeal at frequency f,, or eguivalently with period T,: this produces a DT oweput
signal p{n) = §{nT;), which [s fed back through a DAC.

4.1.1 CT/DT Modualator Equivalence

It is useful to hegin by explaining how te find the equivalent DT loop filter & (z) for & given CT
loop tilter H{a) (we first mentioned thi equivalence in §2.3.2). Why does such an equivalent exist?
Because the guantizer in a CT ATM is clocked, which means there is an itplicit sampling action
inzide the modulator, and sampled eircuits are DT circuits. We can make the sampling explicit
by placing the sempler immediately prior to the quantizer as depiceed in the vpper left diagram of
Figuie 4,3—thic does not change the behavior of the modulator. If we want 1o know how this is

i
B T 1
. Q : - | — Elkyg
(i X Hi=s} —q;i;—-'—-'-" —=¥[A]  uia) L —= Hiz} ¥inj
g 20 = _-F : ] e ﬁk‘_/ . j__ vin
i w1 ‘ - .
j[’t} oac <, DA‘E_I"L—

win) fo [ R0 F T oxm wim} ! (1)
e - oS e

[Mguez <.5: Open-loog CT A EM ard its DT equivalent

equivalent ta a I3T modulator, shewn in the upper dght of Figure 4.3, then it is {llustrative 10 zero
hoth inputs and open both loaps around the quantizer, This leads to the bottom fwo diagrams of
Fipure 4 3.
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In the CT open-foop diagram, the quantizer outpi y(n) is a DT guankity, and we may think of
the DAL 25 a “discrete-to-continuous converer™ it makes & CT pulse #(t) from the gutput samzle
y{n). This pulse i5 filtered by H 14] {the CT loop filter) to produce 2(f) at the quarcizer inpur,
which is thes sampled to producs the DT quantizer input z(n). The input and ourpur of both the
CT and DT epen-loop diagrams are thuy discrete-time ouaatities. 4 CT modalaror woulid produce
the samw sequence of curpur bits yin) as 2 O modulator if the inputs to the quantizer in each were
identical at samphne instants:

=) = Z(t] |emar, - (4.1
This would be sarisfied if the impulse responses of the open loop diserams in Fizure 4.3 wem cqual
ar sampling rimes, leadirg o the condition [Tho91]
ZTHEHE} = L7 B2 H ) emnr, (£.73
of, in the time domain [Sho%6],
kin) = [Fole) = Al ma, = f_ Zf,;..;rja{f —~ )T, (4.3)
where 75 (£} is the impulse response of the DAC. Since we are requidne the CT aad DT impulse
responses to be the same, the transformarion between the twe is called the fmpulse-invariant trans-
Jermation [Gara].

Without loss of generality, we shal] simplify the discussion by normaliziag the sampling period

to T = 1 second for the remainder of this chapter.

4.1.2 Usefulness of Eqrivalence

Enowledge of the equivalence allaws us to perforn CT ATM lcop Glter desige in the DT domain
Lsing any design technique we choose, for example, NTF protoryping [Nor97, Chap. 4]. Onece we
bave chosen H (2}, we may And the A{4) to implement the CT modulator with identical behavior,
given a certain type of DAC pulse. For simplicity, we- ASSLINE 3 pu:rfe;::ﬂy rectapgular DAC pulse
of magnitude | that lasts from o o 3, ie.,

lLLafts 0= d<I

5‘1.': I:i-'l = {_-4,4_]
S { 0, otherwige.
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Table 4.1 lists the s-domain squivalents for z-domain H{=z) poles of orders one through theee.
These were found by solving (4.2) in the symbolic math program Mapls [Red94] where the Laplace
transform of (445 35

= expl—as) — exp{—Js
Bpa,ny(s) = st sl (4.5)

It is found that a z-domain pole of multiplicity | at 2, maps to one at s¢ with the same muitiplicity,
wich

3, = In z¢. 4.8}
Thersfore, o use the table. £(z) is Orst written as a partial fraction expansion, then we apply
the trunsformadons in the mble o sach term and recombine them to get the equivalear &(s).
Poies at de (Le., 2¢ = 1) end up giving 0/0' as the numerator of the s-domain equivalent, which
necessitates [ applicarions of I"Hépital's nile: this bas beéen done in the fghe column of Table 4. 1.

The whle extends the work in [Sho%6) to zeneral (o, 3 and also to third-order =-domain poles.

Example 4.1: Many designs use DACs with an output pulsc which remsins con-
stant over a full penod, which we shall e & non-repem-fo-zero (INRZ DAC. For this
type of DAC, (&, 3] = (0,1) Ip (4.4}, Moreover, we saw thar many of the high-speed
designs in Tabie 3.1 were second-order LP designs; these differenriate the guaniization

noise twice so that NTF(2) = (2 - 1) and

—2x+1
Hl:.?_':l = W. E‘:F._-'r:'
Writing this in panial fractons yields
-2 —1 .
HI:E:I = - .8]

g—1 [=z-—1]%

Thus z = 1, which means 5. = (1 from {4.6). Applying the first row of Tabic 4.1 1o
the first term of (4.8) and the second row o the sccond term with (a, 3% = (6, 1) gives

—2  —140.5=

His) = (4.9

(4,100

i
i
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Tablz £.1: e-domain equevalences for z-demsin loop filier peles.

r;-lil:lnm:i:n poie

£-domain spusvalant
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As noted 5o §3.2.1, (4.10) was drst derived hy Candy [Can85] as the CT equivalent of
the DT double integration modirlacor in §4.7). C

Cur CT/DT wensformations are based on expressing the loop filesr in pole-zero form. thoneh
this is not the coly way to do it. Schreier [Sch¥6a] uses stare-space representation, and others
[$hod6, Gaci7a] use pole-zeru with the modified Z-transform (o account for excess delay, some-
thing we avoid here for reasons which will be explained below. As well, we only deal with loop
filter equivalence, which affeces the poiss tansfee function in the linesdzed ATM medel. Thers
are some subtleries regarding the sighal transfer function [ShoR6, SchRga] which we simplify by
assutmng a signal mapsfer fnction of [ in the signai band, This assumption is approximately valid
for st designs,

4.1.3 Effect of Excess Loop Delay

As poded 1 the inroducton, excess loop delay srses because of nonzero (ransistar switching
time, which makes the edge of the DAC pulse begin gffer the sampling clock edge. We sssume
that excess loop delay can e =xpressed by

Ta = g2, (.10}
which is depicted for an NRZ DAC pulse in Figurs 4.4, The sampling instane is ¢ == 0. The value

5 i %.?
| T[ | -

: S L

Figore 4,2: |llusiwtion of exress loop delay on NEZ DAC pulse.

02 Ty depends on the swinching speed of the tunsisiors fr-, the quantizer clock frequency F., and
the number of iransistors in the feedback path r,, as wedl as the loading un cach transistor. As 2

cride apareximation. we may assurne all ransistors switch fully after 1/ fi, in which case

04 5 ”‘Jf" (4.12)

Ts could end yp being a significant fraction of T, depending on the paramerers in (4.12).
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Ezample 4.2: In the desipn in Figure 4.1, suppose we desite 12-hit DR in a
30MEz bandwidth. This will require an OSR of sbour 30 [5c¢h93], which means we
st clock at f; = 3042 - 30) = SGHz. If the quantizer is an ECL-style larched
comparator, its ourpnt differenrial pair must switch; the DAC must also switch, and
this 1, = 2, In a fr = 30GHz process, therefors,

20 mam 4
P 7z T (4.13)
15 the amonnt of excess delay predicted by (4.12). =

Excess loop delay is problematic because it alters @ and 3, which means it affects the equiv-
alencs between Hs) and H(z). We can caleulate the effsct mathematically by using Tabls 4.2
which lists the z-domain cquivalents for s-domain H{s) poles of arders one throngh thres. As
with Table 4.1, thess were calculared with the help of Maple and {£.2). An s-domain pole of

mtiplicicy ¢ at 3, maps 1o ope at z; with the same multiplicity, with
Zp = BXP 3, (4. 14}

Poles ar 2, = 0 give puserators of 0°/0°, as before, and the dghtmest column gives the formuplas
that result when 1" Hopital’s mule is applied { times.

Exsmple 4.3; Suppose we have designed H (s} from (4,100 assuming NREZ DAC
puises, bur that we bave excess loop delay Ty, 50 thar in actuafity we have NRZ DAC
pulses deizyed by vy 25 in Figure 4.4, Now, we have (@3} = {ra.1 + 7). The
formulac in Table 4.2 only spply for 2 pulse with 3 = 1, but we needn’t wormy: it is
possible to write & ry-delayed NEZ pulse as

Pire g (8 = Fiag ) (£ + Floo (2 — 1, {4.13)

that is, as & linear eambination of a DAC pulse from 7 ta [ and & ons-sample-delayed
DAC pulse from 0 to 7 #s shown in Figure 4.5, Writing (4.10} in partal fractions
Fives

1.5 -1
_|_

Hiz) = _3 =

(4.16)
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Table 2.2: x-domain aquivalenses for 5-2omafn loop Sier pofes,

| -domain pole z-domaio o uivalent Limitforsg =0
| _r_ bz :
i i e I b .
1 A—IL ==k b i =L [
- a3 = ;
W= - = TplT —a)
n == r ﬂ:_:ﬂi-:
sl === ™ _!% LF—r)

g1 = i1 e ] - 3

l=iz- v 17
— zp " l—spl—ry

5L+ s A+ "—Ei,ﬁ“".-

L % 22— d) — a2 —al
pn = 2L+ spa) o EEE =)
: Pt
y? =
= o rp[F S — e}
+ -1 - 23 +287) 2~ o) + 38— al]
- 1138 _ o2
+ E E[2— kil — 2a) # Tf[ag[r -:]
L o L3 —o®)—HF—a)] |
+ Fl-l-2a+ 2% T il i
B = .t:_c[l-i-ﬁ,':ﬂ—%&i} to '.ﬂ"[-l‘-.--| — .

gl
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. § . Ty
l—  =i— +[ 0.
A A= T L.

Figure 4,3 Delayed NRE suise ag & linear cornbination.

Applying Table 4.2 to each temm of {4,16), for 2ach of the two DAC pulses in (4.13),
vields

— = 4,173
] =1 2—1

-1 - (—0.5 + 10 — 0573 ) =z + 0.3(—1 = 7§

gt [z—L1}2
L ?_-.r,g{—1+u.::rg].3—-{l-ar._r (4.18]
[z = L]
Adding (4.17) and {4.18} givas
% 2 By — 057822 4 [l — dry 47272 = [15s = .52
HE_T__TJ:I —_ E E T 2-5"_& ':I il d'].z |:J- "'I. |:|!+ ‘IJ-E |:1 a I} _...-J r.'l'.-- (.:1.,19}

z[z — 1)*
We can guickiy verify thar for 5, = 0. (+.19) mms into (4.7) as it should. However,
for 1 # 0. the equivalent F1z) is no lonzar (4.7).
If instoad of Table 4.2 we use the modifisd Z-ransfomm on (4.7), the result is
[Gan97a]
which is similar 1o (4,1%) but notidentical. The modified Z-ransform asswmes the de-
lay happens ar the output of A a) (at the quantizer imper}. but i o method we assume
the delay happens prior to the DAC pulse {at the quantizer owrpur). The lilerature does

not distingueish between these two cases, but they are clearly differeqt, Mome mpor-

tantly, our assumption represents reality more clasely—the delay is after the quanrizar

D an actial cireuit=——s0 aur method is superior to the modified Z-ransform. ]

We treat pulses as rectangular beoause it allows exact closed-form solutions in the CT/DIT S Iv-
alence calenfations, Other awthors [Ben97] trest pulses as trapezoidal or as having exponentizl
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nsing behavier, which is more realistic but which does oot leed to exact solutons as casilv, A
real circuit will likely exhibit DA pulse shapes more complicared stll. The key point is, excess
delay always alters the pumerater cocfficients of the egaivalent H(z), and it wems out that using

rectangular puises yields results that are similar ro those found using more malistic pulse shapes.

4.2 Double Integration Modulaior

How well does & modulator with & loop fleer given by (4.1%) perform? To stedy the affecrs of
excess loop delay, Matlab code was written to perfortn the wansformarions io Tables 4.1 and 4.3
mumercally. The ootput bit stream from a modulator was de=termined by solving the difference
equation X (x) = G(z)H(z0z) + H(z)¥ (z) ia the time domain with a C program foe given
G(z) and H{z}. The viruc of using the wans‘ormadons is it allows us to simulate ip the DT
domain, 2 process usually significantly more rapid than simulating using & () in the CT domain®.

Since first-order medmlarors with excess delay have been stmdied slready [Gos8%] and are of
limited practizal use due o an eXcessive presence of barmonics in the output spectium. we confine
ourselves to modulaters of orders two and above. In this section, we commence with the double-
mregration AEM: how is irs DR affected by excess delay? We said in §2.2.3 that DR is defined
as the difference berween the smallest and largear input levels (in 4B) which give SNR > (. At
low input levels, SNR is limited by in-band quantization noise (IBNY, while a [arge-ennough input
level eventually compromises the stebility of the medulater. There exists a maximum stable inpus
amplitude (MEA): DR may be found from TBN and MSA. as we exnlain helow,

4.2.1 EREoot Locus

The casiest way 1o grasp the effect of excess defay is to linearize the quentizer as was dooe in 82.i.1

and ook at the stability of the noise ransfer function. There is, however, a subtlety we ignored in

*Thegh we provide no expeomental vetfication of the results troughou: his chipter, we find simolation af
Figure 4.1 in Elda using ideal cireuit componens and 1 varisble delsy in the feedback path gives resulis that are
comsisleat with those pressoted in this section, Simulations ke much longer with Elds, howaver.
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Figure Z.1: the gain of 2 one-bit quantizer isn't well-defined. Fhat is, we could insert a positive ain
& immediately in front of the quantizer and not affect the performance of the circuit—oauantizer
ioputs would be scaled, but their signs remain unchaneed, bence the sequence of £1 wanld be
idenrcal. Making & explicit is usually done (Figure 4.5) in the linear meodel, which results in

=4

|

’ ”'D-'-JI{——I

St
Figure 4.6: Linear{zed AEM with one-bit quantizes arbitrry gain .

NTE(z, vy} = (L + =H(z,7y))7". Figurs 4.7 shows that for » = I and increasing ., the poles
of NTF{z, ry) move towards the uni: circle, eventaally moving outside at pa == 0.31. Any choice
of & = 0 shows o similar movement of poles from their inirial postions Bowards the unit eirele;
this implies madulator stability worsens as delay increases. Tirme-domain simulation shows that it
rakes gy == .63 t0 make the modulator unstable. The root locus incorrectly pradicted gy = .31
for inscability becanse » = 1 was not satisfied in the simulation. How to measure or chooses & is a
nontrivial matter [Ric%4, Chag. 6] and we do not explore it in detail here; we atternpied o use the
Bnear mode] for cheracterizing delay with little suesess. Suffice it to say that ic at least makes a

qualitarive prediciion that stability worsens with increasing loop delay.

4.2.2 In-Band Noise

In practical terms, we care about kow much performance is lost due 1o excess defay. Figure 4, 80=)
shows an output speetrum near de; 256 16384-point Hann-windowed pedodograms with random
initial conditions were averaged. and the Inpat signal is a 0.1V sine wave, As the del av IncTeases
frotn 0% up to G0%. we sce that the noise foor dses slowly. Tategrating the BN for zero lnpui as
a function of 7y produces Figure 4.8(6): for delays below sbout 20%, IBN stays coughly constant,
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oot locue on M'I'F[a.'l.'-ﬂ:l

1-8° ;
G.5; .. I'
. i
;E a- H 4

= o Poiesforng delay
=z Stess of 10% dalay each | 1

-1.5r
l .

-2 =1 4] 1 2
Real

Figure 4,7: Effect of Toop delay oo roat Incus of LTFz. =)

Buit rises as delay increases®, If the excess detay exceeds about 63%, the modulator goes unsiahle.
In this chapter, Instability is defined to heve occurred if the quinizzer mput magninede exceeds [0
before the end of a simulation for 2000 suceessive sirmulations with randoin initial states. A similar
defimition was used in [Ris%4].

The smallesr inpur signal for which SNR. = 0dE is exacty the [BN, adfusted for the gain of e
window {0.375 for Hann, or 4.2648) and the fact that periodograms measare mms power (3.01d4B),
For example. the TBN for rz = § and OS8R = 64 is —83.06dB, and so we predict chat an input
magnitude of approximately

—85.08 +4.26 + 3.01 = —77.704B 4217

iz needed to get SNR = (dB. In simulation, we fod the input magnimde that Teads to 048 SWR to
be about —77dE.

*The non-moootanicity oo the ik of the [EX granhs and coctain larer DR praphs is nola read F5er it is an artifar:
of doing simulaions with zerg input and na dither. Otherwrise, the goperal rends indicared by the curves are gecarar.
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Figurs 4.8: (3} Ourpul specoum Fom dovkle inrgraticr ©T ATM (h) in-Szod oaise for zero inpor a5 & Anetion of

lanp detay.

4.2.3 Maximum Stable Amplitnde

Second, bow does the MSA change with loop delay? Te detemmipe the MSA. we once again
fullow Risho [Ris®4]: we apply a ramp input whose amplitude increases slowly from O o 1 over
L{° dme steps; when the quantizer input magnitude excceds 10, the input Jevel at that inscanr is
the MSA. A traditiona! method [Sch93] involves applying & low-frequency sine wave at the inpar
and muhning for andreds of thousands of cycles to check thar the modulator remaine acabls, then
mereasing the amplitude and repeating the simulation untl the maximum amplitude for which the
modularer remains stable iz found, We find Risba's method sives approximately the same answer
while requiring many fewer simulation mns.

Performing this test for 200 runs with random inital conditions yields the graph in Fizurs 4.9,
The modulator is stable for inputs of up 10 0.92 for no excess delay, but this falls more or less
limcarly to near zera at about 30% delay. An unstable modulator has SNE = —o6, 50 the MESA i3
precisely the Iargest inpat for which SNR = (0, For example, sty = 0. the MSA is

20 log,, 0.92 = —0.724E. {4.22)
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Figure 4,2; Maxmimim scahla tmplitede for dovble intepration CT AT,

4.2.4 Dynamic Range

We can combins the previous two restlrs to plot the modulargr's DR against deday in Fisure 410,

D is the difference betwoen MSA and adjusted [BN; for example, ar vy = 0, 2queations (4.2
(422) wive
DE = —-0.72 — [-77.T3] = FT.0HB.

This Is converted to bits using (2.10) and the result is plotted for 0 < 3 < 1 in Figure 4.10.

Example 4.4: Example 4.2 estimated a loop delay of 33% in (4.13) for OSR. = 30.
¥ soe from Figure 4,10 that even with O3E = 84 it would not be passible to achieve
the desired resolution at 33% delay: we could only obteiz DR = 11 hits, To achisve
12 bits at OSE = £4, we must have no more than aboet M5 Ii‘«fﬂlfl!:hb loop delay. Far
a S0MHz bandwideh, OSE. of 64 means clocking ar 6. 4GBz, and from (12}, wre sen
thart the mansistors must ave f = 32GHz or so. O

[ ad

(4.23)
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Figure 4,10: Dynamic range for dochle mispration CT ATM,
4.3 f./4 Fourth-Order Band Pass Modulator

We saw in Figome 2.7 thar BP modulators with center frequency f./4 ar= potentially usefal in
radio receivers; indeed, several cirouits [Sin95, Gao%7h, Tay97, (Gaod8a] have been built with his
application in mind We noted in §2.1.2 that taking a low pass NTF{z} with a quantization noise
notch at de and performing the substitation 2~ — ~z~2 gives a BP NTF(z) with a noise notch at
fs/4, one-quarter the sampling frequency, with double the order snd identizal stability propertics
to the LF protocype. The substimition cur be spplied to the loop filter H(z) w yisld the same resulr.
Applying this to the double integmation medulator (4.7} gives

=Tzl 2zt
EI{:PI:E] = 7 - HE‘?':I:] = FE I L
L

(L—2-%) J

14,247

Fhis contains reo double poles at z, = =§: we could fiad the equivalent Hgais) by appiving the
results In Table 4.1 to a partial fraction expansion of (4.24).
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Example 4.5: Doing this for NRZ DAC puises vieids

—1.03546° + 1.06525% — 1.3210s + 4.3561

Harle) = T (1"

4.25)

How do we build a circuit to implement this? Historically, LP DT modulators have
been built as a cascade of integrators 24/ (1 — =74} [Cha®0], and building an f,/< BP
BT modularor simply requires replacing the integrator blocks directly with resonator
blocks —272/(1 < z7%]. It is likewise possidle to build LP CT modularers as & cas-
cade of intzgrators 1/s—the block diagram for Fieure 4.1 is shown in Frgure 411
However, simply repiacing integraiors with resonators As/ (8 + %), w = %/2 a3 in

1

3 [ '
TTTa ] o) S LI '
i) = % ! > ol s F Tl ()

-~ '-EJ
L NEEDAC

Fimme 4.8 1: Block disgram lor LF CT ATM from Fizues 4.1

Figurs 4.12 does ror build {4.25): the opmerasor of E{Ep[a-} for Fipure 4,12 daes not

2 i

F24or : st g

N S TV e VS SN o Y

k, ke A

~, NEZ AL

Figurs 4.12: Block dizgram for BF €T ATM with inegrators replaced by resonators thar cagnol implement degizel

equivalent Hiz).

comtainan £ ar s term, vet each is raquited i (4.25). Early designs [Thu9] suffered
from this problem, -

Une solution is fo use resonators Atk & low pass term included in the numerator: [As +

B)/(#* +w®). A second clegant solution first proposed in [3hoB4] and [Sha95] is to use resonators
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Asf(*+u?) with two different types of feedback DAC, leading to the so-called multi-feedback ar-
chiteciire in Figure 4,13, There, the DACs are remirn-to-zero (RZ), which has {a, &) = {0, 0.5) in

—
As E ‘! L] » | ;F :I"[-n}
s g | |

t HRZDAC |-—'.

¢ RZDAC ke

Fegure 4137 Muold-Ffeedback BF CT AFM archittecmrs,

(4.4}, and half-delayed wtum-to-zero (HRZ) (o, 3] = (0.5, 1]. The three trpes of DAC mentioned
so far are depiceed in Figure 4,14, AH are easy 1o fubricate in an BCL-style latched compararer, a

! ]
1 11— l:
41 ! _I—,..||
T T T
. 1, 0=, . 1, 0 =f< T2 . . L, LRt ed
Tagz(t] = . Frait) = ) d Furzit) = / )
0, otderaige . noherwise 0. otharwiss
- L — =i - 1 —e—iTisz - nl—mmiTa
Frgals) = — Apz(s] = — - Riinzis) = o 002 :

Figure 4,1£; Commaon BRAC polee (vpes.

typical cirenit diagram of which is shown in Figure 4,15, By diode-connecting the finsl differ=nrial
pair rather than eross-coupling them [Gao%8al, an B2 rather than an WRZ waveform is cutput. In
the multi-feedback architecture, we could have used any two of WRZ, RZ, and HRZ, or for that
matter any other rwo different pulses, but those three types are easiest ro build in a peactical circniz.
The numerator of Hgr () implemened in Figure 4.13 can be set by aleering the & cocfiicients.

Example 4.6: We wish o find how to set the &s 5o that the equivalent Hgp(z) is
that in (4.24); this is done by convering Hpp(s) to the z-domain using Tabie 4.2 for
edch DAC separately, then linsarly combining the resulis and solvin o for the ks, Tt can
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Fignrs 4.15: BCL-style Jatehed comparargr with preamplification for snhansed resolrtion az high speed. Far an NRZ

COMPAaratr. sonnect the fnal differeatal pair via the dashed oes; for BE, conpect the domed lines inzead.

be caleulated that
'[J;'IH. Frr-_u JE?H, JE!,',E_]' = { ~i.086 ?31 —?-133355 1 4allA, 148744 {‘T—.!ﬁ'}

are the & values that implement (4.24) when the CT modularor wses RZ and HRF
Dack, C

How does excess delay affect this desien? Both leading DAC edges become delavad by .
Exactly the same simmtations were carried out for this BP modislacor as were dene in the ETEVi s
section (IBN and MSA), only nstead of vsing 4 de inpuk to find (he MSA, a sine wave nput at f, /4
whose atnplitude increases from 0 we | over 14 time steps is used, Apain, this method is rapid, and
we find It o gives similar resnlts o using a sine wave Input with fixed amplinides and frequencies
near fr/ 4 simulating for many cycles o see if the modulamr remains stzble. then increasing the
amplimde and repeating the simnlarion. . _

The reauiting DR as a function of + is plotted in Figrs 4, 16(z); for comparison, the resulis
irom Figure 4.1 for rhe donble integration modulator ace overfaid with dashed lines, Interestingly.
the two designs perform the same wntil about about 30% excess delaw. af which point the BP design
becomes more severely affected; the exact reason for this is unclear to the asthor. It Foes unstable
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Figurs 4.16: (a) Dynanic moge for muld-feedback BP CT AEM, with carpaison 1o Joubls inrzsTacon results. Che

Same graph with OFR as independent vasiable; numbers oo cerves are P

for ubout 30% excess delay. These results do not chanpge if a different pair of DAC pulses am
selected. Fipure 4.16(h) plots the same results only with SR as the mdependenrt variable; the
parameter on the corves is the product of 7 and fw, the Nvquisi rate. Thus, for example, a
rnodulator with 2 desired fy = 2MHz and a fixed delay of — = 1ns has 7 * far = 1075 = 1.1,
and the DR ar a given clock speed f; = OSK - for may be found from the graph.

Previous examinations of this moduiator [Sho96, §3.1.4], [Gao97a] whick found 25% deiay
required for mstzbility made two errors. First, the modifed Z-transform was ueed which 1ad o
an incorrec; Hgpe (s, 7o) Second, simularions were carried out with a large fxed-zmplinds tone,

which fails to take inro account the changing modulator MSA with increasing delay.

4.4 Higher-Order Modulators

We now tam to the effeets of excess loop deley for low pass CT ASMs of erder higher than rwa,
This has beep examined carsoely vsing the modified Z-twansfomm in [HarS0], but nowhers else
1o the auther’s knowledge. The architeeture we will consider is a generalization of Figure 4.1
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which was firsr shown in Figure 2.6, reproduced hers with CT istegrators in Figure 4.17. Bt is

I , t\ /
L L L
A : R ] 1L _
=i E =- x e e el — = i)
uie I : . " l — ™ j:-_ I
fllkm L k, -J
1
<

Figure 4,17: Block diagram for peneral high-order LP CT ATM .

straightforwardly realizable in VLS with transconductors, intesrators, and diferential pair DACS
us in Figure 4.1, The loop filter realized by this architechure for m = 2 i3

2 (4l — DI ey By

Tig) = =izt - 427
His) -5, By [ )

(#.27) shows that ihe purpose of the Bys s to allow us o implement NTF!z) zems at places other
than de (ie, z =1).

Four types of high-order modulators were designed using NTF prototyping. The NTFs used
had

& Third-order Buterwonh noles, all zeras at 7 = 1;

* Third-order Butterworth poles, optimally-spread zeros:
» Fourth-order Butterword poles, opiimallv-spread zeros;
« Fifth-order Chebyshey poles, optimalfy-spread zeros.

The spread-zero modulatoes bad zeros placed according to [Sch937 so that [BN would be mini-
mized for a given QSR Modulators with our-of-band gains (OOBGs) of 1.3, 1.4, 1.5, and 1.6 were
all designed—higher OOBG mrans lower IBN at the price of MSA [MNo197. Chag 4]

Example 4.7; We demonstrate this quickly for a fifth-arder Chebyshev modulaor
with zeros spread assuming OSR = 64, Figure 4.18(a) shows thar [BN falls from
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—118dB for OOBG = 1.3 down to —131dB for O0BG = 1.6, Al the same time.
N34 falls from about 0.79 ta about .51, Mote that IBN is plotted on & logarithmic
scale but MSA is on a linear scale; DR, increases from 17.4 1o £9.3 bits over that range
of ORG. |

The DR a3 a function of excess loop delay for NEZ DAC sulses and O5SKs of both 32 and 64
are summarized in the grephs in Figure 4.19. The results are most intriguing. The modulators with
(HOBG = 1.3 remain stable even for one full semple excess delay, and moreaver they only suffer
a dypamec range Ioss of between two and theee bits, This contrasts starlly with the resules for
the second-order LF and foorth-order BP circuirs. Tncreasing CHOBG resuils in modulators which
bave generally better resalurion &1 no delay, but which become nastable for less exo=ss delay. This
makes perfeet sense: higher QORG means a generally [css-stable £{z), and in fact we see the 7
needed for inscability is ranghly inversely propoctions! to QOBG. This suggests that higher-order
modulators enjoy an advantage over the Iawer-order ones: the existence of a parameter, OOBG,
which we may select according to o resojution and excess delay imperviousness reguirements,
though only extremely recently has anyone published a high-speed €T ATM design with an order
higher than two {recall [Mer98] in Table 3.1), To be fair, one con vary the QOB in a second-ordsr
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Figure £.20% Dynamic range for sizth-coder BECT ATM. Numbes on curves are DOBG valuss.

LE AEM, batit is rarely done in practise.

For Interest’s sake, & sixth-order f, /4 BP design was also tested by caking the low pass NTF
with third-ordsr Buttarworth peles snd three de zeros and transforming it to & band pas: design
usitg z 7' — —z 2, This can be implemented using the multi-fzedback architecmure in Fi gure 4,13
with 2 third resopator and an additicpal feedback cocfficient for each DAC. DR is plotted against
Tq in Figure 4.20. Comparing these curves 1o those of the equivalent third-order [P desi £n (the
upper-lett graph of Figure 4,19) ilustrates behavior like that i Figure 4.16: the BF curves have
the same shape as those of the LP crrves for Tow cxcess delay, hut they become unsiable socner
a5 excess delay increases, Significanty, the LP modulator with OOBG = 1.3 wes stable for a fuli
sample of excess delay, while the same BP modulater is only stable up unti] m = (.85,

In conclusion, TP modulators of order higher than two let us choose OO0BG as a0 and-delay
Ineasure at the cost of resolution. High-order multi-feedback BP madulators do liewise, though
their immunity to excess delay isa’t a5 good as in their LP counterpants®, It is believed that thess

"The Matlab code wrinten 1o do the cansformations was UBfinately oot sophisticated enoush o hapdle BP
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Figuore 4.21; Modalators with multibil quantizers: {2} second-arder LE, ) fooeth-ardar 257

r=sults are new. Finally, in fairmess, even theugh the resoluticn of somes of the ideal modolators in
Figure 415 excseds 16 bits, it is uniikely that GHz-spesd madulators would achieve such & bi zh
resolution because other nonid=alitics such 2s thermal noise and clock jitter will abmos: surely limit

performance more than quantization noise [Dia®2a). We wiil discuss these in the chapiers 1 come.

4.5 Modulators with a Multibit Quantizer

Thes far, this study has simulated A ZMs employing & single-bit quantizer. Tt is knowmn cthat mnlribiz
guantizers in DT designs improve stability, particularly for high-order desi gns [NorS?, Chap. B]. Tf
the: previons seetion is any guide, we can hope for an improvemest in the immunity of CT designs
with & mukihit quantizer to excess delay. The author has not sesn this studied elsenbere,

There is some improvement, but not 2 lot. Fizure 4.21(a) shows 1be DR againsr excess delay
for the second-order LP modulator for OSE = 64, while Figure 4.21 (b} is for the fourth-order BE
modulator. The thick lines are from Figure 4.10 and Figure 4.16, the results for a 2-lavel (1-bit]

moduletars with non-cotneident NTF zeros, thoueh it serms reasonable o assme the results far such modilanss
wild echo thowe seen in Figure 430,
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quantizer, and the other lines are for 3, 4-, 8-, and 16-evel (1.3-, 2. 3-, and 4-bit) quancizers.
Generally, DR improves with quantizer resolution as expected, and fAurthermore the TEODE OVEL
which the modulators remain stable improves a luls with increasing quantizer resolution. Similar
results are saen for the high-order LP medulators as for the second-grder LP modulane We soe
the fourth-order BE circuit can be stable for 7 close to 0.7 with 1 4-hit quantizer compared to 0.5
for a 1-bit quantizer. Again, similar results are seen for the sixth-order BP modularor.

We noted in §3.1.2 the traditional problem in multibit desiens: any Jevel mismatches in the
reultibit feedback DAC ars direcdy input-referred, thereby limiting the achievable performance.
Implementmg cither DEM or digital post-correction on the same chip as the modularor might be
a problem becasse both would require digital eircaitry switching a1 f;, which would canse a aTeat
deal of switching noise that might couple through the subsirate into the forward modulater cic-
cuitry and degrade performance. Morzover, DEM would mean switching cizcoitry in the feedback
path, which would add excess delay. Multibit guantizers are attractive both for stabifity and for
mducing jirter sensitivity [AdaS&], something we congider further next chagzer, thoush no one has
yet attempted Lo build 2 high-speed CT AEM with a moltibit quanrizer probably because of the
defficulties jrs mentioned.

4.6 Compensating for Excess Loop Delay

We bave secn that it is possible to make a moduator immung to excess delay by choosing iy
OOBG appropriately. However, there exist methods of ertoally compensating for delay. We um
now to discossing them for single-bit designs, though the results ara egually applicabic to oualubit
designs. We exploce some past propesals in maore detail than previously reported and alseo St

E0Tn= new methods,

4.6.1 DAC Pulse Selection

In §4.2, we considered the second-order LP ATM with NRZ DAC pulses. A problem with this
kind of pulse is that any =xcess loop delay v > 0 cavses § = 1, which means the cnd of the pulse
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extends bevond ¢ = 1. We saw in eguations (4.15) through (419} thar this increases the oeder
of the resulting equivalent A (z}: in (4.19), A{z} has the two poles at z = 1, but it acquires an
additional pole at = = (1 for 73 > . Thus, the second-order modulator we mied o build actually
fas a third order [oop filter®. In geneal, in any OT modulaor with enoagh excess delay o push
the falling DAL pulse edge past ¢ = I, the order of the equivalent DT loog filrer is ome higher
than the order of the CT loop filter. Thus, a muld-feedback B modulator nsing either an NRZ or
HEZ pulss increases in order, as do the higher-order LP modulators fram 844 with WNRZ DACs.
Another way to think about this increase in order 15 that it adds intersyrbel interference: the DAC
pals2 from a previous symbol overlaps the cumect one.
Tf we were o use DAC pulses with 3 < I, then the pulses would extend past ¥ = 1 only if the
condition
Tp= 1l (4.28)

keld. This suggests the following for the second-order LP modulator ig Figure £.11: if we nsed
an K7 DAL instead of an NRZ DAC, F{z) would remain sseond-order for =y < 0.3, IF we knew
exactly what 75 was, we could select the feedback coefiicients {ky, £, | to get exactly the squivaient
H(z) from {4.7.

Example 4.8: For Figure 4.11, the loop flter is

_ ch+|!:15

fis) = =

{4.29)

Applying Table 4.2 to the partial fraction expansion of this for e ) = [, e+ .30

fivey
o AR = Ea(3 — 2] - [—4k + &2(1 + 47 ]
Hiz, ral = =, 4.30
{ t d..l 3{3 _ l:l‘z. ! }
We wish {or this to equal {4.7); squating powers of = in the numerator and soiving
vields
fks b} = {=2,—2 — 2}, (4.31)

For small 1y, the NTF hss 2 pole and 2 zern clide 19 voe another which aimast cancel, s the design appears
approsimale |y second-grder in thar case,
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Thus, for a giver 1; < 0.5 and RZ DAC pulses, we can make our H(s) match exactly
the destred H (2] by tuning the parameter &, In the pardcular circnit of Figure 4.1,
this 15 accomplished by changing the value of the curment sowrce in the dghimaose dif-
ferential pair DAC. O

It has [ong been recognized that it is sensible to use RZ DAC pulses in low pass CT ATMs
[Adadf, Com@1, Cha®2, Nard4, MitQ3). Apart from ke immunity to exccss delay it afford us, an
RZ DAC also alleviates intersymbol interference problems cavsed by asymmerric DAC pulse rise
and fail times [Ade8S], However, the diffecedtial cirewit architecture of Figure 4.1 also avoids this
asyvmoterry even with NRZ pulses [Ten95].

4.6.2 Feedback Coefficient Tuning

As weo have noted, if thers exists cnough excess deiay to push the falline edae of 2 DAC pulsc
past £ = L, the modulaior ooder increases by one. Thersfore, there will be e + | coefficients
in the numerater of the equivalent & (z}; with only m feedback coefficients &, the system is oot
fully conrollable via these &5 alone. Previous examinations of loop delsy in f/4 BP ATMs
(notably [Sho%6, §2.1.4] and [Gaod7a]) have studied the system in Fignre 4.[3 using the moditied
Z-ransiorm and found the umber of pammeters in the aumerator is . The melti-feedback archi-
tecture achieves a nemerator coefficiant of O for the 2~* term only becanse of perfect cancallation
inthe 73 = 0 casz. For vy # 0 the cancellation is mined so the enefficjent of =1 it oeEeTs, Yot
ibe modified Z-gapsform incoreet!y finds it to remein zero. There are actually m - L rather than
1 memetator coefficients for £, /4 BF modulators with excess delay.

Even though delay causing 7 > 1 means the svstem cannot be conmolled serfee Uy with the s,
some degree of conrol can be exsrcised. We demonsteare the helpiulness of this on the fourth-ordes
multi-feedback modniaor in Figure 4.13.

Example 4.9: Suppose there is 2 fixed excess delay of oy = 35%: Figure 4.16
shows that for OSR = 64, a DR of 9.9 bits is achieved vsing the nominal & valoes in
{4.25). [t iz found that (BN = - 7848 apd MSA = 0,24 at this =



Chapter 4 Excess Loop Dielay 81

Turiog kq . '|'|I|'|:I"lj|'is
=T T T __ _\//h\-\_\__\_\-/\ |
=] W =t
=
E‘.E.I:l P T : R E p* S Eﬁ““-—-’"ﬁ'\,‘f’-ﬂ‘. -
= . | |
B o1 0= 0s [ 0.5 LB =i =B =C.E .4 -0z a
11— . — 1|
_ E——
H _,_o—"'_'_'_ 5
PEOEL - oo o s . e e CE -
Ea.s[/_,/ ! = [ i
T a1 oz a3 e e a5 = oA 15 1.4 -13 a
12 r . n wrs
— 1 —
o m_"‘—\—'—”—w—'— g _,.'—'H.._H_
= DI.- ,/-"'!-\_Fh ........ 4 =] e P . E
& &
T e 0z T3 Y T — o Y e 0.2 .2 3
b naarive fo el altdzfl qu refalkve o waug a|1;c=|:
Tunrgl-;“ Tl.ll'li.'l? k‘l
—H 7 _?Ei ’ |
E- o f ) E] Jﬁl% :
| PR l,'ﬁ':'-. W g Hm . e .“l'. R TeED= - - ; - — .
= = ! . g
- e l"|.I| ) H""--\_,-'-""‘ ¥ i PR ) )
q a1 a2 0% 4.4 ni LE ; o cz ¢a_+ CE LLE 2

Q o o2 a5 o4 L8] LE G 0.t O . oo H
i, miatve o valua are =0 r:u_r_r':ﬂ'.':hc,-.'s.ln..saueﬂ

Figure 4.23: Fourth-order {74 BF CT ADM pecformancs at g = 335 delay will: feeghack cosfficiant UMInE.



Chapter 4: Excess Loop Defay B2

Tuning feedback coefficlents aynarnicalty

14

—le
I
1

Dyruamic range (bils}
O T

B
!
r
1

i
:

. Tun=d k
-—- Linuned k

L

0 0.2 C.4 D& G.8 1
|

Figuee 4.25; Mult-feedback BF modu lator dynamic cangs with & tuniar.

Figurz 4,12 shows how the periormance of the modulator is affect=d when the s
are wned one at 2 time away from their nominal values. By adopting a stecpest-desrent
tuning approach where each & is tined iteratively aoiil the DR is maximized we find
thar it is possible to improve the DR from 9.9 bits 30 [1.3 bits, still at vy = (.35, The
BN and MSA are both improved, TBN to —79dB and MSA o 0.74. The & values
which give this performance are approzimassly

fhrd: ko, bng, knet = {—0 .87, ~1.83, 0,48, 1 88} (437

The tuned & perfurmance is still not as good as the 13 bits achieved ar no excess detay
i Figure 4.[6, but it is an improvement compared oo the untined & perfopmance. ¢

40 interesting thing happens when we tune the 3 o taximize performence over a wide tange
of excess delay valuas. To wit

Example 4.1&: Figure 4.23 compares the modulator DR for unmmned & Faramelers
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from Figure 4.16 and toned & paramerers where the steepest-descent algorithm was
applied for several different values of excess delay between O and I. We see that it is
possible to find & values which kesp the modulator stable for the entire range of .
What is perhaps more surprising #s that performance worsans up o S05F excess delay,
but then actuaily starts to improve again untl there is a full sample delay, wherenpen
the performance becomes as good as it was for ao delay at al]l! How can this apparently
meonsracus eesult be ome?

Fecall Hppe(2) in (4.24); the numeraror was 2272 — =% The z—2 means there iz a
two-sample delay in the feedback; every ATM must have af least one sample of delay
in order to be cansal. We found the equivalent Hzp(5) in (£.25%; the two-sample delay
t5 inplicit in this equarion. Note that

. @Rz 21+ 21
-"-7" e — _1— |
Hariz) {14 z-232 d 1+ :2)2° (4.33)

This snggests we could pisce a digital latch that provides one sample of delay (25
price to the DACs, and then fird the cquivalent S gp(2) for the & (=] with muomerator
227 = z7%, In other words, we have two choices for buildin o a twi-sample delay into
the T feedback loop: by masching to an H(z) with two delays in the numeraor, or
by providing a latch which 2dds one delay and matching to an F{z) with cne delay in
the aumerator. These are denoted, respectively, the zere and one digital delmv schemes
in [Sho%6). This choiee is peculias to f, /4 BP modnlatrs: it does noc exist for LP
modulators or BP medulators at a diffeceat frequency because they invariably bave a
nengero 271 term in the numerator, and theresore A(z) would become non-causal if
Wwe were to factor outa z*7 as we did in (4.33).

For each scheme, it is possible to Aod analytically the faedback ks which impiz-
roent the desized f(z);

1—1.0862, ~2.1330, 04502, [ 4874}, zero digin? delay,

1—0,4502, —0.6339, 1.0568. 20874}, one digital delay,
{4.34)

{"li."‘l'q.: k—r'.ﬁ k.l'l.—‘l:l I'E:I'l:?} =

E3
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where the first seL of &5 is from (4.26). The reason for the identical DR performance
observed at borh vy = 0 and 7 = [ is now clears for 7; = I, the optimal &2 ars thase
in the second row of (4,34}, and the steepast-deseent algorithm nims out to converge
to values close (o thase, For 0 < 17 <0 L. the &y for optimal DR [ie in between the zemo
and one Jigital dzlay values——compare, for example, (4.32) for v = 0.33 10 (4,34
thegh unfortunately the relationship between 7y and the &5 which optimize DR is not
linear, For example, for o = 0.3, picking & valnes that lie exactly half way berwesn
the values in (4.34) [eads 1o DR = 9.2 bits, though the steepest-descent alsorithm
found & values to make a modulator with DR = 10.% bits. iJ

Figure 4,23 is strong encouragement o design the &s to be mable, possibly even for on-ling cali-
bration against process 2nd temperanire variations. How to deaign a wning afgonthm to maximize
DR that works on-chip, perhaps ever whils the modulator is operatiag, is an interesting wpic for

future reseasrch.

4.6.3 Additional! Feedback Parameters

'3 = 1 couses the modulator order to increase fom m o m + 1, and we only have m fecdback
coefficients, then it stands to reason that employing an additional feadback should restors fufl con-
rollabilicy to the system. This has been suppestad in (Ben%7]: inthe block diagram of Figure 4.11,
a third NEZ feedback was added whose oueput goes ditecty 1o a summing oode sfter the second
mntegrator {thar is, immediaely poor to the quantizer:. To vse this approach in a eircuit architectare
Gles Figure 4.1, where the quantizer input must be a voltage byt summartion is dooe with cuments,
we would have 1o add a mmansconductor followed by & corrent-to-voltage converter in hetween the
second op amp and quantizer.

We can aveld adding comporents in the forward ATM path by using an additional feedback
witk a differens kind of DAC pulse. This is alkin to the moltiple feedbacks in the mulbi-feedback
BF cizcuit, but it is belicved that this has pot been suggested previcusly for dejay compensasion in
LP modnlators.
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Example 4.11: Consider again Figure 4.11: et us denote irs NRZ, feedback
parameters kg = fg and &k, = kb, aod et us suppose there is a third feedhack which
goes o the same summing node as &y : an HEZ DAC with coefficient k.. The =
domain equivalents for the NRZ pulses with excess delay have already bean fourd in
{4.17} and (4.18); to geperalize them ta feedbacks &.: and k.,; instead of —[.5 spd —1
is a aivial change to those equations. For an HRZ. pulse delayed by 2. the z-demain

equivaient 15
k .‘-. 1 ﬂ-_'—'.‘"" k'1|
% R ] ':zil el i (4.35)
\ ]
Cosmbining this with {4.17) and (4.18) yisids
22 e 4
Hipy = 2 s+ (4.36)

z{z — 1}

where { i, 4. 3o} are expressions invalving .z, &ai, kn, Tt We wish for the nu-
merator of this to equal —22% + = from (4.7}, and Maple can be used o solve symhol-
wally for the & values:

P =t
Bz = :'E?
wrd —drd 122 10 ;
kﬁ'. = L Y T_I_‘g"' 2+ . I..'4-3?:|
T
b — i—arilasl e
Rl T3—2 -

Therefore, given the excess delay 7, we can get exactly the & (=] in (4.7} by tuning
the feedbacks 1o the vajucs given in (4.37),

We could alse use an HRZ pulse fed back ro the first summer: this would give
us different equations from {(4.37), but it would s1il] be possibie to achieve the & =)
in (4.7). However, we could not use an RZ pubse in place of an HRZ pulse. This iy
because for 7y < 0.3, th= RE pulse would not contribure to yy in (4.36): oely Fno and
Fay would, and thus to set g = 0 {as (4.7) dictates) would reguire ks = ky = O,
which renders the feadback inoperarionail. |

How do we add an additional parameter 10 the BP mplo-feedback architecture for delay com-
pensation? Intemestingly, adding an NRZ pulse to Figoe 4,13 tumms our aot to work. This is becanse
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nonproblem. Cher stody has contribured 2 nember of useful new resals: we use & trapsformation
method which weats the delay as ecourring after the quantizer, not before as the modified =-
wansform does; we consider both the change in noise 2rd MSA with delay: we show Bow delay
atfects high-order designs, as well as moldbit designs: and we demonstrate compensation methods
based on RZ DAC pulses and additienal feedbacks using independent DAC pulsas.
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Chapter 5

Clock Jitter

Timing jitter in the quantizer clock. usmally called ¢lock fitter, is an important mechanism of per-
formance degradation in CT & EMs, It is a mere severe problem than in DT designs for a eeason
that can be understood ax follows, On the lefi of Figure 3.1, a typical cirowit woltage waveform for

DT T
e ‘ ] L

< et | ke

at wl

Fagure 5.1: Clock jimer efisct in DT ws. CT desigr.

an SC DT AFM 15 depicted. Most of the charge transfer oecurs at the star of e clack period so
that the amount of charge Agy lost doe to & timing error is relatively small. By contrase, the rghr of
Figie 5.1 shows the DAC outpur corents in a CT circwit such as Figure 4. 15 hers, charge is trans-
Ferred ara censtant rate over a clock period, and so charge loss Ag, from the same dming error is a
larger propoertion of the total charge, Morcover, in a DT desizn, Jittzr in the input sample-and-held
(3/H) clock means only the input waveform is affected, In a CT design, the sampiing occurs at the
guantizer rather then the input, which means the jitter affects the sum of the input plns quantizarion
foise—a signal with considerahly more power than the input aloee. Fenge, CT ATMs are miore
sensitive to clock jitter than DT designs JwdZ0s].

3
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Clock jitter caus=s a slight random veriation in the amounr of charee fed back per clock cyele.
Put anciher way, 1t is skin to adding a random phase modulaton 1o the output bit stteam. In an
oversarmpled comverter, the specoum of the orrpur siream is very noisy outsids the (narow) signal
band; a random phase modulatdon causes the noise ourside the signal band to fold inte the signal
band, raising the converter noise floor and degrading its resolution. The aim of this chapter is o
quaniify this degradation given a phase ooise specification for & tvpical en-chip VOO so that given
the: desired resolugion of a fully-integrated delrs-siama data coavecter with an on-chip clock, the
maximurm-allowable phase noise for 2 piven clock frequency might be determined. The majority of
past work [Har?(], [[na92a, 4], [Ris94, £C.4.3], [vdZ96, EIL.C] trears jitter as whine; onr meatment
of nenwhite jiner in §3.3 is believed to be the first comprehensive one. This chapter and the next

Lave been acceprad for publication as 4 journal paper [Che@92].

5.1 Preliminaries

We introdirce the architeciure of the modulators used in this study and deseribe the method used 1o

simulate their behavior.

5.1.1 Modulator Architecture

A block diagram of the architecture is shawn in Figure 5.2, It 35 similar e Figare 4,17, onby morc

=r— S -

|

(e Ny R ) = | | S

= ch) 4 SV J:‘ ; v
Ky & Tk—nl

——— £ -
L B DAC =

Figura £.2: Biock digpran for gegernd OT A S archizonee.
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gemeralized. Each of the gain blocks G, (5} will typically be the same sxcept possibly for the gains;
thus, for a low pass modulator, the blocks can be represented with continuons-time [amegrators

A{
- 'II = —— ' a
G,ES_. STd (3.1}

and for a band pass modelator, they will be resonators
(5] = %
Without less of generafity, we will sometimes assame the samplicg frequency s f, = [Hz, which
simplifies the notation in (3.1] and (5.2} by making T, = 1. Modulator bebavier is uachanged so
long as the proper scaling is applizd to all circnit paramerers.

The quantirer drives two separate DACS of the RZ and HRZ varieties whase [=vels at feedback
points are set by cosfficients {fm, Aoy, - -2 fea b and {Een, knim—1]. - - - - g }. TesDOCvely. A
modiaror with an NEZ DAC can be effected by seting ks = &, while one with an RZ DAC anly
waonld have all £, = (), We have both types of DAC in Fizure 5.2 separately tunable for when we
wish o implernent multi-feedback BP modulators,

5.1.2 Simuladion Method

The time-domain siare equations are coded in a C program and integrated numerically using a var-
able tirme step fourth-order Runge-Kuta (RE4) method [Pred2], For cxamele, for an LE modolator

with gain blocks given by (5.1), the state eguations ars

1 d:|':t' E]$:+"'_: mIm_li;vrey_Fﬂ-.. |!-=]. _
T _ (2.3
2 b R T S =2 ...,m

where &; = Iy during the first haif of a peried and k. = £y during the second half, At everv clock-
ing instant, the quantizer output is evaluared: the power spectrum of & outout bits is caleafared by
the program using the periodagram of the FFT, and pericdesrarns from any number of runs with
random inirial states may be averaged to vield 2 fairly smooth spectrum from which the SNR may
be found.

Moreover, certaln nonidealities of interest in this chapter are implemented. In particular;
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» the sampling instent can be affecred by Jiter;

= the DAC pulses can be delayed to model the Gnite speed of the tmangistors i the feedhack

path, and they car have nonzero fse time ro mode] the finite xain of the trnsistors:
* the quanrizer ran exhibit bysteresis endfor metastability.

This lacter item will be important in Chapeer 6; in this chapter & quantizer with no metastability &5
aszumed. Other ponidealities such as integratoes with fnite de pains (or esonators with fnie C5h
and fimts gam block outpul swing could alse he modeled without nuck difficulty.

The principal advantuge of using C 35 that it rans very fast compared to, for example, Blocks-
diagram level simulation in a cirenit simalator like SPICE, thongh it is slower to cade. Prescntly we
show that we can get acceptable agreement between the program and 2 Tansistor-leve] simulation
in SPICE with s#veral orders of magnitude increase in simulation speed. The effort spent on the
cading wili appear fusafied.

5.2 Effect of Clock Jitter on an Ideal CT AXM
Let us start with a review of the sheory for whits Jitter, Suppose the sermpling times ace given by
-'Er:l=ﬂir:ei‘:_.lljﬂ1R=E'|l.---'.--'1"'r""1 (3.4)

and for the momenc, lat the 5, be iid ragdom variables with vadanece 73. As noted in the intro-
doction, the effect of sample time Jitter is to modulate the out-of-band noise in the DULPUL Spectmm
tmio the signal band. This fills in the ideally infinitely-deep quantizaiion moise notch with white
noise, which lowers the SR and hence the converter resolution. Let us guantify this sratement for

a vouple of different cases.

3.2.1 LP Modulators with NR7Z Feedback

Figare 5.2 can simolate low pass modulators with NRZ feedback by miaking the gain blacks inte-
ararocs as in (5.1) and setting & = kp; = & If all the integratoss have gain 4; = , the locp fiter
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tmpiemented by the circuit for m > 2 is (4.27);

EII:‘?J _ EE] ﬁ:‘lkf - E';'_ J""f—:i"EIJ]
o 1— 2 Bl ) -

We can choose a [oop filter H(z) in the DT domain using any method we glease and ransform it
to the equivalent H{s) as we did in Chaprer 4. It is then a mivial matter to pick & zod B; in {5.5).

9.3)

Example £.1: "W have alicady noted that the standard doubla-intesration mod-
ulator has & DT loop eransfer function H(z) and equivalent CT H(s} for NRZ DAC

puless mven by
—2z+1 - —laz ~1
() = — s = S =
Hiz) T—1F Hiz) = (3.8}

where T, = 1 for simplicicy. For integrators with gains {4,, 4,1 = {2, 1},
(ke o} = {—1,—1.5}. {B, Ba} = {0.0) (3.7)
are fourd from (5.5). ' I

Example 52: A third-order moedulator designed using NTF prototyping whare
NTF(z} has Burerworth poles, an out-of-band gain of 1.3, and zeros spresd to mini-
mize quantization acise in the signal band assuming 0SB = 3% can be found 5o have
H(z) and His) for NRZ DAC pulses given by
_ —0.78747% + 13083z — 0.5369

diz) = =% — 2.80492% + 2 80427 — 1
—D.BT028% — 0.24075 — §. 04582

= dls) = < + D.0058s 2.8}
Choosing all intsgrater gains to be 1 vields
{kr, ke, fa} = [—0.0831, —0.5021, —1.4659},
{8, Ba, Bs} = {0,—5.7830 x 10-%,0}. (5.9

If we were interested in actually building ks, we might fnd the range of these valucs
(from 0.5 x 1877 up to 1.5) 106 wide to be practical. Cheesing the integrator sains as
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{41, Az, A3} = {0.2,0.2,1} instead gives & smaller spread in the resulting & and B,

Rewriting (3.3) for 4; «£ 1 and solving gives

{k, ko, B3} = {-1.0479, —1.2083, —0.6702],
151, By, By} = {0.—0.1446 0} (5.10)

Of course. for the purposes of simulatior, sither will work. 3

Performing the sasme calculation for fourth-order Butterworth pole and fifth-order Chebyshey
pole NTFs both with out-of-band gain 1.5 and vptimaliy-apread veros, and simplating those sye-
tems with different values of jitter standard deviation g, resuells in the omtpur spectra showa in
Figure 5.3, Thase are 256 averzged 8192-point Hann-windawed periodograms whose T axes span
a frequency range from 0 to £ /82, The input tone was —20dB reiarive o full scale in ten 1%
(2.32 2 1073 ). The & were normally-distribued. We indeed see the deep notch in the quantiza-
ton ooise gradually filled in with white noiss with 2 power proportional e 10 log,, (o2 /T, 12,

This behavior can be explzined By eonsidering Figure 5.4. The output bit strearn with jitter
showm in the top diagram is equivalent to the sum of an unfittered bit stream (the middle diagram)
ang a stream of pulses, which we call the error reguence, resulling from: the jitter (the bottom
diagram}. By the linearity of the FFT, the owtpus spectnum of the top signal must be the sum of the
spectra Of the bobiom twao signals. The ermor geavence can be wntizn as [Ris94]

A

] AN
IE 3.k

expzin) = [u(n) — y(n — 1)

where y(n) is the nth output bit, For wideband uneorelamed Jittee, 1iis ermor will be almast whits,

m which case we may write
75

F'l

&

in ather words, the variance of the error sequenss is the product of the variance of dy = yinh —

{512

2. .1
"-'rc"“"':r-.‘.'yx

¥(r ~ 1) and the jitter variance refative 1o tho cleck penod. For /W output bits, we sxpect the noise

per penodograrm bin o he
Rof, - 203y _ -
10 lﬁgw —%—T_E— — 72718 ['3.13:I

¥
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L
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L —

-

Figure 5.4; Equivalent represcoeations of  Jitiered bit smeam.

Teble 3.1 Simntared ard calculared LP NRE modulater performarsce for o2 = 137*T, in Frpure 5.3,

I Mogularar T Bascband noisz per bin | SHE for OSE = 32

|._ Simolated + Simolwed | Caloulemd. co. £5.13) | Simulated I Calewlered, e {5.14)
Double inmegntion L&T4 —75.541 =7o.8dE ¢T.adB 27.6dE
3rd arder Buttzrworh 1.730 —75.6d8 —T&.odE 27.3dE 27.2dB
Hih order Buterworty | 1739 | —735dB | —T3.6dE 37448 27.2dB

| Sth order Chebysher | 1731 —73.%dB ! ~75.64B o 27.5dB 27.3d4B

where the factors of 2 in the numerstor ardse because we ans taking the one-sided POWET 3pee-
mm and where 7.27 is the sum of 10logy, 2 = 3.01dB (the power spectrum is rms power) and
10log,, 375 = 4.26dB (0.375 is the gain of 2 Hane window), Moreover, if the SNE in base-
band iz completely limited by white jitter noise rather than nelse-shaped quantization noise, we
caO Wit [Rig94]

' QSR .« 12 /2
Table 5.1 shows the agreement between calculated and simulated values of (53.13) and {5.14) for
the four madulaters in Figure 3.3, The theory for low pass WRZ modulators is confirmed by our

ANBwry = 10log, dE, {514
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simulation.

5.2.2 Modelators with RZ and/or HRZ Feedback

It 15 possible to build LP modulators that use feedback other than NRZ, for exemple, BE feed-
back. Indeed, as we saw last chapter. RZ DAC waveforms are beneficial for reducing intersymbo]
interference and excess delay peoblems, so we might prefer them over NRZ DACS, As well multi-
feedback BP modulators use both RZ and HRZ DACs in the same circuit. How does jiter affeet
the spectrum of 2 modulator using RZ {and possibly HRZ) DACS? This problem has not previously
Been considered; it is believed that the matenial here is new. Let s fint choose circnit coefficients

for rypical modulators.

Example 5.3: The CT loop filter & {s) for a double integrarion LP medulator with
FZ DAC pulses can be found from H (=} 10 be

. —Iz+1 - —2.0s -2
—_— T . HI." = - . -
Hiz) 1y ++ 5] e (3,13}
Pirking the inregrator gains to be I and the s w be zero leavas
thz by} = {~2, =23}, {5.18)

which we found in (4.31) for r; = 0. =

Example 5.4: We considered the design of & fourth-order f. /4 BP modulator ia
Example 4.6 already. The feedback coefiicients for resonators in (4.26) wers

K2, ko Kng, b b = {—1.0868, —2.1330, 0 4502, 1.4874), (3.1
and these are correct for resonarors with gaing {4;, 45} = {/% 772} and wy = = /2
o {3.2). 0

Ouiper speciza for simolasions of each svstem ar= shown ie Figure 3.5, Onee again, these

are 256 averaged 3192-point Mann-windowed periodograrns. For a jitter standard deviation T5 =
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Figure 5.5: Qurput speetea far (2} EP BZ and (b) BP RAHEY moduelators.

L07*T,, we fonnd a bascband noise of —73.8dB per bin in the double integration NRZ moduiator,

while for ike doubie integradon RZ modnlator in Fisure 3.5(2) the value is —71.3dR, and for the

EFP modulator in Figure 5.5(b) the value is —66.748. Where do the new values rome foom?
Figure 3.6 shows the same bit sequence {+1. +1. —1, +1, —1 } as output by the same maduTator

RZ & HEL -

T
r
1
|
Figure 3.5: Error sequence eneryy in differear ovpes of modeiater,

with three different DACs: NRZ, RZ, and a combination of both RZ and HRZ DACs, The solid
rectangles show cdges which are affected by jitter. We may distinguish the thees cascs as follows.
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= In an NRZ modulator, jitter only matrers when the output changes sisn—the emor sequence
2xpz(n) is ponrera only at those times, e.f (5.11. The energy in the ermor scguence is
propordenal o dy* = [p(r) — win — 1)]® = 4 for 2 modulator with %1 outpues. For the
double integration WRE medulator in Table 5.1 we found Tay = 1.673, and che formula for
variance is 2 ng_EiLF aw,

WETONSL W

for large N where Nz, is the actual number of owtput bit transitions. We have o5, = 2.20
and can estimete Ny, /N = og /4 = 0.70 for that modulator.

(3.18]

= In an RZ moduiatar, both the rising and the talling edge of the pulse occur every clock cyele,
50 jirter affects & total of 2V edges. The energy per edge is [£1 — O = 1, one quarrer as
much as m the NRZ case. Eut now, energy is being transfomed over oaly half a clock cycle:

Tz Is therafore twice as large relative to the eneryy (Tansfer pericd i an RZ modalatoe.

e In a modalacor employing RZ and HRZ polses of Opposite sign, as is cthe case in a mulki-
fredbacle BP modulator, theee are now N edges at half clock cvcles when aoing from the
RY7 to the HRZ pulsc, and edzes at half cveles whers the outpat bite yin ~ 1) and y(r) are
the same. These edges have eneray 4 a5 in the NRZ, case, and &g 15 twace as large relative
E the energy wansfer period as in the RZ case. In simulation. we find 5, = L4053 for
the BP modulskor, so thar Mg/ = 0,484 framn (5.18). The toral number of edzes is then
N+ N1~ Ay, /N = 1.306.

Taking all this into account, we may estimeate an effective value of sfy tn (5,12

Q10 ad = 2.80. NRZ
o= Bl = 800, Rz (3.1%)

Lilifxt 2 2* = 24.10, RZ & HRZ.
Therefore, we expect the RZ LP modulatar tobe 10 log,, (8.00,/2.80) = 4.64B worse than the NEZ,
LF modulator and the BP modulator 1o be 10 log,, (24.10/2.8(0) = 8.3dB worse than the NRZ LP
modntator. This is very elose to what we ohserved (4.54B gnd S2dB) in Figure 5.7, As a rule of
thumb, elock jitter lawers SNR by 64B (1 bit) ie RZHRZ ws, NRZ modulators.



Chaprer 5: Clock Jiner 1043

iparcent oo Asstimukrid jiter
an, : : 20 |
| ,
.gi_ - S TR . - 1 o e | . .I
B — _an—. |
3 [ E |
2 _yp- = 3 3
i ] g | :
Z ar - E [ i
: e | |
-ma B0 "

a r ] LS G o |2 o 12 (1] 1.£
r."1: (Fl}

(& (@)
Figure 5,7: Towindowed spectra of sine wave carriess saropled with jicer: (a) jodependent jitter, (b aceuznulated

Jitter,
3.3 Clocking with a VCO

Although it is interesting didaceicaily, the anaiysis in §5.2 i no: termibly relevant in practice. Tha
problem is, it we are mying to pse 2 high-specd CT AYM i & practice! cirenit it will likeiy ba
clocked on-chip with an integrared VOO, Sampling instants =5 Eiven in {3.4) are not what a real
VOO provides—the jinter instants 2, from a VOO are not well-modeled as 1.4.d. rasdom vafabies.
Fizore 5.7(a) shows 256 averaged 8192-point unwindowed terindograms of a sine wave cerrer
sampled by an ideal S/H four times per period (e, f = £./4) with a jittered clock given by (3.4)
and ¢y = 1072, That kizd of jittsr, which we will denate independent fitter, adds white noise
skiets to the carrier. A VOO produeces skirts thar are nomwhite.

5.3.1 Modeling VCO Phase Nuoise

We can modify (5.4 1o produce noowhite skits fairly sasily using a result due o Berkovirz and
Rusnak [Ber?2]. Supposc the sampling instants are inseead given by

1
fﬂ —_-?E-T;"i' z.ﬁll‘- ﬂ__'EL 11"1|-hfr_]- {-:_I'E'D:I
1=
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Fagere 5.8; Frase noise plat for accomulated jitter sapipling of sine wive.

where 5; are still £i.d. We deoote this qccumutated jitrer because it contains a nioning suem, and
a sine wave sampled four mes per period with a jittered clock given by (3.20) has the SpeeCITUE
shown in Figure 5.7(b). Platting the magnimde of the skirts relative to the carrier with a [ozenthmic
frequency scale. as Is eustomarily done in a VOO phase noise plot, wields the graph in Fipure 3.8,
where we have assumned the sine wave has a frequency of f, = 1GHz. The sideband power has a
L/ f* dependence—exartly as is the cage in an inteetated VOO [Haj98], A VOO also has a 1/ 3
TCEon close to the carrier, and a white noise floor far frorn the carmier, but (3.20) at leasi mves a
reasonable approximation of 4 VICO phese noise over frequencies an intermediate distance fram
thies cammier. Phase noise in a VOO is usuaily specified as n. dBe/Hz at an offsct T from the carrier
fo- Happily, this £, is usually in the 1/ 2 region of the phass noiss.
A typical achievadle value of n, is [Leefs, Dauta]

fle = —100 + 20 log,, f, dBe/Hz at 100%Hz offset (5.21)

for f. in GHz. How can wa relate this to o3? We are imerested in the case of f, = f,, sincc

for clocking a AYM, all thar marters 15 the jitter of the zero crossings of the cartsr, yet we are
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constrained marhematically in & periodogram to f, < f, /2. However. it is found that alteting the
ratic: f./ f. moves the phase noise in Figure 5.8 proportionslly ta 10 logyy fef Fau 50 We can use this
to extrapolate t0 f. = f,. Adter seme sxperimentation with normally-distributed 4., it is found
that rsing

{3.232)

gives a phase noise of n, relative to the carrier at f, offset from f,.
Therefore, we can simulate the effect of clocking 2 AXM with 2 VOO meeting & cerrain phase

neise spec by using sampling instents with accmmnlated jitter (5,20) and & variance given by {3.22}.

3.3.2 Effect of Accumuolated Jitter on Performance

Example ourput spectra for four different types of medulator are dapicted in Figure 3.9, These arc
the third-order Butterworth NRZ, fifth-order Chebyshev NRZ. deuble integearion RZ, and fourrh-
arder f; /4 multi-feedback BP AYM;s from Figures 5.3 and 3.5, All simulations nsed g = L0,
and for contrast both independent and accumnlared jitter spects are plotred compared to unjittered
Specira

There are two traits in the accumuiated jiter spectra worth poting. First, acoumulatesd Jitter
whitens the in-band specoum in much the same way as independens jire—his is noc unexpectsd
because gny ciock spectral impuritics will randomiv modolare out-of-band nofse into the sigmal
band. The white acise floor szems to be between about 1-5dB lower for accurnulated JICIET Com-
pared to independsal with the same eg; for a given modulator, simelations shows this mmher i<
dbout comstant for any values of oz, input freguency, and input amplirude. Szcond, 1the dash-doc
lines on each graph show the spectrum of a sine wave with the same frequency as the ingut tong
that has been sampied by a 5/H circoit elocked with the same clock as the guantizer. The skirts
on the tone appear directly in the onrpur spectrum so long as they are higher than the whire noise
fier. This, toeo, is logical

Nate the significanee of the observarion tn §5.3.1 that the height of the skins is propoctinnal 1o
10log.g £/ Far as the input tone moves to hipher frequencies, the skirts become hizher c2lativa 1o
the: tone. Thos, an LP modulatee with 2 large tone closs 1o the upper in-band frequency edge will
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Tahle 5.2; Performance effects of real %00 clocking on preedeal moduolaors.

Modulawr R O5R Ideal clock Vi clack
DR | PeakSNR | DR | Peay SNE. |
T = s = at— -
25z 3rd acdzr Bimerworth 226%x107% | 32 TAME - 7334B | 69.6dE ° 69 adE
54 i 93.3dB | 93124E | UY0.54B 50.2dB
IGHz Sibt cade: Chebyshey 2155 1075 | 3x | EZ.6dB 818dE | 70.8dE T9_14R
|

g1 | 11454 | LO0.7dE | 100648 %2148 |
3.2GHz doubls integration (Jen®5) | 3853 x 20— | 32 | &274B | s563dB | sz84m 56,348
' 4 TE.5dB 713dB | TR.0¢E | 71.24E
4GHz 4th arder BF [Gao%a) 1451 % 107% | 32 | g37dB ! s544B | £32dB 0 52.74B
B4 | 77SIB |  TO2B | I754E . 35.3dB

have higher skirts and hence lower peak SNE than if the tone were clase to do. Moreover, the Fifd
BF modutacor’s performance is affected moch more severely than any of the LP modulators, as is
Appareqt in the graphs. Shoaei observed skints in the ontpnt speetmem of a BP modulator {Sho%s.
E8.4]. so he tho was apparently using accummlated jitter, though his study is not nearly a5 dersiled
&5 OUrs.

The =g used in Figurs £.9 is unrealistieally high for a practical ¥CO; ic was used sLmply a5
an Nusiraon, [n Table 5.2, we have shown how more realistic &y values would effect the pesfor-
mance of real high-speed CT AZMs. We have characterized the dynamic range (PR and peak
SNE of four modulators:

= 2 1GHz-clocking third-order LP design with NRZ DAC pulses and Butterworth pole place-

ment in the NTE with gaie 1.5 and spread zeros:

= a 2GHz ffth-order LP design with NRZ DAC pulses and Chebwshey pole placement in the
NTF with exin 1.5 and spread zeros:

# the 3 20GHz double integration modularor published in [Jer93], which has NRZ DAL pulses;

anrl
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* the 4GHz foorth-order BP mulu-feedback modulator from [Guo®8a] with a noise notch ac
fofd = 1GHz

For each modulator, we used (3.21) w pick a reasonable value of Ty Eiven [y, and (3.22) to find
Ta. Then, DR and peak SNR, were messured from simulation of esch modulator at twe different
OSRs, 32 and 4. The medulsters were simulatzd both with ideal (unjiciered) and VOO (jittered)
clocks, and the input wne for the LP modulators is close to the upper band edge 50 that jitter skics
will be most pronounced”,

Looking ar the table, we may make the following commerts. Toe ideal modulators have DR and
SNER limited by gnantization noise ¢nly; for the modulators clacked with a VO, the question is,
daes jirrer noise impose additional performance limitations? Far the doubie ntegration modafator,
the answer is no: performance is still quantization-noise limited for che realistic vaiue of 5 used,
For high-order modulators andfar high OSRs, the likelihood of being jitrer-tieise lrmited increases,
35 13 particularly clear in the fifth-order modnlaror with OSE = 84: more than two full bits of
DR are lost at this clock frequency. As well, modulators with center frequenciss awey from de
suffer more greatly from fitter performance d=gradation, as we expect from Figure 5.9—note that
maximem SNE for the BP modularer is 4dB warse than ideal at OSR, = 32 and 1548 worse ar
O5E = 64,

An nteresting thing happens whee we combine the equations in this chaprer w derive the
maximum-achievable DR for a ¥CO-clocked modulator with a phase-noise spec given by (5.21),
We assume that the in-band noise i completely white: the fulf calenlation appears in §A,1 and the
tesult is equation (&, 10,

Maxirum DR (his) = 1% — 0.5 lom, fiv, (5.23)

'A quick check of the sbsolute oa velues it the whle makes them 2ppear sspicious: for example, the 40Hz
modulazor kas I; = 230ps and /T, = 4.431 = L0~%, which means &7 = 11.16s. A (ypical Gbit-rare dara generayar
ipecs edgS jimer ar a vajue of a fow ps, o 1o three orders of n;apimd-: migher than s oa. However, it most be
remembersd that we are using sccumulated jier, (32403, pot white. This means the clock phase over hundreds of
cycles wanders sigmtteantly relative o 8 2oferent refereree; it is trivial to shewr that afrer W clock cucles, s plasc is
& Cauwssian rndom veriable with vabance Naz. The o /T, valoes in the able are comect for a phase poise given by

r=21)
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where fi is the Nyquist rate expressed in MHz This depends only on desired conversion band-
width—it is independeot of clock frequency so lomg as the VCO conforms te (3.21)7 AS an exam-
ple, 2 3IMH2 convenier has far = G40z, and (5.23} says VOO fiter will [imit the performance to
o< more than 16 bits in this band. But chis is far more than the resolation achieved by the fast mod-
ulators in Table 3.2, Clearly, ¥ICO phase noiss is unlikely to be the limiting faceor in 2 high-specd
modnlatoe,

To conclude, the quality of integrated VCOs for celfular radio apphications is zood enough
that the D of only vary high-resoluton wideband LE AXMs would likelv be affected. Fast BP
designs might be more problemaric in terms of the prak SNR lost due to jitter skints appeadnz on
the cutpor tone. For [Gao%8a] which does band pass conversion at |GHz, we might think we can
address this by downconverting te & freguency of a couple hundrad MEz and daing the ADHC there
instead where the jitter skirts in 2 ATM would be less severs; however, we must remember tha
the downconversion operation iself must be done with 4 jinterad clock, and this introduces skirts

on the tope in the mixing procass.

>4 Summary

Clock jitter adds u random phase madularion ta the output bit sceam which degrades performancs
by whitcning the quantization noise notch. Past treatments of jitter in CT ATMs have generally
treated fitter as wideband uncorvelated whire noise, bur this is not realistic for the case af a ATM
viocked with 2n on-chip VO which has nonwhite phase norse skins. This can lead not anly to
in-band noise whitening, but aksa to skirts op the input tone in the oRtpur Spectrurn. we distiil
the calenlations inte a sinzle equation, (3.23), which ailows us to estimate the maximum DR thar
would result if ATM performance was limited entirely by VO phase acise. From it, we conciuds
that for coeversion bandwidths into the tens of MHz it is unlikely that rypical VOO phase noise
would be severe cnough to cause a noticeable DR degradation in a typical integrated Iow-order LF
CT AEM. though high-bandwidth high-order LP desizns might present more of a problem and BP
cesigns suffer in terms of SNR e, due to the higher skirts at higher inpul signal frequencies.



Chapter 6

Quantizer Metastability

Even with a perfectly uniform sampling clock, it is nonatheless possible for there 1o exist 2 varistion
in the feedback charge. This happens because a real quantizer contains a regenerative circuit with
a finite regeneration gain, Therefore, quantizer inputs with a magnimde near zern will taie longer
tecesolve thun mputs with a large magmitude—this is the classie problam of metastabilisy in digiral
tatches. Ina AEM, the input w the quantizer is decomelaned from the modolater input to the degres
that it appears mpdorn: hecce, the tmes when the quanrizer inpot is near zere also appear sandaom.
This means that at cerzain unpredictable sampling inscants, slightly more charge is transfered for
the peevious clock peried and slightly less for the next period As with clock jitter, the effect is to
medulate out-of-band noise into the signal band and desrads converter resolutian.

This was first identfied by the author in [Ched7]. The aim of this chapree is 1o greacly expand
on those resulis, which were only for a double integration modnlaree: we wish to peneralize them 1o

diffzrent orders of modulator and smdy methods o overcome the effacts of quantizer metastability.

6.1 Background

Before poing too deep, we first chroniale how the importance of metastabilicy was discoversd. This
is to introduee 2 new methad of simelating CT AEMs, agother idea first published by the anthor
[Cha98a).

157
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Figuse 6.1: Typical anyver spectra for (=) SPLCE prowcype, (b C peogeaen ysing the sams parameters.

6.1.1 Initial Observations

The avthor was studving an industrial high-speed double integration CT ATM [Sch96b). an early
pratotyps of which wac very similar in design to the modulator in Figure 4.1, The protorype
tlocked at f, = 1GHz 2 1600{-point Hann-windowed specttum from a trancistor-level SPECE
simurlation s shown in Figore 6,178), The npuc tone was —4dE, and the SNR achieved for an
(SR of 32 was 44 3dB. From (3.3), an ideal doable integration ATM achisves SNE, ., = 36dB,
and this heppens ar an input level of around —4dB. Therefore, the prowotype appearsd gonideal
by about two bis. Moreover, at an OSR of 64, the SNR only imareved 3dB to 47.3dB—this
shows that the baseband noise is white rather than shaped at 1348 per octave of oversampling, as
we would expect for & second-order ADM. A O program was written to modz] the SFICE cirenit,
including such things as finite op amp gain and iepur resistance, nonzero excess delay. end ponzern
DA pulse cse time, A tvpical spectrum for the same input conditions appears in Figam &. (b
The spectrum locks similar excem towards de, where it continues to deseend as 15dB/oet. Eath
modulatars had an unjittered cleck, and past experience with SPICE taught vs thar it didn't seem
reasonable 1o atribute the SPECE results to, £.2.. rundoff emor. Why does the spectrum of the
SPICE sitmmlation become whire?
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6.1.2 =z-Domain Exiraction

The new sunulamon method exploits the bidirectionality of the DT/CT equivalence explaired in
§4.L. For the general DT medulator in Figure 2,17 on page 28, we had & time-domain expression
for the guantizer input =(r) in (2.12}, reproduced here:

m 3 [: 3
zin) =3 mein— k) + 3 buln— & + 3 quin — k) (6.1
=1 k=1 k=1

Recall that we are usitg the impulse-invariant transfonmation for DTACT equivalence, whick en-
fomes the condition (4.1);
z(n) = Z(1}|=nT,- (6.2

Ths, (6.1 must hoid for a CT modnlator at sampling instanes:

m
2nTy) = 3 leedlin — BT + pit((n — BITS) = epii(fn — £)T.)7 (6.2)
=1

This suggesis the following: if we simulate a CT AZM and excact {#{nT,), a(rT,), §(nT;)},
then we oughe to be able to dnd {a;, be, o} soch that (2.13) is satisfied. This will give us the DT
eguivalent for ihe CT modulutor,

Example 6.1: During the 16000-clock cyele SFICE simulation of the prototype,
the values of . &, and §f at sampling instants were printed out. Using a least-squares
fitting approach in Matlab, the following best-fic DT difference equation wes found for
the grong of 50 consecutive saruplas of #(n7) = z{a) beginning ar sample 700:

Tin) = 19835z(n 1) — 0.98%5z(n —2) + 0.231%ufr - 1) _
— 0.2083y(n—1) <+ N03Lly(n—2) = O.0462pin—23),

£l = HAImMY, ||z = 4.9i4aV. (6.T)

Ihe Gt is not perfect as evideneed by the nonzero |jz] .. and ||2j]s values in (6.5), which
ars (respectively) the maximum apd rme errors between the best-fit z{n) in (6.4) and
the £{n¥,) from SPICE, z(n} spans a rasge of about =300mV, o the rms error |z | »
15 2hout 1% of the full-scale range of =(r).
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Taking the Z-rrapsform of (6.4) and usine (2.11), we find the loop transfer functicn

to be
—2 00037t + 0.49062~% + 0443623

T — 198357 + (.9RE62-2
Thus, the z-domain extraction method allows us to sce the &(z) actuatly implemented

Hiz) =0.1042

{6.64)

i@s oppased o the iz} we thought we had impiemerted) in 2 CT AZM. (6.5) i5
quire a bt different from the Fiz) = {—2z7! =277 /{1 — 192 we desire in a Jouble
integranon AXM. First, the mutio of the 271/ »~2 numerator coefficianes is eloser o —4
than —2, and 27 is noneero. Second, from (2.23 the poles of H(z)] arz the zeros of
NTF{z), and factering the denominaror of (6.6) gives poles z = (.0947=<1°. Ideally,
this would be = = 1£(°. Using the group of 50 samples starting at sample 7000 yields

a best-fir 2:(n) of
z{n) = 1838Tz(n—1} — 0.8832x(n -2} = 0.2241ulr—1] 7
— 02027y{n—1) + 0.0801y(n—2) + 0.0488y(n—3).
el = 26.62mV, |gls = T.06ImV. (5.8)

The NTF zeros are now fourd to be 0.992:49.0°, The magnitnde is similar to that
tound from (%.6), but the angle has changed from 4.3° 0 5.0°. The coefficients of the
bese-fit equation seem sensitive to the sronp of sempies chosen. J

6.1.3 Examining the Errors

For the groups of samples in Example 6.1, Fignee 6.2 illustrares the SPICE vaines of F{nT;) with
clear bars, and the erross {the solid bars, magnified for ease of viewing) berween (w7, ) and the
besi-fit Martlab equations w(n} in (6.4) and (6.7). Ar sarples 7% and 710 in Figure §.2(a), thers
Is a large emror followed by an error of ooposite sign: the same is true at samgples 7018 and 7015
In Figure 6.2(P). Resimularing with more detail produced the same problem a samapies 179 and
[80) and the circuit waveforms in Figure 6.3, We noticed the matching errors of opposite sign
colncided with additional excess delay at sample 178: the nominsl excess delzy in this des; £ i3
#q =2 (.24, bur at sample 178 in Figuee 6,3, the delay is pa & 0,30, Recall thar the second InkEETator
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Fizurs 6.2: Exampies of z~domain extrection from SEICE data.

output in Figure 4.1 is precisely &, the quantizer input; notice thar in Figure 6.5(b). the vollage o
sample 178 (ilustrated by the small circle) is cloge 1o zero. It is this which cazses the extra delay;
small quantizer inpuls lead to longer regencration times, which leads e increased excess delay,
Figure 6.4 plows exeess delay against quantizer inpur magnitode for many sanpling instants and

proves the point

6.1.4 TUsefoiness of z=-Domain Extraction

It was because of the z-domain extraction method that we siumbled npor the sizaificence of
metastabibity ic CT AZMs. Some peneral comments shout the ysefirlnass of the method are in
order. First, the good things;

¢ Ltrequires relatively few samples to work, and hence relarively litrle simulation: for example,
>0 samples are encugh for & good least-squares fit. These 50 samples could be the fitst 50
rather theq later sequanees of 50 as we used in Examnle 6.1, which means we can apply i
with a quick SPICE sirnulation rather than a lengrhy ons.

+ It works on data from any simulation program, SPICE or otherwise, which can print oul



Chapter &: Quantizer Metasrahility

Sl eyl oulpul

Sepmyrx] inkenralnr cutpn

514 T T T
I =
OE0T o, | -
1zal - L 5. iga- . m:—r\"
lll.' ! f "llll."-. C. 20T
5 s . - . -
/ \ R, o / " i
- |:| . . — |8 . "|
E . J'IIP h .-"'ll-l \ E. 5":'[ ! Y f Il'".
o / L T s /! T *.5 :
g _1m';lI e 'III -."r . '.l . . /.é ; ] "lll . .II. 'I-lr .Ill j
: L ,-"'- , : / 0377 ~—lltlr'f ', i
50— m:_l"',,- R T .II:II_.-' e —IGh il L ”,"'J]
—E-EH:II . l\. vy -. ..159|; . .I'.
- l- D.Eut:—*':ll | ':'33'1':"/ |
T 1 I 7 ~=0 W TR T <78 T 152
Somgla quenber Sampk number

(a}

wle | P

Ll

Figure 0.3; First and second ntegratar oetput wineiorms from SPICE showing afditiona) exess delay at sample 175,

]
=2

34!. ............... -

az--- e
=} .
:
Peul 1
] |
Sogh. . ) 4
B |4 , : [
Eg_q_:,:‘. . e . ]
w o oa® : . : : |

= : . :
ol #’mq—l*l—-w# e
18 . : ) .
o 100Q 200 SO0 400 500

Crandizer Input magnitude (my)

Figure 6.€: Effect of finfte quantizer pain on excess ioop deiay.



Chaprer 6 Quandzer Metacrability [13

circust valees at sampling times.

+ [t furms ouf o be good at modeling cerain types of nonideality, such as DAC waveforms
with delay or nonzer rss time, well.

it allows us to determine the H(z), and consequently the NTF(z), acrrally implementad.
This conld be useful as a design check on NTE(z).

The bad things are;

* Guesswork as o which terms to include on the RHS of the fitting squarion is sometimes
required to find 2 fit with a small eror.

 Certain types of nonidealities, such as nonlinear int=grating capacitors (or, indeed, quantizer
metastability-—it was this that was predominantly to biame for the lareish malching errors in
(6.5) and (6.8)], szem difficult or impossible to model exactly. This might be improved with
a better selection of Ating terms.

We had, perhaps naively, hoped o be able to use the method to sapplant CT simularion alko gether:
with a perfect z-domain fit. one conld simply simnlate a CT medulator using the difference cqua-
tion. Instead, the method seems appropriate to use in conjunetion wirth, sather than in place of,
full-cireust CT simulation. We should also mention thar it osn be, and wag successfully, nsed in an
SC mndulator to identify clipping intageatar autguts as the reason for pPuar performance, 30 iE can

ke 2pplicd to DT simulations as weil.

6.2 Latches and Metastability

Published high-speed CT AT Ms tend 1o be bipolar-only circuits with a ons-bit quantizer. A typical
quantizer for such circuitss was shown in Figore 4,15, reproduced here as Figuie 6.5, As we said
earlier, the transistors in the dotted box can be reconaected to procuce RZ instead of NREZ wave-
forms. The dashed box contains the foar transistors responsible for regeneration: when the circuit
is enabled, the veltage differcnce 17, ar the bases of the emitter follower rangistors is amplified by
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Figure 6.5: Tepicial high-spead CT AT master-slave lawched companios with presmplifier.

positive feedback wntil the maximum positive (digital 1) or negative (digital —1) virltage differ-
ence is reached. In an ideal laich there existe a thing Lutpui state, the metasiabie state, where the
iputs are balanced resulting in a 0V differemis] ourpat siganal. This state is unscable in that a slight
perturbanon (e.g., from circuit noise) will push the [atch towards one of its steble stares, hence the

metastable state isell {s never observed it practice,

6.2.1 Dhgital Circnits vs. ATMs

The usnal analyses of metassability in digical Frches [Vec80, HorB9] treat the [egeneranve circiit
83 & single-pale system whers the voltsge difference at £ = [ increases exponentially witk a time
constant inversely proportional to the gain-bandwidth {(GB) product of the svsten. Such a trestment
is valid here: Fipure 6.6(x) is a SPICE mansistor-Jevel simulation of just the mester portion of
Figure .5 with inpur voltages given In the legend box. The differential pait amplifies the input
voltage in the first half clock cycle, then the regenemative quad is enabled 2r T = Lns and the value
Vre rises exponeniially (log Vi, is & soraighr line) until near the autput voltage limit

In digial circuirs, the vsval question to be answered is, what is the probability that the larch
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output is a valid digital level at time ¢ given a cortain semp time? In CT ATMs, we are interested
in a different question. Figure 5.6¢b} plots the outpur of an M/S lach whose input is first driven
negative to make the larch output —1, then slighily positive ta the vale io the legend box. Note
that the tme when the latch elitput crosses zero on its way to +1 varies ac a [unetion of the positive
Input voleege (and that very smail positive inpurs cavse the latch to predoee a glieh), This OUILEE
voltage drives the DACSs, and variations in ifs zem-rossing time (ZCT) have exactly the same
effect as guantizer clock jitter—random edge variatiens modulate our-of-band noise ine the signaf
band and whiten the spectrum. Thus, the question that concerns us is, what is the sxact shape of
the DAC output waveform? Most partienlary, how does iis ZCT vary for quantizer input volizges
cianging sien berwesn clock periods?

When we iaitially studied this problem we were hoping te find an analvtic answer 1o the gues-
Bion using methods along the lines of thase published in papers on CMOS latches. Fowever, we
fntounicred a number of difjculties that meant a formula eluded us. Firse, published papers zoo-
erally solve for ane varable (the probability that the output {5 a valid digital level) based on cne
parameter (the setup time); in our wod, we care ahout hew varisbles (the ZOT and also the rise
“ime) &5 4 funetion of two parameters (the input voltage and its slape). Second, papers on CMOS
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Iatches generally look just at the latch curput; in our case, while the larch ontpuat is important in
Its own right, we are meally more interesied in the DAC output waveform The latch output drives
an emitter follower which drives the DAC differential pair, se there are addifional stages whoss
behavior must be charscterdzed

surely peither of these difficuitics means an analytic approach is outrizhr impossible. The work
in [Hoh34] mears a latch with & multivibrator input stage, which is more complicared than whar
mast papers wear and could perhaps be adapted for ovr purposes, However, we eventiully decided
to adopt an empirical solution o the problem. W must accept the danser that useful {nsights which

would otherwise have come out will be ohscuared.

6.2.2 Characterization Method for AXMs

We determine the ZCT and rise time characteristies of a given latch from simelation. A tansistor-
level SPICE fle describing the complete feedback clvenit from larch inpur to feedback cutput is
composed. The input to the latch is & piecewise-linear wave which first zaes negative to drive the
teedback output negative, then pesitive with slope vy so that at rthe next clocking instan: tac latch
mpu; 15 4 specifiad value w,. For many different (v, v, pairs. the ZCT relative to the PrevioLs
sampling instant (which we call 7 = p,T; for “delay dme™) and the fredback output rise fme
Twhich we call 7 = g.7, for “rice dme") are caleulated. It is assumed that the curves wonld he the
same for a {alling ourput wave, i.e.. thet the cironit is differamtial and bence symimetoc. I this did

not hodd, 1t would be possible to characterize oy and o both for dsing and talling latch inpats.

Example 6.2: The process is illustrated in Figure 6.7, which is for an M/S latch
like Frgore 6.3 cxeept with no preamplifier stage. The clock rae Is f, = 500MHz
(T, = 2ps), and the ransiscors have 2 switching epeed of aboonr fr = 12GHz, In the
UPPer Zraph, we see (v, v = ((.2, 0.6} for the input wave 1. at ¢ = . The latch
ol gocs through an emitzer follover to a differential pair DAC whose collectors
have been terminated with resistors. It is the differential resistor voltags that we plot as
Voue in the bottom graph. We calculate (pg, o) = (0.0860, 0.0386) and this is plotted
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Figurs 6.7 SPICE input and outpus wavefarms with linear approxeametion fo oorpur

as he dotted line in the bottom graph; the approximation to the sctual wavefoon is
quits good.

Qur inpat wave is such that we are characterizing the quantizer by derving it kard
ane way, which makes it emir a “strong pulse”. then weakly the other way, which
makes a “weak pulse”. Experience shows that this is by far the moss commen case-—
rarely is the quantizer input of a real modulatar such that the quantizer wold emit twa

weak pulses ip g row. C

Using Perl [Wal%s] helps sready to smtomare the procedure for MATY (%, Ty} pairs. Curves for
£d and 5, for oue M3 lerch and DACS from Example 6.2 are plotted in Figure 6.8, These curves
indicate that for inputs close to Zevo, hoih the ZCT and the rdse time increase, c.f Figurs G.60b),
Moreover, for small enough ipputs, no zero crossing is measured. which s what we saw wirh the
giitch in Figure £.6(21) for 17, = .3 V—this is an example of quantxer hysteresis. And, as the
input passes through v, with higher slopes. delayed zero croasings and hysteresis happen for larger
values of ;. These corves have been nomalized so thar v 15 Ielative o the expected full-scale
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Figure 6.8: Exampla of numerically-chameterzed oo aod g valoes.

guantizer inpar, which for our cxample circuit happens 1o be &1V, o, vafues ave aarmalized o full
scale volts per clock period and swept from 0w 2. ¢y, = 2 comespends to a straight line quantizer
input thar goes from positive to negarive full-seale over one clock period. Typically the maximum
quantizer slope can be observed to be abour half this much. though the guantizer inpur isn't usually
a perfectly straight line {recall x+ in Figure 3.1}, MNonetheless. v, = 7 shoold be larger than mose
practicaily-neourming slopes.

The dara from Figure 5.8 is ased a5 input to the RK4 simulation program from Chapter 3¢ ar
each clocking inscant, the prugram calowdates (e, t.:) and uses linear interpolation to fiad { g, 2.3,
which are then uzed to ser the feedback pulse’s delay time and dse tme. Essentally, we are
employing the techrique of behavioral modeling [Cur9s),

6.2.3 Validation of Quantizer Model

How good ic the behavioral model? In other words, hew well do the results from cur ATM
simulator using the behavioral quantizer mods] agree with thase from fall-cirenit simalarion?

Example 63: The comparaor and feedback circuitry of the procotype dow-
ble integration modulator in §5.1 designed in an fr = 250Hz process clocking ar
fs = 1GHz were characterized as desoribed in Example 6.2, and a5 many af the pa-



Chapter 8: Quarntizer Metastebility 119

Hann-wir o Chlgul Spscinim Cuanhzmrinps pdf

3y
LT

- - : - ENAt GPISE 4200 - —_—- ;
- KA 43 By - A7
- h ke
B oo Y
g A k\-
= aco i ;
z | ¥ .
E.a'ﬂlr L R P 1
{

Frequency F3Hz| Quanier IRELE {4}
] (=]}

Figure 6.9: Comparican of $PICE ard Runge-Kutta sieulation programs: (2} ouriil spsctm. k) guantizer nput pdfe.

rameters from the actral cirenit us possible (such as finite inesraror gain and input
resistance) were included in an input file to the RK4 simuiater For a —4¢E input st
3.1MHz, output spectra for a 16384-point SPICE simutstion and 64 averaged 16354
point periodograms from the EX4 simulation are shown in Figure 6.9(a). The spec-
mum derails agree guike well, and there [s accepiable agreement between calculated
SNR values ar OSR = 32 and <, a5 shown on the graph. The RK4 program pradicss a
slightly lower white noisc Boor due o mezastabilicy than SPICE. Figure 6.5(b) shows
2 histogram of the quantizer input pdf p. (o) from each simulator, and good aereement
is seen—we are modeling the behavior and voltage levels in the ceal citouit guite well,

A dynamic range nlot is shown in Figure 6.10(a). The EE4 valucs of 3NR were
found from 32 averagaed 4096-point periodograme, snd in SPTCE sach valuc was found
from a single 40%6-point simulation. The zgreement between the two is quite good,
and it is worth neting that while each RE4 simolarion of 128k output bits took aboat
30 seconds, a single 4095-bit SPICE simulation took over four hours, =

Behaviora] models are meant to increase simulation speed while maintaining aceuracy, and we gee
that our qusntizer roodel scores well on both counts.
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Lintit evele for [ow masnimde input

Example 6.4: We made an interesting discovery in the course of this work: e
effect of metastabilicy for small input magnimdes. The dashed lioe in Figure §.10¢x)
has slope 1dB/dB, wiich is the expected slepe of the SNR vs, input magnitude curve,
This slope is ohserved i stmudation for large inpu: amplinades, but as input amplinde
decrzascs, we achisve SNR = [ for an input magnitude of —424B, whereas the dashed
line predicts SNR, = 0 ar —32dB input. With a —20d8 modntarer input, observedon of
the quantizer input as & funcrion of ime reveals the behavior shown in Figura 6.1008):
up to abou sample 160, the quantzer behaves as it shoald, buc then the modulasor
enters & {+1, —1} limit cyele from which it does not escape at a Iater dme. Clearly,
the modulator gutpie oo longer sncodes the inpur signal ot this peint. The awthor
observed this behavior in both RK4 and SPICE simulariops,

It 15 known [Fee®1] that integrators with (nite zuin can cause such behavior, How-
ever, jt was found in RE4 simulations with a metastable quantizer thar the bebavior
oceurred sven with ideal (i, infinite-gain) integrators. It was thoushe that perhaps
4 gquantizer with hysteresis alonc (1.e., with constant 5 and p.) might alsa canse the
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AXM 10 exhibit the behavior, buz this was not found to be the case with infinitc-zain
integrators. Therefore, it appears that quantizer merastabilicy can result in worsensd
sensitivity of an otherwise ideal CT AZMSs to small inpue levels,

Tt should be rroted that the metastability is indeed being excited in Fizure 6.10b).
From samples 160 1o 30} oI so the bottom envelope af the quantizer inpue is near zero,
which sotivazes the metastability, It “escapes™ from this mode of behavior oaly to have
the top of the envelope approach zere and activare the metastability ar sample 220. The
metastability is cxcited altermately by the envelope top and bortom every few huadred
cwelas. O

This result is of grave significance because it implies using 2 single large-amplinide tone to cstimate
madulator resolution is insufficient: one might predict & DR based on an incomect essurprion of
a slope of |dR/B down o SNR = {i. To the author's knowledge, this is a previously unpublished
CoETHE

Admitedly, there is 6o absolute guaraniee thar changing the quantizer circait will mean the
apTeemnenl between behavioral and SPICE simuiation remains good, However, we hawve meors
than one reason o be confident that our behavieral madel has idendfied the key izsvey, First, we
have good agreement not just on SNR. bur an owpet spectrum details and quantizer inpue pdf
Eou. Second, the behavioral model correerly predivted the limit eyele behavior, a resuft which was
unkoown & priorl. For the remainder of this chapier we vse only the behavioral model for circuic

PET{UIMAnce MeasUTements.

6.3 Real Quantizer Performance Effects

The design of CT AFMs ic usually dope assuming a0 ideal quantizer, which has no Bysterests and
makes a decision instantly. The charactetistics of such a quantizer are alotted 1n Figire &.11¢a):
#e 1% always zero no matter how smal] 3, is. Practical qQuantizers suffer feom rheee nonidealities
which can be distingnished as foll ows:

L. Excess delay, Figuree 6.(1(b), means = wvertical shift of the QUANLIZET CUMVE! INOTE =X08ss
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Miecastabiliny severity is proporticnsd o the ares of the ghadad region.

delay means a greater vertical shift. As we noted in Chapter 4, the effect of excess delav is o
mcrease in-band noise and lower M3A which in combination compromise overzli modualatar

DE.

. Hysweress, Figore 6.11(c), canses a horizontal shift of the cerve propocional to the amonnt

of hysieresis. From §3.1.3. quantizer Bysteresis in an otherwise ideal system adds noise
power 1 the baseband for LP modulators [Bos88). An exampie of its effeces for the third-
order LF Burterworth AEM stodied in Chapter 5 is depicted graphically here. In Fig-
ure &.12(a), we see p.o) breoming wider with hysteresis; this is expected becanse 23 long
a5 the guantizer ouipul bit remains the same, the circuirry inside the loop will continue
integrating in the same direction, enlarging siznal swings. In a modulalor whose intepra-
tor ourpurs clip, bystercsis iraoduces harmonic distorton; morcover, too farge an internal
signal excursion range leads only 1o grodual ingtability and hence DR loss, as shown in Fig-
wre 8.1 2(by—hardly any performance is jost even for laree hysteresis. By contrast, [Cha®?]
foupd 1% hysteresis caused significant performance losz, theuph this is at adds with ather

publications and our own rasults.

Metastabulity, Figure 6.11(d), means that the sharp cormer in the ideal quantizer characisr
lstics Becomes smooth instead. The severity of the metastability is related o the amount of
area uhderneath the curve: curves with a meres gbmupr cormer have 255 area uader them and

hence less metastability.



Chapter & Chuantizer Merastability 125

i

Quanttzar ingur 2

Filslogpm Injaaney ,
1838¢8°¢

g H

el 2 [HR o= o3 0. ac
Duamicus ingat M) Hyturass e |V

L]

[
o K=emie
(=]

4
il

[a) =]
Fimura 6.1 2: (uantizsrhysterasis in third-order Butterworth modalator (2} quantizer input pdf, b)) modularor dynamiz

TBOZI.

A real guantizer has all three effects simulianeously, Fipure 6.117e). a3 we saw in Figure 6.8
Along with the losses alrezdy cansed by excess defay and hysterssis, metastability inooduces rea
additdonal performance-limiting effects. Fimst, at low inpur amplitades, thers is the ourput limit
cycle behavior menticned in Example 8.4 and depiceed in Figure §.13(8) for a double iatagration
modularer. Second, at higher input amplitedes spectral whitening oecurs due to the variabifiny of
£y menttoned in §6.1.3. A typical spectrom is depicted in Figure 6.13(b).

Exumple 6.5: The DR impact of using the quantizer characreristics in Figume 6.8
on several kinds of LP ATM is shown in Figere 6,14, In order to make the companison
fair, the modulators had their feedbacks sealed so that they all bad the same quantizer
input pdf standard deviaton of o = 1/3'. We chserve the following:

# An idesl madulator exhibits Bin+3dEfoct improvernent of SNE with OSE. where
™ is the moduolator order. A modnlator with a metastable quantizer will, for
large encush OSE, be limiied ta a2 mers 3dB/oct improvement tecanse the noise

'Stoce poim) is eouphly Geussian [Bosgdl, fixing o= assuras reughly the same disoiboson of abscisses in the
quantizer charecteristic in Figurs 6.8, and henee a roughly-compareble ordimate distibution.
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hizh inpat ampiiude,

notch in the output speerum is filled in with whits noise. For the quantzer from
Example 6.2, going from QSR = 32 to OSR = 64 (skown by the dash-dot Lines)
gives us only 3B SNR improvement This megns the DR, 2t QSR = &4 for all
maelularors is cut drastically by a full factor of tero.

* The dashed lines show modulstors with hysteresis and fixed

[,l"—-"uf: .I'-':'rljII = fﬁ-ﬁ%, 3.5%}

compared with the ideal modulator, DR s hardly compromised at zll, pechaps
{—2dB depending on the modulator order.

» The limit cycle behavior in AZMs with metastable quandzers mentioned earlier
Seemis only to affect the lower-order modulators: the hipher-order modolators
bave 1dBE/dB slope all the way down o low input magnitudes, except parhaps for
a stight dip near —35d46.

Metastability clearly has a major iropact on the DR of these high-speed CT ATMs. O
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SPCCOULTL.

There is a refationship between performance Tost by meztastability and that lost by clock pitter
which csn be explained as follows.

Example 6.6: We know that random variation in DAC pulse width (DEW) fills the
CGULpUL SpCCm nodse potch with whit= noise. The solid Hne in Fioure 6.15(a) shows
a histegram of DPW varation for the fifth-order modelator with an idea? sampling
clock and a metastable quantizer with characteristic given by Figure 6 8. The standard
deviation of this distribution is oq, = 5,85 x 10727, To get the same DEW variance
frorn a modulator with an idea] quantizer and a clock with independent Jiner. we must
s¢t the jitter variance 1o

O3 = s/ W 2 (6.9

This resulis in the dashed-line histogrem in Fizure B.E53(ak Mo that ope = o
Since the DPW varignce is abou: the same in both cases, §5.2 tangin us that the spec-
trum whitening should aisoe be ahout the same. Figure 6.15(b) illustreees this to be the
case: the SNRE value for the modulater with the metastable quantizer is 31.7dB, while
that for the modalator with clock fitrer is 34.9dE, The noise floors are clnse but nat
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identical becavse the disteibution of the DPW histogram for a metastable quantizer s
ot particufady Gaussian. Evae still, the agreement iz quite good. |

Clock jier is not identical to metasiability becanse clock jiter does not cause the limi cycle
behavior observed in Example 6.4 for low input amplitudes; it is the white ooise levels that are
rcughly the same in beth for large-enough input amplitudes. Though the DRs might differ. the

peak SMNE measured in both would come oz aborr the same,

6.4 Mitigating Metastability Performance L.oss

How can we pvercome the performence penalties impased by quantizer metastabilitne? Several
answers [o this question suggest themselves when we consider the source of the loss: the weriations
In the DPW caused by finite quantizer regeneration. Wt observed ar the start of §6.3 thar this
varfanee o ppw is relzted (o the area under the metastability curve in 5 aiere 6.1 1(2), or equivalently
the “sharpness” of the corner in the curve. What approaches might we take to reduce its ares ar
sharpness?

6.4.1 Parameter Scaling

The iirst thing we might think of i to scale the modulator parameters w enl arge the gquapizer input
standard deviarion o, This works as foliows: we krow that if the magaitude of the quantizer gl
Is small, then the ZCT increases, For the guaptizer in Figure 6.8, inputs which cause increased
ZCT are approximately those for which |e-| < 10mV. By increasing o, we widen the range of
possible Glantizer inputs so thag the probability of |o,! < 100mV is decreased. Altarnately, we
may think of this as scaling the v, axis by compressing the merastsbilicy curves towards the ¥

axis. This reduces the efective area under a given curve and hence reduces 0 A

Example 6.7: Example 6.5 used my, = 0,33, We illustrate the effect of choosing
oz runging from 0.1 vp to &5 in Figure £.16. In Figure §.16(z). the merastability

curve for t; = 0.6 is plotted 43 a funcHon of o7 We ran soe the corner of the curve
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becoming sharper as 7 increases. which leads to more faverable g, /T, and SNR ig
Figure £.16{b). 0o

Generaily, itis a good idea to have the quantixer input span as large 5 range as possible. The rangs
can be increased by, for example, choosing smaller inteprating cupacitors and larger feedback
currents. Circuir constraints will ultimately limit the maximum achisvable rangs: fir our case, the
Juantizer input 2o swing aboar L1V differcotial whiie sl Keeping all transistors operating io
their forwsnd active regions. Having 1o small a swing range is o be avoided because as we see in
Figure 6. 16{b) It quickly becomes detrimencsd for SNE.

6.4.2 Regeneration Time

in §6.2.1, we said that the r=gencration rime of a fatch is Inversely propordonsl to the GF product
of the regeneration circuit. IT we were to Increase this GB prodoct, the comers of the metastability
curves Wollld become sharper as follows: the sTope of the curves in Fimare 6.6(a) /ould increase.
which in e would, we hope, meap that it weeld take a smolfer input level v for the curves in
Figure 6.6(b] to exhibit increased defay—-in other words, for the set of - values in that legend box,
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the rising outpat edges would be bunched more closely weether. [n tam | the corves in Figure 5.8

wonld rise towards infinity mors sbruptly, Le., the comer becomes more pranounced.

Example 6.8: Ore way to affect the regeneration time constant &, of the latch
1n Figure .5 is to change the current in the megencrative quad: this is accomplished
by altering the vaoltage V.. To kesp the comparson reasonable. wi will adjizst Vi,
and ffy, simnitaneously to keep the fatch outpur voltase swing & arcund +=300mV,
Sweeping Ve over the range .30V 1w 1,35V and extracting Trg [T0m simulation yields
the curve of Figure 6.17{a): as is usoal with ECL circoits, there existe a current/Joad
resistor combination which minimizes dse time which for this lacch cceurs ar about
Ven = 113V, While fast linear seling is imporzant. surely as imporesn: for ZCT is the
nonlinsar seitling behavier, Le., slewing. Figure 6.07(b) plots the slew rates at borh
the larch output (top) and DAC ourput (bottom} as a fimetion of 17,

Frgure §.18(a) shows guantizer measabilite carves for vy = 0.6 as Ven changes.
There i3 some sharpening of the comer with incteased Vi, but s ap added bonus also
lower oz and bysteresia. Tust as diminishing returns are apparent there, so too are they
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in Figure 6.18(b]) where the SNR is plotted against 1. The aptimum SMNE does not
guite ocour wharas ¢ 15 @ minimurn—uvery minor Improvements are obtained gs 12 is

raised fumher becapse of the increase o slew rate. |

Ensuring sdequate regenerstion is & good idea in a ATM lach, Setting V., very high mishc
use mare power thah necessary to achieve & given SNE. =0 there exist a radecff hetween DOWer
consemption and SNR, thouzh we could use smaller transisigrs whosa peak speed ogours at lower

bias curent.

6.4.3 Preamplification

A third thing we can oy is using & lateh with a preamplifier. This s similar signal scaling n
§.4.1 but not identical because we actnally insert @ new circuit slement intn the forward path.
How do we choose its gain? Tradittonal analyses show thar for cascaded amplifiers there exists an
OPRINM 2ain per siage that maximizes the overalt amplifier GB product and hence the amplifier
speed. Depending on the assumptions made, the optimam gaio is cither & = 2.72 [Sne96, Chap,
2] ar /e = .65 [LeeD8, Chap. ¥1. In the present circuit, we will cangider only one preamplifier
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Frgure 5.1%; () Quantizer nietastability curves and (&) modalawe pecformanse as a funcdon of preamplifer mmin.

stage and study how its gain affects metastability performancs iz the following exampie.

Example 6.9: Figure ¢.19(a} shows metastability curves for a guantizer with a
simple diferential pair preamplifier a5 depicted in Prgure 6.5, The gain was vared
between 1 and 10 by changing the value of fip,. Tnoreasing the gain has the desirabie
effeet of sharpening the comer of the mertastability curves for constant guamtizer in-
puts {see the salid lines in the figure}. but for siswing inputs little sharpening can be
Sech &5 Ealn nises. Hyvsteresis increases sHghtly with gain, and in fact it has incrcased
substantially aver Figure 4.18(a) from ahout 10mY to about 30mY, This is oot terTibly
detrimerral 1 performance 2s we lezened in Figure 6.12.

Figuee 4.19(h) shows thar a prearoplifier does offer some SWE, improvement (about
2dB) aver parametsr scaling, Figurs £.16(b), and regeneration time lowering, Fig-
ure 6. 18(%), There is little poit in using a gaie ahave 4, it appears. -

Thus, preamplifying is somewhar bensficial for performance. An anciilary benedt of a preamplifier
with an emicter follower buffer hetween it and the latch inpul is & reduction in clock feedthroy gh

noise [L=abz].
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Figure £.20: (a) Quantizer mesastabilily curves and (&) outpwr speetum for quantizer with an addidonal latshing stase.

6.4.4 Additional Latching Stages

4 fourth thing we can try is using additional latching stagss after the slave stage in Fizure 6.5
[Jend3]. Clocking each stage on the opposite clock phase from the previons stage gives the pre-
vious stage a peod deal of time to seftle. The deawback s, eack latching stase adds an additionat
half-sample delay in the feedback loop, and from Chapter 4 this delay is detimenral to swhility
zrd dynamic range. However, we can somewhat overcome these problems by tuning the & and iy

fe=dback parameters.

Example 6.10: Figure 6.20{a) shows quantizer metastability curves for our base-
line larch which has oply mastsr and slave half-siages, and a lach chat has a third
half-siage following the slave which is clocked on the same phase 25 the maser. We
have added one half sample of exira delay as can be ssen on the Hghr p axis where
£g5 15 0.3 more thir g on the left axis, but the vatation of gy with ¢, iz drastically
reduced. This reselts i a hugs improvement—abeout 40dB—in the white nodse Aoor
af the output spectmim, Figure §.200h), From simulation, we find DPW variance hes
dropped nearly oo orders of magnimde, from 5.9 x 1037, to 1.4 x 1047,

The fifth-order modulator was unstable with 5y = 0.6 and cominal k valees, but
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Table 6.1 Performarce of LF modolalors with twe- and three-half laches agatnst jdeel.

| Modulates | OSR || ealg.ps=00 | Twohslflah |, Idoala.pg= 0.6 | Threcbelflarh
| DR | PeakSNR | DR [FeskSNR | DR | Feak SNR | DR | Peak SNR
Dowbls | 32 | 6B 36E | 43548 50dB | 524B 16dB | 52dE | 46dE |
integearion | 64 THE £9dE | 43dB 55dB || 5748 | Gl1dB  67dR &0dE
Grdander [ 32 || T4dE $EdB | 49dB 5248 | 65am 6:dB | S6dB LdB .
Buer 64 || 95dB | %94 | 5198 550 ¢ 8548 ;|  B3dB | B4dR 8148
#thorder | 32 || 7sdB 74dB | 1548 5idB | G&dE 6545 | 674 G541
Bumer 64 - 105dB 99dE | 50dE S4db || 95dB 9148 | %58 E3dE
Fhorder | 32 | B3dB BOAE | 47dE 50dB || 73dB 698 | T2dE £9dE |
Cheby st | 1t6dE 11id5 | 504B 53dE | i079B | 105dE | BSOB | 35dB |

the &s were tuned so that the modulator was stable and the DR of a modulator with an
ideal quandzer was foaximized at gy = 0.5, One artifact of the large ga is the peak in
the spectrum at £.027 f,, something which is caused by the movement of the cquivalent
DT Ioop filtar poles toward the tnit cirele as sxcess loop delay frcreases. a

We seetn o have come across a solution to the metastabitity problem. How well does it work in

Zeperal?

Example 6.11: Figure 621 shows DR plots for several LP ATMs for an ideal
quantizer and the two quantizers with the merastability curves in Figure 6.20(a). Witk
twia halt-laiches, there is only sbout 10% excess delay, but the thied half-lasch pushes
that up to 60%, A modulator with an ideal quantiver and §0% delay uscally requires
% tening 1o cemain statle, aed even then, the DR ic less than for the 109 delay case.
However, when the ideal quantizer is replaced with 4 meotasable one. (he three half-
latch guantizer is the clear DR winner. |

Tahl= 6.1 summarizes the msults for four cases: an ideal quantizer, a guaniizer
with two half-larches, an ideal quantizer with 6045 cxcess loop delay and tmmed ks
10 maximize DR, and a quantizer with thres half-latches and the same muned &s. For
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high-order modolators with high OSR. the white nojse resulting frarm me=tastability is
what limits the achievable performance. though much less severely when with three
rather than rwo half-latches. =

The idea of using a thind Jatching stage “to provide additional regenerarion” is mentoned in passing
n [Jen®3, p. 1123], though the claim thar “the cxtra 142 delay does not have any impact on mad-
ularor perfosmance’” seems suspect given the first two rows of Table §.1; we find 2 half-sample
delay costs | 2dB of DR in an ideal second-order CT ATM. Adding & fourth latching seame will not
usually be possible because stabilizing a CT AEM with a full sample of defay probably cannot be
accomplished through feedback tening, bue even the third stage is cleardy hishly advantageons for
performance.

6.4.5 Other Modulator Architectures

The previous four subsections assumed LP AZM; with NRZ DACs, but we said in Chapter 4 and
£5.2.2 that it is possible to build LP modulators with RZ DACs and BP modulators which nze both
RZ and HRZ DACSs, An RZ DAC will be affected by metsstability in much the same WAy a5 an
NEZ DAC: the time when the rising cdge hegins will vary depending oo v 3nd ©,,. To maks the
latch output retum to zero ac 0.57, simply requeirss connecting the bases of the transistors in the
detred box In Figure 6.5 to the same node a5 their respective coilectors: thes, the failing RZ 2dg=
is not affected by metastability, Bor given the s8me ., i an NREZ vs, an BZ systec, it wil] cause
3dB more noize in the RZ outpet spaetoum because the same o, appears twice as large relative io
an RZ pulse {which is half the width of an WRZ pulse).

That being zaid, applying the ideas of the previons subsection is stll worthwhile, In £3.13),
we found the equival=nt CT loop filter for a double integration modutator when the DAC hze RZ,
pulscs, We can do the same thing far 3 DAL with HRZ nulses, which results in

9741 HE;—I _—-—1—2;5"_?, RZ DAaC

T -
(z~1)% H(sy= =2%=1 HR7 DAC,

1

Hiz) = (6107

We can build an FIRZ DAC with an additionad latching stage in Figure 6.5—and we letened in
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§6.4.4 that adding such a stage greatly reduces DPW jiker caused by metastability. Thus. rather
than building 1P AXMs with RZ DACS, it behooves us o choose HRZ DA S,

BP modulatars with & noise notch at f/4 have the property that there is a two-sample delay
in the oumeraror of the Ioop filter &/(z), we learped fo (4.33). If we choose the one digital delay
BP architecmire, then we need o insert 2 full sample of delay in the feedback path. This can he
accomplished by using not one but nve additional balf-latches in Figure 6 5—and once apain, the
previous subsection showed adding half-latches provides immuonity to metastability DPW aiter
Thus, any modulator with a two-sample delay in the numerator (which is the case for the BP
fs/4 modualators treated here) should he built with one digizal delay in the feedbsck path. In any
modulator with only a single sample of delay, HRZ-style DAC pulses are called for. as we noved
10 the previous paragragh for LP modulazors.

Using a muhibit quanrizer is intriguing breause it appears o give a win' for an Ad-lave] uan-
tizer, there are now (M —1) regions amound which matastabilicy can oceur but the distance between
steps i3 smaller by 2 factor of (A — 1), DPW varianre power is refated to the square of this lat-
ter quantity, 5o it offsers the incr=ase in number of metastshility regions and appears to result in

10 log.,{ M — 1) dB smaller whits noise power. This tapic couid benefit from future smdy.

6.5 Mazimum Clocking Frequency

In our LP NERZ examples so far, we hawe been clocking at f; = S00MHz in a fr = 12GHz
technology. A patural question arises; whas s the maximam f, at which it is safe to clock Eiven a
convertat resolution specificarion?

As we increase f,, two things tagether limit resolution. First, the wansistar switching fimes starts
o become a larger fraction of a ¢lock period. This means the excess laop defay gy and DAC pulse
rise Time o start to increase. Thers comes a point when excess loop delay makes the modulator
completely unstable and impervious to stabilizarion through feedhack coefficient mning. Second,
the metastability behavior of even the three half-latch comparator will start to dezrade?. We study

“In §6.4.5 we suggested using Baif zaher than full DAC pulses far LP modulases. Whils BZ LB ATMs remain
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both of these issues in the following example.

Example 6.12: Fizure 6.22(a) shows how gy and P~ chenge a3 we increase the
clock speed of the throe half-lateh comparator frorm S00MEz to 2 5GHz. Eetureing o

ol cruds formuela for oy e (4] 2,

n:,l'l:]

A & —,
Ir

(.11

we see that it is somewhar pessimistic. First of all, gy and p, are both quite lipear
with £,/ fr, as prediered by (6.11). Moreaver, our circwit has n, = 3 Tansistars in the
feedback path (two followers and a differentiag pairh. and sa from (6.11) we expect
them to have switched fully after

¥
G5+ Tes _pa.gds (6.12)
Ir fr .

stable for more excoss delay ban NRE LP ATMs, the wessening of perfosmanse due to metssshility increeses
propoctiocally with f, for both sevles of modulame. A2 13 following example shoars. it is rciagtbility thar 1igus DR,
mors Ban stazility; thus, RZ AZMs kave sc peciormance advantage over NRZ AT at hish cleck speeds.
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where the 0.5 i5 for the exira hali-latch. In terms of gz and a-, full switching is accom-
plished after
2 4- D.é,ﬁ_—; EE 'I'E'IJ

c.f Figure 6.7, Figure 6.22h) plois both (6.12) and (5.13); tather than nsing a factor
of i, = 3 In (8.12), & berter [t is obrained with a factor of 2.75.

[n any case, Figure 6.23{x) shows o, a8 2 fenction of fr with both variahles
on a log scale. This was found from simulming the ffth-order [P NRZ modulaior
with feedbacks nmed for optimal DR ar the given clock [requepcy over the range
FUOMHz to 2.5GF, and finding the variance of the DPW histogram lke the one in
Figure §.15{z). Using those sarme simalations with an QSR of 32 at clock requencies
from SO0MHz @ 2.5GHz yieids the in-band white noise laval per bin shown in Fig-
bre 63, 23(b). This sgrees to within 3dB with the caleulated value from (3.13} where
A = 8192, 75 i3 found from (6.9], and Fay == L.} 1% found feom simzladon. The mod-
wlater goos znstable at f, = 2.5GHz due to excess delay and so amount of feedback

MInirg seems to restore stability. O

We can ute the dara in Figure 6.22 to come up with an approximate ule of thumb for the
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maximum performance achievabie with a three-half latch quantizer assuming in-band noise s
dominated by white noise due to metastability and n, = 3 transistors in the feedback path, The
calculation is shown in §A.2, and the resuits are equations (A ¢6) and (A.18):

DR = 11.5<0.5log, OSR bits, L= 5%

T (6.14)
DR = &3+ {.5log; OSR < log, 28 vits, 5,/ fr = 6%.

This tells us that clocking slower than shour 5% of Jr is recommended i§ we desire a1 least 14-
bit performance with a reasonable OSR like 32 o 64; bener performance can be achieved with
a slower clock, Clocking faster then 5% or so of fr means we ate Limited 10 12-bit or worss
performance at the same QSEs, We do bot recommend clocking fasrer than f; = 0.2 & ander
apy chreumstances since stability will be questionable & best and nonexisreat 2t worst a: such hizh
speeds.

In closing this section, we must comment farther on (6.14). Fisst, it gives an upper bound oo
DE: DR will be Timited either by white noise due to metastabili [y or quantization noise, depending
on the OSR chasen, Second, it is not continnons: i has a jumg between 5% and 6%, Third, the
bound is not tight for f7/f, < §%: DR improves a5 we slow the clock down, though becanse
of the semi-empirical nanire of the caloulations we an't easily extrepolate below this point We

estirnabe thar metastability will have a negligible e%¥ect in most modulators when Frife < 2%

6.6 Summary

Quantzer metastability causes a variation in the width of the DAC palses im 2 CT AFM and de-
grades madulator performance by whitening the in-band neise in a very similar toanner to clock
jittee. A three half-lateh quantizer design is recomumended for redocing zdverse metastability af
fects over a simple masier/slave desizn. As was the case in Chapeer 5, we have distifled our resulrs
into 2 pair of Easyam—appi}' eqrations (6.14). Using them tells us that metzstability starts to become
significant when elocking at meore than ahout 5% of rhe maximun transisior switching speed, lim-
Inng medulator resplution to ahout 12 bits. Higher resolutions can be obtained by clocking mors

slowly,
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Chapter 7

A 4GHz Fourth-Order Band Pass AYM

Untél this peint, we have deslt with modulators o a fairly absmact and theoretical level. Tt would
scem foolish oot to supplement this waork with some of the pitty- gty practical issuss in modulator
design and testing. Ta this cnd, we present perfoNmANCe Meastrements on an actuz] fabricared
fourth-order BF CT AZM which clocks at f, = 4GHz and has = center frequency of fo = f./d4 =
1GHz. This wilk allow us to see how the work in the previous chapters anplias to a real desien and
Hlnstrate some additional practiczl considematings.

A block dizgram of the circuit appears i Figure 7.1. The input volreze is fod through an inpur

' 1
e T P
YT | I = [Sa[ | - Fc T Y
e - i T - i 2z
-H-.:ﬁ:: I I 1 [y JL;E E +r;: .I rﬁ: L% gr_ ".-Ekn_lw_]_" T
: R | N - . Y M
""'EQ-I:EL}%- :G:é_] - [5.° 1f::""l:l%Et Tt == i j DFF |
I : ! 1 —_3
K =| [ =1, =~ L BN L, =% e | i
17 i = L ] -
| b1, [_{. I, T Selay @F%ﬁ% o—
[ — 1% delays R ET

Figure 7.1. & 4GH: foumth-order BP CT AT,

Eransconductor (-, which produces » current £, == Jyw, to drive an on-chip parallel LC tank. This
gives the rank ontput voltage v, 3 band pass shape;

T (ST

Vo = T = =
laZoe oG +1/sL  E=1/LC

I (7.1}

141
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The rescnator described by {7.1) ks a second-acder transgar function, so the serdes connection of B&0
resonarcrs yields a fourth-order modulator. The integraced inducter bas a poor guality factar &,
g0 A (Jeenhancement transconductor (7g 15 connected as a negative resistor to cancel the positive
resistance of the inductor. Boih the gain A; and the ¢} of the resonator €., are tunahle. The
quantizer and latches are such that this is a one digitaf delay mulr-feedback arehitecture, and the
DACs are simple tunable cwrent switches where the feedback operaes via KOL. All fn all, the
architecturs is fairly remimscent of Figure 4.1, only with resonatars jn place of integrarors.

The intended application for this modulator is in a system like Figure 2.7 it is to be the |F
filter in a 5GHz radio, whers we convert the entire band o digitad and sor: out the COMpONCats io
the spectrum in software with DSPE Tt could, in theary, also be used az an BT converter in & 1GHz
radio. This author wrote 4 paper on its performance and presenred it st the 1998 Symposium on
VLI Cirenits [Gaod82], but the cireuit was designed by Weinan (ac. In this chapter, we give the
cireuit a much mors detailed trearrnent than i that publication.

7.1 General Design Considerations

Before discussing this specific modulatar, it is insmuetive to understand haw we shoutd En abour
choosing the pararmneters in 2 general 7, /4 BP design. We developz pracedurs in this secrion wihick
was pat applied 1o the design of this modulator, bur which could be applied 1o frture desizns.

A simplified single-coded maode] of the medilacor sppears in Figure 7.2°. The desizn problem
may be stated roughly as follows: given thar we desite a certain center frequency, OSR, 2ad SNE,
how do we choose the paramersrs £, C, R, (Zg: Fips Fopo B0d k47 We musc recognize immedianely
that i is more or less mandatory to operate an LO-style resonator &t fy > 1GHZ since on~chip
inductors tend to have s that are poor below this frequency. That beine said. let us discuss the

other constraints on the parameters,

"We have ronamed =ome of the parameters (=g, e faedback £5) s0 they are eonsistent 2dth whar was gsed in
thiz design, but inconsistent with earlier naming. Mee2gver, there i3 a mild notational conflict in this se=tion with the
feednack ks and k for Bolmann's coastant. The aufior apalugizes for Both of thess.
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Figura ¥.3: Approximats single-ended made] For vodujalor,

7.1.1 Element Parameter Selection

In §3.1.5 we noted thai the fissr stage of a medulater is usually the maost important part to design
well because nonlineariries and nonidealities bers appear immediatzly at the input. It should come
&% no suFprise. then, that the first circuit component which constrains the design of Figure 7.2 is the
wput transeonductor 7, . The minirmem deteetable ingut voltage .z, for the whote medulator is
determined by the input-referred noise of {742 while the maximum voltage u.. is constrained by
118 lincanity. Let us derive approximate expressions for each to find which parameters arg important.

We start with a series/parailel tank rransformation as follows. The resistor K, == B on the laft
of Figure 7.3 represenes the finite €27 of the inductor,

Ea [T,

0 = Cr

ST )

Figure 7.3: Seriespariliel tank cquivalence aear resonanoe.

|||J».?w

Oz = LR (7.2)

[t can be shown [Lee®8, §4.4] that over a suitably-restricted freguency ramee near resonance, the

series LI circuit with a parallel C is approximmarely sguivalent oo a purely parallel 8L ciccuit as



Chaprer 7: A 4GHz 4th-Order BP ATM 144

on the right of Fipure 7.3 when

Qf+1 .

Ry=RJH +1y L, =1, ( r@;‘ . (7.3}
L

This is usefl because at resonance, the impedances of L and © cance? in the paraliel RLOC efreuit

leaving only fi;. Nexr, we assiime that (G, is taned such that it makes a resistance —H, to ground

as depicted in Figure 7.4, This i$ desireble becanse once again, at resonance, the positve and

2T oy (rdnka

Figure 7.4: Tnput manscondector syquivalent circuin for naixe consideradons.

nagative Fios cance] which means we will bave an infinit resonator ) 2nd enee an infiniely-decp
noteh in the quantization noise. It now becomes possibla to write £xpressions for the noise currents
of each resistor and the feedback DAC as depicted in the fgure. The resistors have nodse current
densities 467/ R, A*/Hz, and assuming the DAC s a bipolar ansistor with collector current
I, = ka. irs noise cument density will be of the form 9ok A%/Hz [Gra93, Chap, 11]. All these
curents drive 7y from ground, and therefore they mey be refered o the input by dividing ehem
by G}, whenee they become noise veltage densities. Lastly, the inpus transconductor icself has &
certain input-referred noise voltage density, and ¥ we assume once agar that it is a bipolar-based
CIICUit We may Wrte its noise voltage density as TG, V2 /Hz. Finally, then. all the noise
voltages at the input are uncormelased, so we add thern 1o pet 2 rotal mput nodse voitage density of
g 2%T | 2aky | 8KTwiC

Gp Gy GhOg
where we have used the fact that fy = G/ {wel’). This noise density is a mild function of
frequency because transistor noise curents are frequency-depsndent; we treat it a5 white in the

Vi Hz (7.4}

(nareow) signal band. The rotzl in-hand noise voliage 15, by definition, the minimum deteciable
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sigmal

tmin = 0 % (7.5)

Immediately we s=e from {7.4) that in order to be able o detect small signals, we wish for (7,7 inbe
farge. Our first design constraint, therefore, is to make g, large encugh” to have smali in-band
noige. la general, mansconductance is relared to cumest; in a bipolar design, large g1 Means laree
current i, supplied w 7, and hence high power dissipation. As usual, low aoise (and thus high
DR) can be achieved at the expense of power.

How large is large enongh? That is determined by the mquircd SNR, which in tum fixes
the needed linearity of (7. Clearly, the maximum siznal thae must be bandled with acceptable
linearity is

Ungaz = bmin ¥ 105EEE (7.6
To quantify this, l=t us assurme the lnearity of & has been characrerized by a standard measure
such as input-referred third-order intercept point OP;. Let us further assume that it iy 1 differential

circwit with a weak cubic eonfincarity described by
1:5-: = Gg.]_'l! - tu-:_'f.i-s: I

quire 2 reasonable assummption for an integrated ranscondoutar, [7.7) cen be solved 1o yield
L&
IIP; for G, =, /228, (7.8)
II E_I;r.'.
The linearity requirement for Gz is then swraightforward to state! af wpg,., we require harmonics

1o b 2t least SNR B below the fundamental. & simple gromemical ArgUmens 53¥5s thar we regoire
[IP5 for {74: = 20l0g,p timar + SNR/2 dB (7.9)

because the taird harmonic has & slope 30B/dB with wwhile the linear term has 2 slope 1dB/38.
So far, our first consideration is the desizn of the inpul transconductor, Bt must have suffi-
clent dynamic range (i.e., sofficiently low noizse and sufficiently high lincarity} to mear our SNE

requirements. Higher dynamic range usmally requires greater power dissiparion.
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Continuing in this vein, it is illustrative to writs an expression for SNR using the following
fact: in order to keep ehe madulator stahle, the fesdback current mmst be ar least 25 large as the
maximum mput curreed. Recalling that the DAC eumment s £ = ko 4 &, we may write

L TR (7103
Put another way, we reguire
Yge < 2L (7.11)
o

where wpa, is the full-seale input voltage. .-'Esumjné we choose & no farger than necessary, the
inequality in (7.10) and (7.11) becomes an squalicy, and ctherefore the signal POWEL 5 e/ G 2.
We wrote an expression for the intestated poise power in {7.5); combiping this with (7.11) and
sunplifving leady o

J;'.‘E N
SNRow = T X j o
— J'.TGS-LTJT{]' '_ {_J::- - él?%’l

where fi 18 the Nvquiet bandwidth and we have esed the facr that srall-signal g, = L. /V5 and

bence &y = i,/ (KT ) for a bipolar twaasistor, This expression shows thar the noise s made
up of the sum of three components; the ene that dominates will depend on the acmal design. Chne
Of the mieresting insighrs this equation offers us is ther even if (74 and the DAC were noiseless,
SNE would still be fimited by fniie §);. 16 Q. is poor, thea we need sither high 7 o1 low O o
ensure that the third denominaror term does not dominate: thos, pocr inductor G either Increases
our power dissipation or constraing our choize of cepacitor size.

To understand how to pick ok componest valuss and the (3., We wrile an expression for
in Figure 7.2. Assuming the {7, transconductar draws negligible surrent (reasenable for a bipalar

design), we may wiite an equation for the first resomator output X,

Xg = ;_-.Irg-l—f.!-kl!i'.'g-]:"‘]gcq

- 1 : -
= [':_:rs.]_L' TG*IL:I{E-'_E:EHEL__‘“_ W- (7.130
ablving for X, gives
Xy = [GoulF + fy¥] ek 7
2 = l 5 -I— 0 = — " ':.. ']'q':l
T R - Fle s - G
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A stmilar equation could be written for 74 in terms of = and the second resonator DArameters,
Recalling that the center frequency of 2 band pass transter funetion is determined by the cocfficient
of e 5" torm in the denominater and assuming for the moment that ARG, is smafl, we amive at
the design constmaint .

ey T e 7.5

VIO

Choosing one of L or & then [xes the other secording to (7.15). Usually, the indnctor series
resistence A i3 given once [ s known becanse one has little control over integrated inductor .
A deep aoise-sheping notch requires a high-{) resonstor; the mie of dumb we gave m §3.1. 1 was
that

Qres 2= OSE. AT

Intagrated inductor Qs typically mnge from 3 to 10, hence we require £-enhencement of some kind
which as we hieve said is provided by the G- transconductor. From (7.14), 3 high-Q resonator has

a denominator 2* coefficient of near {; thus, we need

e [0 {717

(Fg1 may now be fonnd because it is the only usknown fn (7.17), and & gz may be found in a similar
rnner. What are same of the considerations for how we should chooss L andior 07 (712 shows
that small ' is good for noise. Bur smailsr ¢ means larger T, which for an integrated inductor
mezns farger die arsa. As well, we can anly teduce C so much before parzsitics start 1o hegome
sigmiffcant. If €77 is a function of L, then instead of choosing ¢ it may be more sensible 1o choose
L so that ¢Jr is maximized.

Thus far. we have chosen all the parameters except the feedback DAC currents and Fea. Our
choices of these depend on two things: schieving the correct noise-shaping ransler function and
the lincarity of the the oansconductors other than . _

Addressing the first issue, recell the CT/DT equivalsnce in Chapter 4 and 3: in this section we
are discussing building a one digital deday f. /4 fourth-order BF modulator which has

—1 23_1 + .F_"_ﬂ

T (7.18]

Haplz)=1=2
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from (4.33). Using the parameter names in this section, the values of the feedback DAC levals in
the CT circuit to give the correct equivalent Hgplz) c2n be shown to be

- - = = L e oo L
CEpie, Bpg, CHaed =0 —1.1107 —. . —0.49937 — 2 6815 -, 2 69237 —} .
| Ko IET-'.-;. kﬁ? 5 'i.::l L 1 IIDIGQET,T; 0895 Ta E’al:rﬂﬁ,zj; I:. 4 EQ II:" |:? ].g}

(ihe reason for the bars over the narnes will be explained shortly), < and T, have already been
determined. so K.; and kpy are now known, Moreover, the sum & = Eq = B is known from
(7.10). The only remaining unknown is thus {7z, which is found to be
=2

T TF

It appears that the design is now complete, sxcept there is one remaining detail: the second jssue

Gz = (720}

above, i.e., the linearity of the other transconductors. Let us consider it now.

When the modulator is operating, the voltages at 7o and 7. are stochastic in natue with stan-
dard deviatons &, and o.,. It is ot difficolt 10 see that these values are directly nroportional
to the feedback ewreent levels: driving mere DAC current inte = and 7, produces proponionally
rore voliage across the (fixed) ank impedance. The ks above are nominat cuments: ler ws make

the actyal currenes be scaled by <, so that
{fora, JTC:--:;. Enz, -'Elrpu = |:".-';.--Er2: ":".'eE:'-i_n ’:-'J:Eﬁz; ‘I'J:J’_F.&ﬂ- (7.21)

With this scaling applied, it is found from simulation that with na inpur si gnal,

1 ¢ -
(. 0z,) = [v";:—;ﬁ“:'k.- 1187w (7.22)
- TRl
which are values in volts. The proper scaling for (5 21 15
EElog
Gz = k_‘iﬁ“-"‘ {1.23)

whete ks is from {7.10), z, drives {iq and G,z while «; drives &g, 2o 0t stands to reason that thers
raust be a way 1o relate the lineanty mouirements of Crq1 #od &g to the zypical level of 3. 1,
Czq, 40 10 redste the linearity of (e to &,

A5 before, sippose these three transconductors have koown ITPy with & form similar o (7.8).
It is not immediately apparent how to trcat therm because they arz Anven by stochastic widebhand
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Figre 7.3: Spectrum of () output bits, () 2y and 2.

signals rather than sinuscids. To make matters more confizing, 5y, and 7,y have the same ouput
and inpur node. But one way to prasp what nonlinearity does is to woite our the tme-demain
differential equations for the states. For simplicity, assume (71 % the ooly nonlinesr ransconductor
and thar £ = (. The coupled first-grder equations for x; can be written as

e _ 1 el
r}s

1- .
= =21 + = |Gpu + enT] + gy (7.24)

If £y = 0, the term inside square brackets describes normal medulater operadon: the inpur « is
corbined with the fed-back cutpul bit ¢ and che amplitude of « in the spestrum of y is determined
from ka (7. Viewed in this Hght, for » = (1. we have the fed-back ourput y combining wirh 3.
By analogy to the € = 0 case, we can think of 1, as though it is acting ke an toput. Therefors,
by analegy, we cxpect the spectrum of =3 to appear in the spectrum of y with & ratzo ipvolving
ko feg1 - Figure 7.5(a) shows e typical outml specinem, whereas Figure 7 5(h) shows the spectra of
the voltags at £z and 3 for the same input conditions. From simpte theory, the spectrum of =3 s
the spectrum of @p convolved with itself rwice, This mesns some of the out-ct-hand noise will fold
in-band, but how much?

The best way to characterize it turns out to be with nermalizatgon. IF we plot the DR and
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SNE . from simuladdon a< a function of normalized €l s

k|
E'.I[a-m

e 125
b 4 Kpn ‘ J

1l

Ep

the graphs sppear as in Figure 7.6(a}) and look the same for 2 given OSE The form af £, 15 logical
given (7.14), Similar normalizations can e found for the other two nonlinear parameters:

T
Er 2 o
B

£ = . (7.26)
L G_.;.:;

F.n = ELG-;‘I_ - "'."_.']
E,'-;-: i ~ - '[ Ve i
Frre T Kpy

Graghs of DR and SNFon, are plotted in Figures 7.6(%) and (¢, From these graphs, we may derjve
the foliowing miss of thumb for the resrictions on the £s thar will not affect DR significant]y:

Ea = 1077, B < 1077, 1DJom, 52 < —5 — log, O5R. (7.28}

Thke fina] portion of the design procednte can now be described. The nominal feedhacks s and
signal levels o5 are found from the other known parsmeters by using (7.23) for rga Followed by
(7.21) and {7,223, whers o start we assime “ = L. The [IP; for the transconducoors other than Gz
are characterized, and the nomalized &5 are calculated and compared with (7.28). Tf they are large
enough that linearicy 15 a problem. theq v, can 2e lowered and the calculation redone, We should
alse keep in mind chat we can also adter the signel levels e, and o, by altaring the tank impedzance

if changing <, is found to be unsarisfactory. Lowaring - alsn lowers power consumption.

7.1.2 Desigh Procedure

We summarize the salient points of our design method here. Take ag given center the frequency [y
(fa = wip/2% = f,/4), SNR (assumed equal to DR), and conversion bandwidth full = f. /(3.
O5R).

For the inpus transconductor

— Deslgn the circuit and fnd the achieved &y, and &, in (7.7
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—r Use SPICE to find the total input-refemed noise voltage over the Myguist band
— Calenlate ey, from (7.5}, w,,- from (7.6)

— Enpsure ITP; satisfies (7.9}
For the tank parameters:

—+ Calewlare first feedback current k. from {7, L3

~ Calcular £ and ¢ prodvet from (7.13)

—r Determine induetor series resistance

—+ Caleulate reguired &'y and G from (7.17)

— With DAC ard 7y circuits pregent, resimulate input-refarred nofse in SPICE and ensure
input ransconductor still has necegsary dynamic tange

For the feedbarck DAC levels and other fransconductors:

—+ Caleulare required &g from (7.23)

~+ Calculate nominal £s and G5 from (7.21) and (7.27) using ~ = :

—+ Design the ather ransconductors 1o mest &, and &g spees and find the achisved €y and cgn
— Calenlate nermalized €5 from ¢7.231=(7.27)

— Check if perforrance loss is significant with {7.28) and adjust ¢ and/or tank impedances

appropriately

Of course, application of this procedurs will imvalve a good deal of itcration. Note thar we
recommend SFICE or some other full-cirenit simalator for noise Measurements; our ssiEmares in

(7.4} and (7.12) are only Yery approximats.

7.1.3 Parameters for This Design

The circuit we present in the rest of this chapter was designed long before this procedurs was
formalized. Before we describe the circuit, it js interesting o see how its parameters loalk, They
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Table 7.1; Parametars for the fourth-order desipn i chis chapter.

! L =3.50E
| Tenk element values L' =&.1pF
R=2450 |
Gy _._ Rangs | 2 = B mASY
g Typical | 4w 10 mand
€, ! Range I 0mAV
Ford = ;:I_.i:&l-: || 4 3ma
i cor &3 = o, meas i! 50m Ay
£y Typical || 5x10 mass
- ke, ki o Range !l 0 = 300 gy
=
|z, Ty, Range 4=+ 12 mV
Tnai i Cale {typical) 3.9pViAHz
Sim (Typical) 2nVi/Hz
T a Trpical il By
Gy TP Simn | ~2.34BV
Bl Maximum || 2.3 % 105 = —36.4dB
. Egm Maximnum [ LEx 107+ = —38.308
Zyz ! Maximum 28 x 1079 = —35. 248
S
SNE: liamat Y rmip, 1Pz 52dB
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are presented in Taple 7.1 for a bandwidth of 200MHz, which corresponds o OSE = 104, and
typical hiasing conditions. Their derivations will follow in later sections, There are several things

worth noting about thesr.

1. The inductors have a & of about 8 according to SPICE, sa the =y value reguired 1o achieve
= o0 is 4.3MAVY when calewdated from {7.17). In meassurements. from Figures 7.340b)
and B.2(b). the value comes our closer to YmAY, We discuys possible reasons for this in

§7.4.3.

2. SPICE measures typical in-band noise voltage demsities of 200V Bz while our simpls
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tormula (7.4) predicts 350V /Hz. However, t=st indicate both SPICE and our formulg
predict the same dominent rerm: the noise seems to come mostly from the DA the middle

term in 740,

3. The swing 2 the resenator OULpULS oy, and o, can be made only as high as abour |2mV
because the DAC cureents were chosen very small in thas design. As a resull when we fing
the normalized £ values and compere them to {7.28}, it happens that none of them are larze
snough o affect DR appreciably at OSE = FOQ.

4. The mpet-referred neise for &y, is quite large. typically 20nV/Hz, which in = Z0MHz
bandwidth gives a minimum-detectable input signal of #n,;,, = 904V, The linearity of that
transconduceor is such that [IPy = —2dBV or so, and caleulation with (7.6) and (7.8} gves
a maxrmum SNE of 5248,

At the outset, our simple forrmuiae predict we will not do Better than SNR. = 32dB which meaps
s 15 just over an &-bit ADC. Let us stucly the eircnit more clasely, however,

7.2 Circoit Blocks

The eircuit is builr in a 0.5pm 5iGe BICMOS process, though it is an all-bipolar desien and so
only uses the HBTs of the process, These are rared at specds of approximately fr = 40GH: and
frmaz = G0GHz. it should be stressed anes again that the anthar did not design this circnil—there
WEIT N0 doles 10 be found on it, 5o everything wrtten ie this chapter is based largely on inferance
and a scant few conversations with the designer. The circufr does function, 50 it is usefu] o Srudy.

Let us deseribe each circwit block: ar the transisior lavaid.

*Until now we have specified input levels in dB. which as we notsd in Chapter 2 i5 9B reletdve 1o Sl seale. In
this chapter. because this js 3 real ciesuit with zn tnpet valiage, we alk about ingel levels Both in V and (tecapse fe
AU i intzoded Sor 2 medio receiver) dBm Bssuming & 300 impedance. The cne place we refer ta dB, Figure 744,
still nses B relative o full scale, and we calevlae the Sill-seale inpur leval in 7.3,
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Plguee 7.7: SEICE ar analysic of inductor: t2) T, (o) 2.

7.2.1 Resonator

Before proceeding e the final resonarar circuit, it is useful to hreak it down into separats compo-

nents.

Single-ended block diagram

The medel in Figure 7.2 approximates the resonaror quite well. A [umped-element equivaient
circuit for each on-chip inductor half-cizeuit can be derved from the physical inductor lavowt which
includes metal resistanee, intecmm capacitance, capacitapce through the dielzctric to the substrats,
®LC- A SPICE ac analysis of the lumped equivalent produces the characteriatics in Figuee 7.7, The
Inductor’s nominal value &t f, /4 = 1GHz is L = 5. 5nH with 2 £} of about 8.1, apd its self-resopant
frequency is abont 12,8z, This tmeans the seres resistance is ahout £ = 2.45(%; it mildly
frenuency-dependent, but in simulation the dependence is weak engugh that we may consider &
to be constant, C is acmally o 1.32GpF capacitors in parallel with each other with both epds
connected Lo either collector of a differontial pair. Thus, the equivalent capacitance o ac ground is
' = 8.1pF, four rirses this value.
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Transconductor

Baoth input and {)-enhancement transeonductors zre so-called mitelti-tank circuits [Gi198] whose
aperation can be understood starting with the simple differential pair wt Figure 7.8, A diffcrential

Vbt XA Rl ew -

Figure 7.8: Differential pair raascondostor

Input voltage v;, becomes a differential QUEPT CuErent 3., with a hyperbolic tangent characterisoe
[Sra®i, Chap. 31; the transconductance &, = Bie /B, thies Bag = sech® shape. Flgure 7.9(a)
shaws how the (=, ¥a_ v, curve varies as 3 fancion of tail current fay for A = 1: we czn increase
the prak Cr, by increasing J,.;. The input range over which the circuit is linear can be imaroved
by first unbalancing the differential pair, where 4 transistors are conaesed in parallzl on one side
(eftectively creating a transistor whose emitter is A tmes larger). This has the effact of shifting
the praic of the &, vs. wy, Clrves as illustrated in Figure 7.9(b). Next, unbalanced pairs have
their cutpuls cross-coupled, Figure 7.10, which resuits in the overall (7 characteristic havine a
double-hump shape, Figurs 7.11{g}. The horzontal shifi of the G curves is aleered by changing
A, and we slsa bave the option of adding small eminer resistors R, to furthar change the shape of
the individnal pairs' (&, curves, Figure 7.11(b). By comectiy choostng 4 and R,, we can et g fat
top oo the finad 7, vs, ¥ cucve, This is what cives us the desited facrease in linear ranme.

The main advaniage of using a mold-tach ciccuft for tinearity over a differential pair with
cmitter degeneration is thar ihe larer bas a fixed transconductance. while in the former 3, is
tenable with £,y while retaining sood lineariry, Furthermare, the increase in noise suffered by
usig o pairs of Transistors and two tail curent generarors (inseead of ene of each in a simple diff
Pair) is mrore than made up for by the increase in 148 COMpression point—mulii-tanh circaies have
higher DR than degenerated differential maits when both coise and linearity are taken into aceoont,
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Figure 7_[0: Mult-tanh eirewia,
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Iepist traosconductor

The acrzal multi-anh topology used in this archireeture is depicted in Figure 7.12. In place of

Figure 7.22: Acmal versconductance wopology wsed.

reaistors, diode-connected ransistors are wsed, Between the input and ac ground, we have 0 =3
dicdes formed by base-emitter juncrions: what are the samifications of employing this confizure-
tion over [ = 1 as in the orginal melti-tagh design in Figure 7.10or D = 27

FExample 7.1: Let us study the cireuit in Figure 7.12 with 5002 load resisiors
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Figurz 7.13: Transcooductance x5 a function of number of diodes: 1y shsolule, (0] normalized 1 paak 3.

om the collectors of the input mansistors going to Ve = 3V, We will use an input

commot-rads (CvD) level of 3.4V, which is aboat what the 2etsal lovel in the fing)
meodutator is.

For fep = Ddma, Figure 7,13(a) plos iy vs. Vi, from a SFICE de anaiysis for

L =1, 2, and 3 base-emitter diodes. (7, falls from 9.40mASV to 4.70mANV snd

3.6BmASV: it is inversely proportional v 2. At the same time, the linear range in

-—_

Figure 7.13(b) increases propordonally to % a 1% drop in {r, bappens at I,
2omV, S0mV, and 75mV. This bebavior is easily understood by considering the series
connection of O ideatical dicdes with the same curene [ and voltage ¥V across their
lemminals, Figume 7,14, The current thiough each diode is the same and ic Ziven by

b
5

Figura 7.14; Seriss-connecied dindes.
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Figure 7.15: Linzanty for smirter diodes vi. emilter resistors: (8 A= 4, 0 = 3,8 A = & R.

v
I'=TIexp (raii) (720

because the voltage acrass each diode is V/ 0. The small-signal transcoadoctance is
tound from

= 10047,

dl I

@ S WD 1T
dV ~ Dkrjen P \iTie) T DETig

(7.30)
The mansconductanes &, above falls hecanse of the 1/ factor in front of (7,307, and

the linear range increase arises because of the ¥/ inside the axponential.

bm =

The advantage of using diades rather than passive resistors shoald be clzan the g
for & diode is proportional to S, but for a passive resistor g, is fixed. This explains
why in Figure 7.15, which contrasts the two cases for similar G, and oy, the linearity
15 retained as & 15 varted in the dicde case but not in the resisior case.

A fair comparison of the D choices includes several parameters: the realizable
range of (7 values. oy per &, (which gives a measure af powef dissipation), and the
dynamic range, which is a combination of the noise figore and the linearity. We will
use an input frequency of 1(3Hz, sinee that is approximately the frequency at which
the circuit must operate in the ATM. The parameters for this cell are presented in
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Tabile 7.2 A discussion af the results is in order.

Tebie 7 2: Coroparison of molé-tanb archimesmurss,

, Parameter D=1 | D=2 | D=3
Bealizabie 5, range {mAV) e =11 RN
ALpsr (A per maASY) 43 1 I 133

| NEaopr (B, Bsope (11 | Lo = 400524 i 67,606 | 751,900 [ 910, 100 |

| Jraz = lma | 473,400 . 583,550 | 6.86, 700
Lineariry 1dE compression (d6m) —11.5 —5.5 —1.9

Estimated TPy (dBrm} -18 +41 | =TT
Approximate ADR [dB) . : 1] 5 T T

¢ Therealizable (7 range is unlimitad in theory as long as we are willing to supply
the owrrent fo,y. What limits 1 in this design is headroom, in particular the
design of the hiasing circuit that supplies f.;. For 0 = 3, excessive T, pushes
the transistor supplying fr. N0 saturation which degrades linearizy. This coukd
be remedied with increased supply voltage Ve, thoogh this would increase Ve

on all the transistors and passibly introduce prablems wich BV ego.

AF expacied, power dissipation 15 propostional to I for a siven . Again, high
&, can be obtained no matter what D is as long as we are prepared to dissipate

THCHE PoweT,

Noige figures were measwred in SPTCE at 1GHz using ac analysis; the soures re-
sistance was swept until the optimumm NF was found, and both valuess are listed.
NF falls as i Incr=ases; the NFp. increases berween 1 and [ 54R with I de-
pending on f.g. As well, larger 17 requires higher M gape for optimum WF, That

being said, NF and Rz, are roughly constant for the same (7

Linearity was measured with eransient simufarion i SPICE. The 14B COMmpres-
sion point is fairly casy to measure by sweeping the inpet voltage. ploting the

(&1
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Figurz 7.16; Linearity plos for & rmolijstanh oot

ottput cument, snd using straighi-line extrapalation to find where it deviates from
linear by 1dE, Figure 7.16 shows the resulis of a two-tone 1est in SPICE where
the nput ones ars at 3500MHz and 1GHz, and the third karmonic at 1.02GHz
iz plotted. Unforninately, the third harmanic docs not behave in & Taylor-series
manner; the slope of it magnitmde doesn't increase by 3dB per dB of inpu
valtage, as the dashed and doited lines show. This is an inhercot property ol
muli-tanh circuirs [Gil98): becanse of it, defining IIP; {s difficuit. The definiton
we adopt (simply so we have a method of discussing it) is char it s 9.5dB higher
than the 1dB compression point. which derives from the assumprion of & wealk
Taylo=type cubic nonlineanly in (7.7} and (7.8%. [n any case, linsanty improves
roaghly as 20 log ., £,

» Combining the previons rwo facts—the small increass in NF with the larger in-
crease in [dB compression point—Ieads to the final table row which shows DR
improvement resulting from increasing 17,
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Figure 7.17; Dand pass resonator blosk,

In coaclusion, there is a ciear DR advantage of using [} = 2 instead of D = 1, and
a slight funher advantage in vsing D = 3over D = 2. Ina Vo = 5V design
such as this one, £ = 3 is 2bowt the maximum we can gez away with while rETEbINE

arceptabls headeoomm. C

t-enhancement transconductor

The band pass resonstor block appears in Figure 7.17. The input voliage is applied thraugh emitter
followers (not shown) to the input multi-tanh block whose load is the LC tank, The CJ-erhancement
transeonductor is a second multi-tank eircuit whose Inpuc is derived from the outpur voltage sam-
vled by a capacitive divider, The de level 21 the inpats to the J-enhancement muli-tanh sould not
be well-defined without the conrrol voltage Vo p e and the cirevity associated with i
Exsminarion of the dc operating point of the circuit makes it clear that care must be taken
when choosing where to set varioes volrages when the power suppiy is 3V, The bias circuit has o

e nurned off in pracrice berayss the base coereats of the ¢ muld-tank mput ransistors alons drop
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enough voltage across the 2kEY and 10k{2 resistors m push the input comman-maode voltage g
to 3.5, which, 25 was also true with the input manseonduoctor, strains the ability of the transistors
SUpplying fay b stay owt of the samration regyon. Raising Yopps 1o a voltage which tirns Qope on
pulls Vig down further resulting in worse TPy for the &, mansconductor. Therefore. Vong = OV
is required in nommal circuit operation.

The {7, tansconductor’s ac npur valtage derives from V., through the lpE/3pF cepaciuve
voltage divider, We expect a voltage division of 0.25 (ie., the input signal ar Vg smaller than
Vour By & factor of £our), though SPICE simulations indicate a value of cleser to 0,20 for a signal
between 13Hz and 4GHz. The transistors in the 7y multi-tanh cireuit are, however, four times
targer than those in the 7, circuit, so they are capable of supplying about four fimes the cirent
at the same Vzp, The net result is the achjevable transconduactsnce range ohtainable for the &,
Tansconductor is oot markedly different from that for the (7, transconductar. The Hoearity is beder,
howesver: (F; achieves IIP; = +20dBm or so vs. -+3EBm for ,, thongh this is expected becanse
of the voliape division.

Resonalar characteristics

We illusmare 2ain and () hning for the overall resonator in a SPICE ac analysis in Figure 7.15.
Figure 7.18(a}) shows T tuning with fixed ¥y, where these two voltages coneo] the tail crrments in
each muld-tant block. The peak gain varies over abour 9.3dE, with e er PEAiGing almost consoant
al about 73; the peal gain is proportional o the (zg in the gain molt-tank cireuis. Figure 7.18(h)
15 with ¥z fixed and 1o tuned. and the .., vires from 2% for o = 24V to sbout 360 [or
Vo = 2.7V, These results are usefid because they let us estimate acrual voltage levels which resalt
in & certain gain and ¢J daring t=sting,

We also do a comparison of ac znalysis to wansient znalysis. Figure 7.1% cantrasts the analysis
results for Vir = 2.2V and T = 2.6V, zain in Figure 7.1%¢a) and phase in Figure 7. 1%b). It
takes the outpit mplitnde spout 400 cycles 1w scitle, 50 each simulation takes quits & hit of time.
Apresment is good except near the peak gain where it becomes merely acceprable; ac analysis
predices €} = 72 while the transient analysis shows Q == 130. SPICE ac analysis is linearized
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while transient analysis preserves nonlincarities, hence the two disagres here [Ched4. CheS8c].

We can find the input-referred noise (end hence the minimem-detectable input signal wep,:
from a SPICE sc simulation. A value for typical control voliage settings is Tosl = 20nV//Hz,
tEough this can vary by 2 factar of two either way dependin & on the exact biasing. In x 20MHz
band, the total noise cotes gt to abour tnin = 90.V which is therefors the smallest modulacos
npur voltage which can be scosed. Both these valuss were listed in Table 7.1,

7.2.2 Latch

Two different modulators were designed: the “NREZ medulator”, which has NRZ and half-delayed
NEZ (HNRZ) feedbacks, and the “RZ modulator” with RZ end HRZ fecdbarks. Block diagrams
ot the larching schemes in each are shown in Figures 7.20(2) and (b). The NRZ and #7 blocks
are hali-latches with outpurs that afther don’t or do i o zero after a half eycle (o1, e dashed
and dotted lines in Figure 4.15). The one-bit quantizer in bath designs is a preamplifier with an
ECL master/slave latch, exactly as was depicted in Figures 4.15 and 6.5, As mentioned at the start



Chapter 7; A 4GHz 4th-Order BP AL} [&7

| i
R w
J 400 éﬁ}
' Tl

sy 20U ra Z00L
Ma
"E‘—-j_':zﬁ_ll 2{]!_';
4 N =
e ] v
o
Vi 0 L 2.5u
R B. - Rnrg R.;
10k 1k e S 230 1 10k
= = = = =
fa} (b}

Figure T.2[: S=hematizs for (o) preamplifer, (I half-lac=l.

of ehis chapter, there is a full sample of delay prior to each DAC, and thess are implemented with
appeopriate further balf stages as shown.

The preamplifier circnit, Tigure 7.21(a), is a simple differential pair with inpur and oatpur
buffers, Aswe noted in §5.4.3, it has besn shown [Lee92] thar emitter followers before and after a
preamplifier are good for eliminating coupling of the cloek siznal berween the main latch and the
preamp. Bue the followers in this circuit are appaready sized and hiased incorrectly for optimmm
specd, & rarher serious oversight for a high-speed eircujs. We will worry zbout correcting them
m §7.4.2; for now, we provide pain and phase curves of SPICE ac analysis (supplemented with
transieat analysis for verification) for the inpur follower in Figure 732 a} Followers are faicly
forgiving circuits, 50 the zain and phase shifty are not buge, bui they can be improved a good deal.
Crne restalt of the rolloff exhibited in the inpet follower gain curve is that the overzll preamy has an
ac analysis given in Figure 7.22(b): the —3dE frequency is quite low at 4.59GHz, The de gain is
18.7dB, and the phzse shift at f_ap 5 —61.6°,

A half-Tatch in this design appears In Figure 7.21b). The curput swing is typically I70hoV
and the regeneration time constant for the lach as designed is 7, = 17.4ps, which again can be
improved with proper followsr destgn, We leave this for §7.4.2.
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Figurs 7.22: Uriginal preemp ec enalyses: () input follower, Ch) enlire cimouct,

Twpical ZOT cheractenstics for the MU/S latch output and ane-sample deteayed latch output are
illusrated in Figures 7.23(a) and (b}, respectively. Clocking at f, = 4GHz in an fr = 20GHz
Process is aaaressive, to be sure, if the guideline of 4-3% in 5.6 is to be believed. Thart auideline
was for a three balf-latch design, and this one contains four, so the repeneration at the fipal larch
output is adequale, as is clear by the sharpness of the comers in Fipure 7.23. However. it {s the
bvsperesis in combinarion with small quaniizer input swing which will twem ool ta be & majer
problem in this design: we baraly use 5% af the fidl-scale input range. Our recdesion will address
this,

7.2.3 Ouiput Buffer

The outpur is obtaieed from the slave stape of the MYS lach driving a differenrial paie witk 5052
Joad resistors, Figure 7.24, for matching to an offchip 300 measuring device. The bizs carvent,
ared hence the puiper swing, is controlled with a mhﬁg: Ve appﬁéd dirsarly o the base of &
cument-sourcs trangision. A mpical desirable swing for us is 200mY, which requirss a current of
4m; this can be achieved by nsing Vorp = 3V,

In Figure 7.25(a), we show a typical owtput waveform from the MYS latch, and Figure 7.25(0)
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depicts the ourput buifer waveform. The latch outpur seems not 1o rise very sharply, but the edge

of the output buffer waveform is much better-defined.

7.2.4 DAC

There are a towal of four DACs on the chip, two for each of the Vigpz and Vywgz (0 Vee and
Varg) sigoals; for each signal, ore DAC connects to the #irst sesonator output and one fo the
second. The DACS sre relatively simpie curtent-steering circuite, Figure 7,26, with follower inpuls
and current ourpurs derived from the sum of cross-coupled diff pairs. A wypical cupur voltage
wavetorm vs. normalized time appears in Figure 727, The MYS latch cutput switches just after
/T, = {1, then there is 2 Al sample of delay before the DAC switches, The ZCT is gs = 1.322
and the rise time is p, = 0.145. Tdeally, this waveform ®ould switch mstartanecusiy at £/, = 1.

7.2.5 Complete Circuit

Finalty, complete wansistar-level schematics far both modulators are shown in Figures 7.28 and
725.  The boldface words are the pames of the cxternal signals. A die phowmicrosraph of the
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fabricared NRZ modulator appears in Figure 7,30, The die measures 2.4 x [,Ammn® with the pads
and 1.6 x (.85mm?® withour. There are 3 total of 40 pads: & input (twa cach for differential 1ApUL,
clock, and utput), 2 Ve, 15 de bias (Vog, Verr, two each of ¥y and Vo, Fepa. and four each
of ey and T _ for the DACS), and [7 groond, As is evident from the schematics, the input signal

comman-mode (M) levels are nor set on-chip and so must be provided throngh bias rees.

7.3 Measurement Resuits

Given the number of de biases that mmst be controlled in this design, stapdard high-speed probe
configurations for wafer-level tests are 2]l but impossible to come by, It is possible to bave a
“membrare probe card” specially constracted, bat several factors (not Teast the financial CRpCnse
of TU3517,000) mled out this possibility. Thus, diced wafers wer packaged and mounted on a
four-layer test board, There are no individugl circuir block beeakouts, so we must devise methads
to check circuit behavior based only on the overall modulator eutput bit stream, either in the tirne
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domain or the frequency domain,

The inpur and clock signals were provided from signal geperators, driven differentially oato the
board through 180° power splitters. each with two bias tees for providing O volrages. At Grst,
Voo and the two CM voltages were all provided with separate power supplics, which resuited in the
destruction of several packaged parts by spplying inappropriate voltages across certain Junetions
of the input buffer wansistors: eventually, a singfe supply for Vee was nsed, with the CM levels
being drawn from a mneble resistive divider cirenit SMA connector-temminated cables of equal
lengths rated to $0GHz were connected o the board. The mmaining de biases were ser with 10ks?
patentiomerers connected berwesn Vep and ground. Each required hand trmng with & screwdriver
end voltmetar to set a desired voltage level. The outpirt came differentially fronm two similar cables
connected 1o the “DCHRF inplt of bias tees; the RF ovtputs bave ac remaining de component,
and they wers connected to a specmum analyeer through a combiner, A dizgram of the test seTup
appears in Figure 7.31.

4 r¥pical speetrum anaiyzer display for the NRZ moduiaror output bit stream anpeers in Fig-
ure J.32. The coadidons with which this plet was made were
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The noise-shaping behavior is svident; the quantization noise has a dip of Z0GE or so ar abour
faf4 = 1GHz. Thus, the circwit appears to be fanctioning corectly.

7.3.1 Resonater

Fur the resonator, there are three voltages which should have 2 noticesble effect: ¥, s, and

Vepg. Let s examine each in mm.



Chape=r 7: A 4GHz 4th-Order BP AEM 177

Varying ¥z
For simplicity, we test the NEZ modulator with the hatf-delayed feedback pulses disabled, ie.,
Fre = Wiy == OV, This allows us to specify the level of a full-scale input sasily. From (7.14)
andg Figure 7.2 {tecatl also Example 2.7}, the maximum input is one where the current due to the
input transconductor ) u has the same magnitede as the feedback current &0t Thus, the autsut
magnitels relative (o fall scale of 2a inpar signal « in Vis
Ga
Fenz

whera (7,; i in AN and &0 in ma. Let us relate ali these quantities to the signals we acmally

. (7.31)

nce.
a (7y: 15 related to Vi through Figure B.2{a). An approximate formula is
&, = 5.43Vz — B.73, (7.52)
whers O, 15 In mAMY and Vg in W
= For kny, define fpn = i — Jie and Vo = Vop — T4 in Figure 7.26. From Figure B 4.
Iy = 0481 —0.23 (7.33%
fior Iy 1m mA and Ve in V. Subsrimting our definitions in (7.33), e armve at
Bo =048V, {7.34)
for kpo in mA and ¥z in W

= The input voliage Vi, from the signal senerator is calibrated in dBm assuming & 338} load.
The modulator input, however, was net designed o have a 5051 input impedance: the signal
generator drives the pin capacitance, a band wite indvuctor, 2od then an emiter followsr.
In §7.4.2, we astimate that the sipnal a the base of the emitter followar will be aboul 448

smaller than the dBm reading on the generator. Taking this ipto account, we may wits

4 = I.Dl:lri'-"_ B i1 (?-3 :-n'l}
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for & ie pask V (a5 opposcd to rms) and V,, being the nominal owpat from the generatar in
dBm.

¢ We shall see that the time-domain output voltage has a swing of about 120mV peak-to-peals,
or S0mV peak. An 0dB input tans thus requires a peak magnitude of 60mV, which is

20 log,, 0.06 — 10 = —~14.5dBrm. (736

For a 1.003GHz ~26dBm inpat. the magnitude of the LOO3GH2 tong in the outpus spectrum as a
function of Vi, appears as the solid line in Figure 7.33(a). The result calenlated from, equaticns
(7.31)7.36) is plotted as the dashed line. The curves agres reasonably weil. Accordipg to oue
approximate forrpula (7.32), the transconductor tuens off a1 Ve, = 1.6V, at which TOINL 00 CULpuL
tone should be visible; in reality, the potput tone remaing with an amplimde ic ahoul —47dBm even
with Ve = OV, likely bacawee of coupling zcross Cy, from input to ourput of G,

Simulaticn of the modmator wsing the RK4 program snd a model fike Fi surs 7.2 shows that
the outpet amplitude depends sliphtly on Vga as well, though in a manner thar is mor diffienit
1o calcualate. Figure 7.353(0) shows measured and simulsted OuIput tone magnitude against T
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Figure T.54: {2) Loss of noise shaping for small input and low ., {b) minimam-detectable soput smplisude sgainst Ty,

for fixed Ve = 2.6V, and once again. even with Vaa = [V, there is srifl an abtput lone of abaut
—33dBm. Geneeally, the omput tone magmimde behaves as expected when cither Vie is varied,

Varying I/

Ideally, a modulator is taned s that it has infinite . This means (in theory} an infipicely-deep
notch in the qrantizarion neiss and optimal SNE. Pracrically, there ame two cases of interest which
we demonstrate bere. TF ) 1s tuped too low, then the modulator will not exhkibit noise shaping for
wery small input levels [Fee1), Figure 7.34(a) depicts output spectra for 1o = Vg = ¥ = 2.8V
aad the input amplitnde incTeasing skowly. At -43dBm, no noise shaping is seen; the madulator is
sensitve only o ieputs of —a7dBm. Figure 7.34(k) plots the minimum-detectable irput amplitudg
versus Vot at Uy = 3.25V, the input can be disabled without the loss of noise shaping at the output.

On the other hand, if ¢} s too kigh, then instead of a resonator we will have an osciliator
Figome 7.55(a) is the output specteum for V= 3,31V and ao inpot, whick mens out to be just an
the edge of stabiline—if we make Vg = 3.33V, the spectrum looks like Figure 7.35¢b), which has

the tonal behavior characteristic of a modulator with an escillator in the forward path®, The Vo

"It iz actually possible to have a pole slighily cutside the il drole and sell have 2 stable modulamr: this yields




Chepter 7: A 4GHz 4th-Order BP ATM ERD

i

&
o
=

:

Ampig [EF-WI .
.
-1

‘ : -i
MALLE

;

el

: i
., | N B
AR TR

-

-5 1200 140G 1533

=~ ] 3

Ll Ll
Frequency bz}
(] (b}

Figure 7.35: Qscillation in curpor spectrume: (2) Wy = 331V (k) VL = 3,00V

which causes ascilladon in practice is higher then that predicted by {7.14): from Figure B.2(b), we
Oy WTike

r, = 3.63 Tf};- — 601 737
for &y in mA/V and Vy in 'V, and for the parametess in Table 7.1, we expect Vo = 2.23V or so.
The spacing of the tones in Figure 7.35(k} is curious: they seem to occur every 38MHY or o,
which suggess we have entered an outpet limit cycle whose period is 4GHE/38MHz = 103, No
explanation for this value is cbvious, though it might reasonably be some kind of beating between
the escillaton fequency and f, /4. Waturzlly, the modalater is nat iotended to be operated in this

regime,

"FHI}']:ﬂg Vgﬂg

We stated in §7.2.1 thar setting Vion g too high would give linearity probiems due tn saturatng the
CUITEDG-SOUrCE transisiors in the (J-enhancement multi-tanh block. The best way to vernify this in

a socalled chaotic modulator [Fisd4, Chap, 3. Pushing the pole too far gutside the unic sirele resules in instahilice
likoe ther shown in Figuee 7.35(h), From Figure 7.34(0), J = oo sesms o be achizved m Yo = 322V, scches plat in
Fagure 7.35(a) for T = .32V i very likely one where the modulador is chaosc.
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practce would be with a two-1one 1esr, bat our setup is oo cumbersome to aliow this o he done
easily. However, with a fixed-amplimide —264Bm tone, we can abserve the amplitnde of the cutpot
tome varying as Vo oy increases, Figure 7.36{a). The gain 1o the output is constans for small Vepg,
but as soon as Qong in Fipure 7.17 tums on, we start o see distomion, Sre Zain expansion, then
Eain compressior. The wansigtors supplying Ly in Figure 7.12 are being driven into saturation
almost immediately when Qupge sterts 1o condoct: Figure 7,36(0) shows that the cureent drwn
from the supply Begins to drop as Vg ie driven towands 9, which is the expected nehavior from
Figure B.1(b).

7.3.2 Latch

The coniel valage Vg affects the hehavior of the larck in o quancfiable way: it changes the
curtent fy, through A, in Figure 7.21(h), and hence the egeneration time v,. Increasing Ji,
Teads to a closer bunching of the ZCT curves in Figu.t'e. F.23(a), in turn leading to smaller & pey-
Examinarion of the outpur spectrum pear [, /4 shows that the spectrim 15 white: if it is limited
By noise due 1o DFW modulation from metastability, then the noise floor should become lower as
Fppw falls. Figure 7.37(2) demoenstrates that the ooise flooT near the resonator center frequency
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does mndeed fall as Vg is increaced from 2.6V g0 3.3V and 4.0V Figurs B.3() is the in-kapd
fnoise measured with the spectium araiyzer set to display = 0MHz band near the approximate
neh center frequeney of $800Hz; ac Viop increases, the in-band noise falis.

The author 2lso had a brief opporunity o take soms time-fomain measurements oo a 50Css
sarnpling oscilloscope. Figure 738 shows an eve diasmsm of the 4Ghys bit stream on a S0psidiv
horizontal tine scale. The aves bave » not-inconsiderable pumber of dots inside them, the cause of
which is the Iocation at which the ourput bits sre taken: the MYS latch outpar. The dots comespond
to instances where the latch outpet i5 delayed and the oscilioscope happens to sample at a point
on that delaved waveform. The cyes would be more epen if the output bits were taken from
the ane-sample delayed laich, where from Figore 7.23(b) there is [ess ZOT vasance, Tohis is of
comsequence when the modulator gutput speeinem is examingd on & spectrum apalyzer, as oppoced
tr found from the FFT of a sequeece of ompat bits. Even though much of the digital outpur edge
jitter due to quantizer metastability is removed in the feedback path by the two extra half-larches,
nove of this jitter is mmoved at ithe modulator oueput becanse this attput is taken prier 1o the
éxrra regeneration stuges, To 2 spectrum analyzer, the analog properiies of the CUITpUL wawve form
are significant. Thus, closed eyes due W metastabiliry will degrade the specoum measured on &
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spectium analyzer by whitening it in-band. We did find that inceeasing Ve g resubied in improved
=ye openings, as one would expect.

More evidence of the effects of meeastahility car be seen in Figure 7.39, whizh is a histogearm
of the zero crossings of the sime-domain cutpue bit stream. At these rapid speeds. the sampling
jitrer of #he oscilloscope itself is significant. When we used a common frequency reference for
both 2 sigmal peneraror and the scops, and applied & 4GHz sine wave from the generator to the
scopa, we found a normally-diswibuted tme Jiner {the “RMSA™ feld in the fgure) in the sine
wave Tero crossings of sbout Tps. For the ATM output, the mns jiter iz F8.7ps, and thers it
is clzar thal the tail of the distibution descends more gradualiv to the rigit than the left as ex-
pected for a metastable quantizer. The same measurement was taken fve fimes, and tms jiters of
{18.2,18.5,18.7,19.2, 21.2}ps were measured, £o it is hard o specify an cxact value.

In theory, the effect of metastability could be removed if we captured a bit stasarn and found
its spectrum. Again, the author had brief acesss W an 3Gs/s oscilloscope which ceuld sample and
kold 12B% dasz points, The scope thus sampled the 4G5/ bit stream twice per bit, and then the
odd or even 64k samples could be downloaded w a computer and a spectrum mken. For o 1GHz
—15dBm input, Figure 7.40 shows the 16 averaged 4096-point Bann-windowed periodograms of
the bit stream. Arpoyingly, this dars was capiared befors the aunther fully uaderstood the ATM,
fence the biases were set incorreetly: we wied ¥y = 2.8, which is nowhers near high enough far

a deep noise. notch. As a resnlt, this spectrum bas a similar noise floor to that cbsarved on the
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Spectnun analyzer and many spurious wones,

7.23 Ountput Buffer

There is aot much to test on the outpur baffer itself. Figure 7.4] are output spectra for Vapr = 2.0V
znd 3.0%. From Figere 7.24, such a change should reselt in a supply-correat increase from abont
2mA 1o about 4ma, and we measure it to go from 87.8mA to 90.0mA. Funhsmmere, doubling the
switching current shiould mean double the cutpet voltage swirg and hence 6dBm mors spectral

power totak: the measured fnerease is about SdBm.

734 DAC

Chanpging Vi in the NEZ modulator should affect the amplitde of dl:E, input tone as it appears in
the outpur spectram according 1o (7.31). Figure 7.42(a) i the output maspituds of a [003GHz
—36dBm inpur Wne as Vs varies, both measured and calculated. Once again the shanes of the
curves agree quitz well. The supply current rises approximately 4004 over the range Ve = 0.2V
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ta 1.0%, which concurs with Figure B4

Otherwize, changing DAC voltages should affect the loop fileer zero locations and hence the
noise shaping. Figure 7.42{b) shows that an NTF pole moves up in flequency 2nd forther 1owards
the middle of the & plane as V.; 35 increased: £ similar movement of chis pale is ohserved m
simulation in the RE4 program. Many ather such examples could be demonstrated. but this one
gives the sencral idea.

7.3.5 Dynamic Range

It is clear from the spectre presensed i this section that the acmal neise notch center fraquency is
approximately SBO0MHz, Thus, for a DR plat, we set f, = 3920MHz, four tmes this valoe, and
apoly an input tane at 981MHz, We choose to consider & bandwidth of 20MHz (., OSE = 1007,
which is what we assumed in Teble 7.[. Typical in-band spectra appear in Figure 7.43; the noise
foor is white with a level of shout —130dBm/Hz. In 4 20MHz bandwidth, the ol noise power
15 thms —&T7dBm, and in Fipure 7.43¢4), the signat power is —42dBm which gives SNE = 13dE.
An input 20dBm larger shows much output harmonic distortion, as seen in Figure 7.43(b). From
(7.31) apd the circuit voltages, the full-scale input for thess conditions is about —14dBm.
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Figure 7.44 shows the DR plot for the NRZ maodulater, where spectra with 200Hz bandwidch
were capiured and the SNR caleulated in Matlab, This SNE stays positive for inputs up to 0dB, bu:
it is difficalt to know how to calcolae it fairly for large inputs because of siropg harmonic content
and distortion of the inpul signal. In any event, the peak SNR is 37dE and the DR is about 408,
which makes this a 6.3-biz convemer, The SNR valee agrees well with our prediction in Table 7.1,
The modulator consumes about 450m W from a singls 5V supply, Witha — 548 input, the Darmonic
ar 37T TWHz dominares, and the SFDR Is found to be approximately 4868 Tn 2 parrower bandwidth,
SR performance would be better, improving at 3dB per octave of oversampling, though spurs ras

BXi5Leven in very narmow tands and thus SNR performance might still be limired.

7.4 Result Commentary

The performance of the modularer i3 disappointing, cerainly, though a seod deal was learned in
the process of simulating and resting it
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74.1 Design for Testability

In il cirenit designs, it is important to think about how the cirowit wifl eventually be tested, and if
passible, to design so that tesring is facilitated. This becomes more necessary, indeed cmcial . ag
the speed at which the design must operate incresses. Thoush they may seern obvious, a number
of poimks came up in the westing of this AXM which deserve to be mendonad.

Individueal block breakouts

It is a major boon If the individual cireuit blecks are broken aut of the whale cirenir for separate
testing. particularly in a refatively new manufacturing process {as was the case ar the ene this
43 M was made). Each bleck usually has fewer settable pararneters than the entre cirenic which
offers two advantages: it can likely be tested on-wafer with g standard probe armogement, and the
pararneter space for 2 bioek can be rapidiy exploned. Furthermore, if one hlock operates differents
than expected, this can be found by testing the block by ikzalf rather than obssrving its effect on
the ourput of the full cireuit. The main disadvantages of breakouts are the increased amount of die
st consumed and thar special inpur and putput buffers might need 10 be designed to st a bleck
by itszlf. Experienced designers building a familiar efrenit in a weil-charsctedzed process might
have less need to heed this advice. bur followipg it would have been hepefeial here.

Timability

How to choose the number of tupable parameters in a design is aot always obvious, Oa the one
hand, ope wouid liks to be able to control as much as possible when the process is uafamiliar or
new. On the other hand, using a large aumber of parameters can Iead to a tosting cighrmare—haw
can one be surs the degipn is tuned to give oplimal performance when the parameter space is huge?
For a first cut. wnability is probably a good ides, though for an actual product, over remperatre
and process variations, paramerars must stabilized either by design or through stabilizing cirenioy.
Al umes during esting, this auther found the amount of maability in this desim fTustrating, but in
rhe end it was probably prudent
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Data capture

A designer must anticipate how the cirenit surpui(s) will be observed. For GHz-speed ATM this
iz particularly relevant: how does nne plan to capturs the high-speed bir stream? For messurements
directly in the frequency domain, one must remember thar spectrim apalyzers have a cerrain noige
foor and that they are sensitive o analog imperfections in the waveform, Likewise, for me
dothann messurements, fast sampling scopes cannot necessarily sample very deep: satting enough
bits for & reasonable speetrum (like 16k or more) might be nontrvial, Worth considering is zn
on-chip demux, for example 1:16 in the 2GHz design in {Rag%71, which sroups the bits into 16-bit
250MHz quantities which can be brought eff-chip to a fast logic analyzer

Packaging and boacd design

These are two more important factors in high-speed ese TF the circuit can be ested on-wafer, so
mch the better, bur if packaged wstng is required, the board desien and packaging can have a
major impact on the measured performance. The rest bourd for this circwit seemed well-designed
1oy the apthor, but the package left a pood deal %o he desired: the footpdnt was 7 x Tmm?® for a
2.5 » mm® die, which meant very lang hond wires botween the packags pins and the die surface.

W explore the effeet of bond wire industance in the following s=ction,

7.4.2 Known Circuit Problems

This design was a firsr cur. The author is fairly certain that it was thrown togrether in a very shorm
spacs of time for a tight deadline; that it works at all i 2 tstament ko the design skill of Mr. Gao.
Even so, there are many arsés in which, upon further examination, thirgs could have baen done

better, 2 1ist of which follows.

Improper architecture choice

A modulator with half-delayed NRZ (HNRZ) feedback is a bad idea becanse it produces a dif-

ferent puise shape when there are rowo of the same autpur bit in a row. To illustrate, suppose the
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moduiator cutpot goes {-~ +~+ — + + ——}, whers —isa ~1 and + is & +1. In Figure 7.43, the
DAC pulses that would sesult ffom such & seguence are depicied for NEZ/HINEZ and RZHRZ
modulators. AL the feedback, the pulses are summed which msults in the feedback wavefomms in
the botwom graphs. It is apperent that for two or more of the same cutput bits in a cow, the wave-
form sum for the first bit looks different than for all the remaining hits in the NRZ/HNEZ case;
by contrast, the waveform sum in the RZHRZ case looks identical for svery + and — no marter
bow many of the same bit oceurs sequentally. This nonuniform feedback sum mezns & modulator
empioying HNRZ feedback cannot implement rrth-order noise-chaping in a BP A LM of order m:
it inrroduces additdonal numerator terms in the eguivalent A r) whick would require additionat
feedbacks to compensarte.

One might ask, therefore, why atl the test results in §7.3 were done on the NRZ modulztor
rather than the RZ modulator. There are three reascns. First, the HNRZ feedbacks were set to zero
so that they 4id not affect modulator performance. Secand, it is easier to calealate the full-scale
amplitede for the NRZ modulator than the RZ modulator. Third, a modulater employing HNRZ.
feedback is nonideal only if the performance is limited v quantizarion noise alone: in gur circir,
while noise fifled in the noise notch. The performance of the BZ. modulator was oo better than the
NE.Z modulztor, so it did oot macter which we measemed,
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Outtput bit taken from wrong poiet in feedhack

As we said in §7.3.2, the output bit V. for the modulator comes from the MYS latch output.
Instead, it should be taken from the one-delayed latch outputs to redece edge jitter, Fhis would
atter less if there were an easy way to capiure the bit siream, but when using a spoomum analyzer

to measure performance, it TNelicrs Mmore.

No inpnt or clock matching networks

If ehis modulator were to be used in 2 radio receiver, maiching between the driving circuit (pac-
haps a mizer) cutput 2nd modolstor input 15 Imporant becanse the mizer would be sensitive w
reflections due to mismatch. Morzover, the impedance leve] seen by the driver matters hecanse it
determines the actual signal amplitude at the modulator input. Mo apparsnr attemps was made o
match the input o 2 sonme, 30§ or othersdse.

AT approXitate mads] for what the source acma?ly sess appears in Figure 745 [S219%], where

wr

I
;TE]EIF
Figuare 746 Mede! of aciual cimenic iopat.

the inducters represent the bond wires (Imm of bond wire has shout inH of inductance), the 0.1F
capacitor i 8 powel supply decoupling capacitor on the rircoit boerd. and the [OpF capacitar is
the package pm capacitance. A more accurate model would include the SMA connector model,
the 500 wansmission Jline on the circuit boerd, and the pad capacitenee, but this will do for our
purposes. Transienr analysis in SPICE for the isaput transistor shows that a 1GHz signal ar 5,
fets reduced by 10.54R at V,; for the clock transistor and a 40 Hz inpuet. the attenuation is closs o
20dB. & was this knowl=dge that allowed us o write (7.35), the actal input amplitude seen at 1,
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relarive 1o the reading on the signal peneratnr.

Clock jitter due to cireuit noise

The input-refemred noise voltage at the base of the slock inpur buffer ravses a deviation in the zeso-
crossing of the clock voltape, ie, clock jitter. In Figure 7.47, nesr a zero erossing of the clock

Clu<
av,.
_J.:j;_

Fimme 7.47: Clock jiver caused by circwit nojye,
waveform, circuir reise Mo causes a time jitter Adsig. For a clock given by
Vi = Aupsin 2w f.t, {7.38)
Figure 7.47 allows uy 6o wrice
Dnag AV
-:'l.fj,'.g_; n"_'EI!-
because the clock zero crossings are ar the point of maximum slope of the clock wavetorm. Solving

(7.39)

regr

for Adjig gives

jllt:rmll
Afo, = ——rnal 740
lf_—,-zu 2”.“15!];_]:3 h 4 :l
WHHNG Atns = UE f, and solving yields
Vil
7 = Aty = 91T, . (7.41)

SPECE ac analysis rells us that the wput-referred noise voltage at f, = 4GHz for the clock rransistor
is Tor = 3.360VIvVHz, so for 4.y = —4dBm = 0.9V,

rg =18 x 1077, {7423
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Figure 7.48: Maasured in-band nnise a5 a funeton of clock masninede.

The measured in—band noise as a function of the dBm reading on the clock signal generetor
dppears in Fgere .48, There should be some way to relaie this to {3.13, {3.19), (7.26), Figure 7.47
for the actira] clock level on chip, and {7413, which is plotted with the dashed Hne in the fgure. The
caleulation can only be very zpproximate becanse of the vnesrtaiary of many of the paramerers,
and the reality seems to bear litle resemblance (o the calewlation. The author has fornd that
ciock amphituds has some bearing on 7, the latch regeperation tirne, which in swrn affecrs the
mecastebility behavior of the [ach: this {5 a complicated effect to caode], and & might be responsible
for the observed behavior. At this time, there is too litfle information to tzll,

Misdesigned emitter foflowers

Emicter followers appear frequently in ECL designs, typically as interstage buffers, drivers, andfor
lewel shifters. There are two Imporant design parameters for followers: the bias cureent and the
transistor size. Bias current is chosen to be large enough to drive the Ined of the following stage, bur

qot 50 large as to waste powern Transistor size is determined by, among other things, bias cument,
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Figure 7.49; Measured fr vs. f curves For 5iGe BITs.

whers uznally one choosss o mnsistor that operates at its peak fi- given [i; loading, because O,
n output buffers connecrs o apalog ground #nd bence sppears as an amplifier load; and noise,
where if input-referred neise is important, 4 larper device should be nsed because its extrinsic base
resistance is lower.

The majority of the followers in this design are devices with 20.m ermirter Wwidths and 10k
emitter resistances, Figure 7.49 shows fr against collector current for fabricated 2.5 am, 3pm, and
20pm devices. The typical voltags level at the smitters of these followers ranges betweer 2,5V and
4V, which megns the bias current levef is between I = 250nA and 4004, From the fimure, the
20pm device has an fr from 100Hz wo 13(GHz; cleariy. this is nowhere near the device's peak fr.
Fortunarely, followers can be forgiving: Figores 7.500a) and (b) show the ingut and outpat voltages
of the resonator outpet buffers in Figure 7.28, and we' see thart the voltages are being reproduced
faithfully despttz the low bias currenmt. The place where we get into mouble is in the preamplifier
and half-lasch, as we now detail.

Consider cnce again the prﬁamp]j_ﬁer in Figure 7.2 | {a}, The common-mode level at Vay 1s typ-
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Figure 7.30: {a] First and (b] second fesonator output buffer waveforms.

leally aboot 3.4%, which maans 2 6% at the emirters of the input followers: witk a 1007 registance,
we can calenlats [ = 250uA This is not nearly enovgh o dve the &, of the diff pair which
iz magnified by the Miller effect. The output followers are larpe devices whose 7, together with
the B pair load R, creare a largish RC time constant, These two factors, insafficient input drive
and large output loading, resulted in the rolloff at 4. 6GHz in Figure 7 32(h). Resizing the devices
and changing H.; appropriately results in the improved pecformancs fa Figure 7.51. The inpur
fallowers are scbl 20wm, it B, p = 40047 instead of 10k, which mives them much higher drive
[fer = GrmA} and pperates them closer to their peak . Consequently, in Figure 7.51(2) we ohierve
only 0.13dB of refloff and —2.9° phase shift ar 10GHz. Shartening the outpur followers o Spm
reduces the leading on the amplifier ourpat nodes, and .y = 2kQ sets [ = 2mA which accord-
ing to Figore 7.4% operates the devices near their peak fr. The overall preamp ac respanse agpears
ds in Figure 7.51{b): the low-frequency gair is 18208, the comer frequency is 10.EBGH:, and the
phass shift there is —72.2% This is a substantial improvement in corner frequency compared to the
4.60iHz in the original preamp in §7.2.2

Similar problems exist in the half-karch. Figure 7.21(8), [n §6.2. 1 we nored that the regeneration
time constant v, of this style af latch is related 1o the GB product of the regenerative guad; in tam,
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Figure 731: Ophmezed preamp ac 2nalyses: () inpwt follower, (h) cocire circuir.

this (3B product is affectad by Ve (which controls 1he current J, in the diff pair in the quad), the
capacitance &t both nodes Vi and Vegge. M. and the drive of the ourpar follower, We stated in
£6.4.2 thar making the [atch as fast a5 possible doesn’t do much to Improve the performance Tost
die to mersstability; this was assuming the latch was at least close to opdmized, which this one is
not. With a 2pm output follower and ., = 10kC}, SPICE transient analysis zives e = 17.4ps.
This has the sams two problems as before: large loading at Vi, due o O, of the foilower and
madequare doive of the Miller capacitance of the pext stage's amplifier. Sticking with a 2juym
transisror and changing B, r to 30082 belps greatly with the drive aspect, lowering Trg ta 12.3ps, but
the loading is larger than necessary. This can be seen by using 2 Sem transistor and B r = LK1,
which gives ©, = L0.4pe. Going o a smaller device Kke 2.5 um reduces loading still farther, but
such a device cannot drive a5 much curreat without itself slowing down; the optimal £, seEmS o
be about 2k for such a device, in which cage m., = 10.9ps. The best medeoff between loading
2nd dove in this design, therefore, seems w be 3pm and B, = 1.5k0..

How much diffesence would a proper design make? Figure 7.52¢a) contrass the o minal MYE
latch output waveform from Fipure 7.29(a) (the sobid line) with the oueput waveforrm resultdng
fromn a latch with redesigned followers, The new outpur buffer wave in Fizure 7.52{b) croszes
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zere earlier {f.e., the oucpnr buffer responds more guickly). but at the cost of a large avershoat in
Fignre 7.52(1). This is partly 25 a result of che ripple in the Jatch ourput, but also because there is a
good deal of coupling from the bases of the ourput buffer diff pair thraugh the Miller capacitor ),
tir the collectors. We can reduce the severity of the coupling by using smaller transistors: replacing
the 20pm devices with Jpem devices vields the dash-dot output waveforn in Figure 7,320 The
overshoot has bzen cut approximarely v half, :nd moreover we have achioved 2 slight speed in-
crease {note that the zero crossing now aceurs siightly earlier) becanse we bave lowsared the Miller
capacitance which the lateh output has to defve. Moreover, a 5 pm device is sull capable of operat-
ng quickly at g = 4ma (recafl Figere 7.49). To be fair, however, the speed of the output buffer
is nor likely to be that impartant—as long as a recognizable bit comes out, we ars not concerned
owvermich with spead.

B we vse the newly-optimized circuit components, we find g = 1.255 and 5. = 0,113 from
the dorted line in Figure 7.53. Once again the emitter followers in the DA (which isolate the
final latch output from the DAC switching transisiors) appear to be biased at too low & curment far
OpHrmum speed, in this cage Jor 2= 300sA. I we choose By = 1.2k%2, the DAC outpnt waveform
is the dash-dot lins in Figure 7.53, and now (o4 p.) = (1214, 0.504). However, the ringine out of
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Figure 7.33: Dvpamaz DAC culpar volizme.

the final latch stage appears much more srongly ar the DAC outpur, whick might be undesirzble.
This could be teduced by adding cascode devices in the collactors of the DAC output transistors,
or more simply by leaving fl,p = 104 in the DAC followers-—we only gain an additicnal 4% of
cxcess delay, which conld easily be compensated by sppropriate V, tuning. And, once again for
Fairess. the mare imporiant thing is that the amonnt of delay be relarively fixed —Chaprer & 1aughe
us varfamce of oppw 15 10 be avoided for optimal performancs.

The Anal preof, though, comes from (painfully siow) irl-cirevit SPICE simmation. Fizum 7.54
Hiustrarss the improved ZCT chameteristics, which have much less hysterasis and also steeper
slopes. Figure 7.55{a) is a 4096-point specmim for the orginal modularor, and Figure 7.55(b)
is for the modulator with the redesiened followers. The spectra zre for Vi = Ve = 313V in
SPICE. which seems to be about the maximum valus which keeps the maodulator stabie, and the
output bits are taken from the one-delayed Latch outnnt The in-band npoise for oy = 1.06GHz and
OSE = 100 tmproves from ~50.3dB to —57.3dB—over one full bit. Thus, maximizing the speed

of the followers matrers for performance. As usual, the price to be paid is increased power: in this
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design, we estimale the suggested biasing would result in abour 309 STEALET POWET COTSNIMPTOn,

Resonator output signal scaling

The last problem comes oot from closer examination of the voltages ar the msonator outputs in
SPICE. Figure 7.368 shows histograms of these voltages for the conditfons at the start of 5730 the
first resonasor ranges over about £20mV, the second over 410mV, and Matlab gives o, = 6.0mVY
and &, = 3.30V. This latter value drives the quantizer, and we can sec from the dashed lines in
Figurz 7,54 thar it i3 oo small for the guaniizer to make a reliable decision—there will be a severe
amount of bysteresis. As we noted In §7.2.2, the combipation of quandzer hysteresis and small
fuantizer iopur signal is demimental to this modulator. Even our redesigned quantizer kas trouble
with these signals 2t high speeds.

We find that we can raise the swings o gz, = 11.TmV and o, = 12.3mV if we use fr =
fng = O00ud instead of 200p4 and 100mA, respectively; this makes sznse Becanss we know
those swings o be proportional to & fom §7.1.1. Figure 7.57(a) shows the new mesonstor output
distributions, and Figure 7.57(h) plots the spectrur from SFICE. The in-band noise comes oat to
—&3.3dB. over two bits betrer than the —30.3dE obeained with the smaller &5 and original quan-

tizer. If we desired to increase these swings sull further, we could r=place the Bp .~ resistors in
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Figure 7.2¢ with something smalles; ar present they are 2k, and given that 15 = 1.0V maximura,
the maximum currant is fixed ar 1,/2k = 300uA. Another SPICE simutation was carried out with
Fpae = 36001, whers the ks wers T.8mA, and the outpu distritations and speetrim are shown in
Figure 7.58. We bave now achieved oy, = 43.1mV and o, = 43.5mV, though the in-band aoise is
no better than with 300w of current, —61,7dB, while the power dissipation has increassd. Tt might
bes that the acteat modulator would perform s litle bectar with these much larser swings; SPTCE is
too slow to run many simulations and average the periodograms o give us a more accurate ides of
the in-band noise.

More importantly, though, we st recognize that this modulator’s DR is o limieed by quoan-
nration noise: we fonnd in Table 7.1 that (7, 's dynamic range is such thart the maximum SNE
we can expect 15 32dE or so. This is based on the [[P; of &, and on the input-referred moise;
whar does SPICE say abour this latter quentizy at the three differeat currents? Table 7.3 shows
simuiations of the ac input-raferred noise, which is the same ac the minimum inpuat siznal wp,. AL
k= 300uA, we see the eotal noise drops 2 fittle, and this gives 2 ) -limired performance of shout
2d5 ([P for (=g is still the same, -2 3dBV). As we raise the &s to 1.8maA | the input-refemed

noise increases again, and we ars bagk to 5248 of performance. More significantly, as currents



Chapter 70 A 4GHz 4th-Ocder BP AT M 203

120 —— i
b L r" oL 4 1
I S b .
F l-ll:""‘j"'rl"l!" : ] H I 1 | -:
E a1t - . I;.‘: . I:‘l"lﬂ - E—':ﬂ i 5 | | ..
£ ] gl k] T
£ VAR £ I g il
= 1“1 1 1§ - . E [ H ! 1 | L
3 |i" vl '|I 1 <-4 L i 1 i -
- 40 'I "o [, 1 | 1 !
e & | s -
N . S \ ] |
EI:JI- : J}ﬁl .]I'“:.'- ; I e
i ™ . Yoo _an | . !
—iE0 A = i 20 100 130 1) 2.5 1 15 ]
Fhoorialer GugLIts (5 Frequenay (EHzZ)
(aj (b}

Frzure 7.58: Scaled DAC currenls ks = kny = LBmA: (a) fesonator owlpul histoprams, () outpor ssecirum.

increased, the nommalized nonlinearity pararnaters of the sther ranscondnctors stert o incresse, In
particular, (¥, 15 coming perilonsly close to the recommended —204E maxirgum in (7.28%

In conclusion, then, scaling the DAC currents would result in a theoretical performance Hmir
of abont 20dE, or 9 bits, based on the noise and linearity of the first wansconductor. This sealing
1¢ also beneficial for helping the [atched compararor resolve the guantizer inpue voltaze correctly.

7.4.3 Unaddressed Circoit Issues

We have taken inte secount & good oumber of factors that affect the performancs of this ATM, bat
there are a nwmber that would need more thorongh investigation in 2 firal design.

Resonator center frequency and instahility voitage

Simulatigns in SPICE seem to predict a resonator with a center frequency of about [ 06GHz,
Figure 7.19 and Figure 7.55, The measured frequency appesrs closer to 980MHz, Figure 7.35.
As well, tn §7.4.2 SFICE predicts oscillation of the resonators in an operating modwlater at 75, =
4.20%, but the measared value wes Ty = 3,32V, Figure 7.35, Why the differences between the
twof
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Table 7.3: Comperison of modolators with differen: feedback correncs.

. Enz G 0MmA | 05mA | L8ma
B Olms | Coma | Lima
Fazy f0mA | 1L7m4 | 43.lmA
Tra 35mA | 122ma | 458ma !
B {SFICE) -30,3dB ! —63.348 | —61.7dR
Ymin = Tngl S0V G0V | 90V
SNR.duz e 7, || 5248 5548 52dB
Fat | —6114B | —56.4d8 | —44.048

| Bz | —447dB | —38.5d8 | -27.64B

| T | ~B6.I6B | —55.8dB | —£4.7dR

1t is hurd to say for cerrain. [t might simply be due to pracess variations, but a ressonable con-
jecture shout the center frequency involves the T-shaped strip of metal in Figure 730 connecting
the inductors to the peds in the center of the die on the 1=ft- and right-hand sides. An {pm = 10T
stoip of this metal [Mar%8] has 8 resistance of Lam0/C and an inductance of

Lopgr = 2 m-*.'[]n(%!] + 0.5) aH. (7.42)

The arms of the T are cach 100pm » 20qm, which aives . = 0.036nH and B = 00732, and the
long strip of metal is £40pm x 20, which gives £ = (.3770H and & = 0.33¢. This lung strip
1s equivalent o two sips in paralle], one for each inductor, giving a roral additional inducrance
and resistance of Lo, = 0.810H and Fj,, = 0.741 in the L8 branch in Figare 7.2, The center
freguency changes from

1

. 1
Fo= — == = 1.089GHz — ——, = 931 EMHz, (7.44)
2r' LT 2L 4 Ly 1

which looks approximarely correet. The instability voltage (which is derermined by the coefficient
of 4= in the denomivator of (7,14)) might alse explained by these parasitics: E/L = 0,70, but
(R + Bpe-) f{L = frar) = (.74, which means a higher &3 in (7.37) would be needed o changs the
sign of the s* coefficient from positive w negative. However, to pradict it exactly. we would need
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te be sure that (7.37) was comect, and £ in the #! coefficient likely includes some parasifcs of its

O%WTl.

Thermal noise and linearity

The smallest noise fioar we observe on the spectrum analyzer had a power of about —130dBm/Hz
W have been assuming that this was caused by the znalog properties of the output waveformn,
which is centainly reasonable, but it might also be affecred by the input-refermed thermal noise of
the modulator being amplified to the modufater oueput, or indeed from the measirement noise foogr
of the spectrum analyzer itself. In a proper design, we would captire the bit stream and take its
FFT, thus abwviating the need to know the spectnym anadyzer measurement Hmir, but we would still
nead to know the effect of circuit thermal nofse, Our semp is not wemibly suited to messtsiog, for
exarnple, input-referred thermal aoise; the best we can do is estimere it from simolation 25 we have
in §7.2.1,

We are also not well sel-up to measure the third-ordsr intercept poine of the modnlaor, We
estirnated the 1dB compression point from simularion is §7.2.1, but in 2 real eirenit we wauld need
to have an easy way 1o do 2 two-tone test. Here, we did obscrve zame gain expapsion for larze
input amplimdes in Figure 7.44, but we did nor make much atempr to quantify them.

PLase noise of sourves

While there will be some circnit neise added to the clock input voltage as explained in §7.4.2, the
phise noise of the sigeal generator itself will marter in a final design. The awthor was not able
to observe significant skirts on the input tone in the output bit smeam spectern, perhaps becanse
theze skirts were below the white in-band acise floor. As nowd, an FET of the gutpur bit strearm
wonld surely exhibit these skirts, so they showld be accounted for.

7.5 Summary

Table 7.4 summarizes the performarce achieved by this high-speed BP ATM. In a redesi e, the
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Table T.4: Modulator performance surnmary,

Process | O-Sgern SiGe HOT
Drie srea writh pads 2dmwm » I.5mm
THe erea withoot pads | 1.6mm x 9.85mm
Supply volage Y
Sampting frequency 4GH=z

| Signal handwidth Z0MHz

| Oversampling ratic | oo
Dyramic ranzs ] 40dE
Peak SR 37dE
Paak SFDR 42dB
Power copsumpticn 450w

ourput bit should be tzken from the delayed Lateh outpur, the emitter fotlowers should be aptimized
Tar speed, and the resonator outpal voltages skould be sealed up; we estimaie these changes would
improve dynamic raage from £.3 bits 2o abont @ ®its in a 200MHz bandwideh. It is aur fesling
that with further careful desipn of the inpur ransconductor for low noise and highker linearity, a
resodution of 10 bits might be achievsble. For refercnce, this agrees with the avthocs of {Tay97],
who conchuded that their f, /4 BF modulawr which clocked [, = 3.2GHz could also achieve 10-
bit performance in & 25MHz band. A second-cut of our desige would also include a method of
capuring the oueput bits for off-line FFTs.



Chapter 8
Conclusions

We have supplemented the theory in Chaprers 4 through 6 with the practical st results in Chaprer
1. We are now in a position o examing the uscfulness of high-speed AXMs in general, and from

this, propose work for the Tulure.

8.1 Summary of Coniributions and Results

We started with a discussion of the design choices ip a ATM and we explared some of the isspes in
performance measurement and sienulation of both DT and CT AYMs. OT AT Ms appear valuzhle
becanse i theory their clock spesd is not limited by settling rime in the same msnner as ina DT
£AEM. Caleulating madelator performance reguires time-domain simulation, and many echoiques
from ideal equaticns (which are fast but unrealistic) eo fufl-circueit simulation (which is reatistic byt
slow't must be employed as the design progresses.

Next, we discussed ponidealities in DT AEZMs, a subject that has heep studied ar fength in the
litzrature, and explained how they affect the performance of CT ATMs, something which had been
stmdied less but which t5 newly summarized here. We preseoted a list of many of the important
papers in CT ATM and finished with a table showing the performance achieved by published
high-speed CT AXMg, neither of which had been done before, Most published modulators are
second-order, and most only succced in shaping noise to an OSR of about 15—the rest of the band

207
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15 usually flled with unshaped white noise.

Chre: porssible cxplanation for why this might be is cxcess loop delay: high spesd designs might
have a delay berween the quantizer clock and feedback ourpur thar is a significani fraction of a
sampling clock period. This excess delay increases in-hand quantizaten neise and lowers the
maximum input amplitzde for which a modelator semains stable. Its effects can be mitigated in
Tmany ways: a noise wansfer function with a low ou-ef-band gain, a multibic gnanrizer, feedback
coefficient ining, retem-to-zero-style feedback DACS, and additional feedbacks for extra control-
lability. Dwor study of loop delay summerized past work and advanced 2 number of cew ideas, ons
of the more importanl ones being that the modified Z-mansform is not suitable for the soidy of
excess defay in OT AZMs,

A second explananon for white in-band noise is quantizer clock jirter, which causes random
tasdnianons in the width of the feadback pulses and hence the folding of cui-of-band noise ine
the signal band. We confirmed previous estimates of achievable SNE using an NRZ DAC, and
showed that BZ modulators with the same amount of jitter have performance worse by about ons
bit. For the first time, we showed how to trest noowhite jitter and estimated how much perfor-
mance 4 GHz-speed moedulator would lose with a typical inreseated VOO, [t mmed out that we
could describe maximum jitter-limited resoludon with a single equation which depends only on
the MNiquist bandwidth; we thus concluded that it is unlikely a tvpical VOO would be the Hmiting
factor in the performance of an intcgrated AEM.

A third explanadon for white in-band soise i3 e be found in guantzer metastability. Quantigers
buile as latched comparators havs finite regeneration gain so that small quastizer inputs taks longer
ta resolve than large ones: becanse the quantizer input in a AZM is & scochastic varfable, at andom
times the input will be near zera and bence cause additional excess delay. The effect is the same
as that of clock jhiter: random moedutations 1o the DAC palse widths ocour, which modulates aat-
of-band noise into the signal band. Qur study was the fimst comprehensive one of its kind: we
siirnbled upon the importance of metastability with 4 new fechnigne of z-domair extzaction which
we explained, and we alse presented and validazed a behavioral modeling sechnique which allows
us to simulare a modolater with a metastable quantizer rapidly. We showed that many of the
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uspal things such as signal scaling, preamplification, and fast regeneration time are worh paying
atiention to in the design of a lawched comparator for CT AEM, bt the most striking advantage
arose from using a third half-latch in the feedback path for sxte regeneration despite the exrma
half~delay it causes. Even using a thitd half-latch has its limits; as we illustrazed, our new simple
forronla says clocking faster than 5% of the maximim transistor switching speed is likely 1o limit
performance seversly.

Finally, we presented test results on a fomrth-order band pass CT AZM with inegrared LC
resonators that clocks at 4GHz in 2 40GHz proc=ss. W gave a coocise procedure for how one
wintld go gbout choosing the parameters ia such o design, then we see how the actual design would
perform had it besn designed with that approzch in mind. The circuit Slocks were snrdied, with
particular emphasis on the linearity and noise of the input rransconductor (which is 2 very important
component i the design), and detefled measuramens of the modulator behavior were presented
and explained. The major probiems with the design were lack of matching o input and clock signal
generators, the ouput bit taken from the wrong point in the (bedback, emitrer followers designed
incomrecty for optimum speed, and signal scaling which resulted in poor quantizer response. The
moduiater achieved €,3 bits of dypamic range in a 20MHz bandwidth centered st 1GHz while
dissipating 450mW; in a redesign, part of which we deo, we ectimare thiz could be mmproved o 10
bits.

8.2 Practical AXM Applications

In an ideal world. fast CT AZMs appear to be the solution to hizh-speed, hizh-resolution AT
necds, If we clock fast enough. the reasoning goss, we can oversample as much as we want
und thus get wharever performance we want This thesis has dernonstrated that wide bandwidihs
and high-resolutions together are difffcelt to realize jointly with practics] high-speed CT AMMs.
Indeed, the advantage realized by oversampling has not been shown in practical modularors 1o
extend past approximately OSE = 13 when f, is any appreciable fraction of fr, say over (56
20-bi resofutions have been achieved only with f, <2 fr, and hence only over narrow bands, The
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design of the inpui stage for such extrems resolutions is 2 challenss for even low bandwidths—
high bandwidths and high cleck rates make it very difficnlt to achieve more than 10 to 12 bits of
dynamic range in the first srage.

There are three areas in which this author feels optimistic abowt the furure of CT A LM, They

are as Followsy:

1. Namowband applications requiring high SFDR but with no constrzinis on power consorop-
tion. The authors of [Rap37] bave a second-order madularor clocking ¢ MGHz with a tunable
noise notch fom O to TOMEHE, and they achieve 924E SFDR in a 370kHz band. Using such a
fast AEM with so much oversampling might seem like overkill to get 15 bits SFDE n 2 nar-
row band, bat it & one option. W achieva high resolotion through oversampling combined
with the advantage of faability, which conld work to our favor in certain radio applications.

2. Hybrid mizerfmodulator applications for sadios. [Mor®8] was mentioped in Chaprer 3 as
combining an analog miver with the front end of neo LP modulators for T and ¢ channel re-
COVErTY, guite an elegant concept, This is a little different from the BP spplication envisioned
for the modulster in Chapter 7, whers the mixing is done digitally after the modnlaror, Al-
thongh the performance that anthor achieved wasn'c stellar (5.3 bits in SOME=z, 11.5 birs in
10kHz}, it could well be atiribured wo the desiga of the laeh, whick apparenty was gniy a
two rather than three half-latch design. o his paper he says he focls he can improve the
performance by at lesst three bics.

3. Hybrid wideband converters with 4TM front ends and Nyquist back ends. [(Bro%7] has a
multibit A¥M front-end oversampled oniy eight fimss and clocked at 20MEHz, whose our-
put is fed w & pipeline stage. When the outputs of the stages are appropriately combined
and decimated, the resnit is 16-bit performance with a 2.5MHz QUEpL rate | L. 23MHz band-
width) Again, the concept is elegant: use the ATM where it is strong (Righ DE buat licnited
handwidth) and the pipeline whers it is strong (high bandwidth bat limited DR to aet the
best of both waglds,

Thus, while it sometimes behooves us to think just of CT ATM by itsclf 2s ia the first example,
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the lamer two examples are excellent illusirations of how we can combine CT ATM with other
techniques o exploit the respective strengths of cach. Standalone CT AEM mighr not succesd at
wideband ADC for BP applicarions, but it can do narrowband ADC or be combined with other
things in novel ways.

As clock speeds increass significantly (20GHz and beyond, perhaps), sersly other nonidealities
will start to degrade performance: substeate noise coupling, transmission [ing effects, esc. Design-
ing even simple circuits like multiplexers at these speeds poses a nirmber challengas: CT AXMs
are complicared cirewits, which i a further arcument in favor of pushing cleverness rather than
clock speed.

8.2 Future Work

Thers are, of course, a number of areas in which the state-of-the-art for T ATMs cauld well
be advanced. thus improvieg their usefulness in a wider rangs of applications, The following
problems remain o be studied and selved; they are listed in order of this anthoz"s opinien of mest-

1 Ieasi-important.

Multihit DAC A working high-speed mukibit desizn could be a sipnificant Breakthrough: as we
said 0§45, not only are mulibit modulators higher msolution and more stabie. buc they

improve clock fiter sensitivity too, Can fast DEM be made to work?

Calibration and faning How does one mne 2 high-speed CT AXM for maximum DR gver pro-
cess and temperanice variations. either dynamically or off-line? For production parts, this is
essential. Yot high-speed cireuirs are best when kepr simple, and tuning will add complexity,
This seems a tough problem to tackte.

System identification We atrernpted to give a methad for rapid idenrification of nonidealities in a
AZM in §6.1. Can this be improved upon? That [s, can we eome up with 2 way to pinpoinr
modulator problem areas rapidly and eccurarely? Moreover, can we find a way to #pply it to
a real modularor in the 1ab, rather than just in stmulation?
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Power consumption Can power be reduced through nen-bipolar cireuits and/or lower supply volt-

ages while maintainipg speed?

Higher medolator order Is it worth going ro a higher-order design for hish-spesd ATM for the
resofution gaimed? High-order awdio converters often inclbde reset circuitny that activates
when modularor overload is sensed [d3%0% cap such circuits be ineluded tn a GHz-speed

design? Are they necessary?

There is i3]l pleniy of excitng work ledt 1o do in the field of high-speed CT ATM,
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Appendix A

DR Derivations

A.1 VCO Clock Jitter

We derive the maximum-achicvable DR for a OT ADM ciocked by a VOO with a rhasc noise
given by (5.21). Firsz, we start with {5.13) which it the in-band white roice level for 2 modulator
with independent fitter and & bins:

2o -Euﬁ)_ (A1)

10 1log,, (_LH_-".-"I'?

5
We have omitted the —7.274E because that is needed omly for the Hano-windowed pedodogram.

I&' the in-band noise was white over the entire band. whose width cxpressed in bins Is
Ni(2-OSE), (A.2)

then the 1otal in-band noise would be the arrument of lop o (A L) times {420,

a2 Ds
10lop,, | —2 =4 | A3
&&(GSR-TE : tA.3)
The quantity oy, in (A.3) is found in simnlarion to have 2 valne Between 1 and 2. so ALEUTTE

Ty R 1.3 (A4
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on average. From (5.22), and also from the second colemn of Table 52, we can find that
2er}
T2
Substieuting (A.4) and {A.5) in (A.3), and recalling from Figure 5.9 in §3.3.2 thar accurnulated
Jitter teads to give whiee goise Ievels 1-5dB (say 3dB on averass) lower than independent jicer,
yields

=107}, f.in MHz (A5

1.5° .
1':' ].':'gln (G_EDR‘_ = _|:5 = ID_EJ - 3 = _"I-?'D + .L.'I-.:' lﬂEII} _i'!,sl."ClSR (.A-E}
as the total in-band noise. The DR is then the maximum allowable sizaal amplitude minus (A 6):

the former i iven Dy the MSA, which for wypical modulators fies between —1dB and — 548 or sa.

A zyin, assurme
MEA = —34B (AT
on average, and note that
s
= . (AR

Using (A7) end [AL8) with (A B) gives

117 —10log,n fiv dB. fo in MHz. (4.9}
== 19 —-05 lUE’i _i"-_.'-,-' bits. _F!ﬁ in MEHz (A 107

whers we have made use of (2,10) in writing (A 10),

A.2 Three Half-Latch Quantizer

Here we find the maximum-achievable DR for & CT AEM with a three half-lzteh single-bit quan-
Lizer g5 afunction of f,/ f;-. Looking at Figure 6.23(k), there appear to be two disting regions in the
curve, one o7 fo/ fr < 3% or so and one for £/ fr > 5%. In the first case, the in-band qoise per

bin is —115dB er less in an 8192-point simulation; 2 single bin thus corrasponds o OSE = 4094,
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If the noise were completely white, then each doubling of the OSE would raise the total noise by
3dB. Extrapolaring this in the opposite direction allows us 1o find the total in-band noise of

—T8 — 3oz, OSR (AL

when f,/fr < &%. For the opposite case, the noise starts at —97dB/Min when £,/ fr = 6% and

mereases roughly at adBfoct with 7,/ f—. Assuming white in-band noise leads to 2 rotal noise of
oy
—£1 — 3 log, OSSR + filog, L’ﬂi (A-12)

DR is given by M54 mipus toral noise. We can see in Figure 6,21 that a modularer with half a
sample of feedback delay typically has an M5A between —10dB and —GdB: assume

M54 = —§dB (A.13)

Q0 Averase.

Combining (A.13) with {&_1{} tefls us that

ORE = =8 (—79— 3log, OSK) 4.1
= Y1+ 3log, OSRdB, f,/fr = 5% LALLE)
= 11.3 4+ 0.3 log, O5E. bits (4,14}

where {A.16) makes wse of (2.10). The > sign in (A.14) is becanse the coise i {A.11) is worst=
case, for fo/fr = 3%: at zlower clock spesds, the in-hand noise will be lower z2nd DR higher.
Using (A.13) and {A.13) aives

DR = —2 —{—61— 3log, OSR + 6log; 22T

‘L
= 53+ 3log, OSR — 6log, % aB, £,/ fr = 45 (A1T)
= 8.1+ [0.310g, OSK + log, Lilfz Brits. CALTE)

3

Once again. (2.10) was used in writing (A.18).
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Appendix B

BP A>XM Measurement Aids

In thiz apaendix we plot grapis from SPICE that allow o3 6o eslimate important paraineters from
the fabricated §,/4 BF modolaror in Chapter 7.

General wransistor do characteristics are pletred ir Figure B.1, We show collector cumment
against Vge and Vg for twe commonly-used tansistor sizes tn this design, Sum = 0.53um and
20 peen = 0.5 0.

Figure B.2 shows bow varying the multi-tanh control voltages 14z and Vi affeets the cranscon-
ductance &, and &, acnsally deliversd,

Figure B.3{(a) contains the bias circuit for Ve which seis the corrent in the latching srages,
and Figure B.3(b] plats the curment in the emiter resistors of that circuir.

Figure B.4 illostrates the current through one of the B 4~ resisiors in Figure 7.26 as a function
of the base voliage at the current-souree transistar: the total ampount of current seitched s found
by finding 7. and fo_ for each of ¥, and Vi separately from the grank, then subiractng the

valizes.
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() (b3

Figure B.3: {a) Veyr bias efrewit, (k) current thronoh bias trangistor emitier resistors.
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Figurs 3.4: DAC corczat vs. coneol voltige.
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