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Abstract

Analog and mixcd-signal tcsting is f;lr morc compkx than its digil;d c'lui"alcnt. This

thesis will identify the analeg test requirements through ;m extensive analysis of integr;lted

circuit testing. possible error sources. and the different le"c1s of test hier.m:hy. The resulls

will show that analog testing requires spectr.llly pure. high-quality predict;lble test signais.

These signais are most robust when reproduced through digital techniques sueh as dircet

digital frequency synthesis. Delta-sigma (~) modulation is pcrhaps the most "ers;ltile

technique. as it ean preeiscly encode arbitrary analog wa"eforms into an pulse-density

modulated (PDM). infinite-Iength. single bit-wide pattern. The noise-shaping

characteristics of the~ modulator also allow for simple reconstruction of the embcdded

signal. Unfortunately. on-chip signal genemtion using this method is currcntly hindered by

the high area overhead and limited progmmmability of~ modulation oscillators. We will

introduee the concept of forcing the PDM pattern to be finile in length and thus pcriodic.

Although other pcriodie encoding algorithms exist. foreed-pcriodic PDM patterns will bc

shown to bc far supcrior for their precise control over signal amplitude. frequeney. phase.

and also for their ability to encode an arbilr.lry waveform. Its effeetiveness will bc

demonstmted with seveml expcrimenls of single- and multi-tone waveforms of varying

dcgrees of eomplexity. By creating a fixed-Iength pattern. wc ean take adV".lIltage of many

common digital buHt-in self-test (BIST) coneepls sueh as scan and RAMBIST. found on

most digital and mixed-signal integmted circuilS. to supply the neeessary hardware. Wc

will show how analog signal genemtion can bc integmted into digital ICs using any or all

of the IEEE 1149.1-1990 standard. embcdded RAMs. and scan chains. These applications

will indeed prove that with very little additional hardware. on-chip. high-quality analog

signal generation is possible and !hat mixed analog-digital built-in-self-tcst is fcasible in

today's IC technologies.
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Résumé

La v':rification de circuits analogiques et hyhrides analogiques/num':riques est heaucoup

plus difficile que la v':rilication de circuits exclusivement num':riques. Ce m':moire

identifie les ressources n':cessaires pour la v':rilication des circuits analogiques par une

analyse d':taillée de la v':rilication des circuits int':gr':s en gén':ral et des sources d'erreurs

potentielles. en tenant compte des différents niveaux de vérification. Les r.:sullats

démontrent que la vérification de circuits analogiques requiert des signaux de qualité

supérieure. Or. ees signaux sont plus stables lorsque produits à raidc de techniques

numériques. Ul modulation della-sigma est probablement la technique la plus versatile

puisqu'ellc permet de coder un signal ::rbitraire en une séquence infinie de bits. De plus.

puisque le bruit généré par la quanti7.ation est localisé hors de la bande passante. le signal

peut être récupéré facilement. Malheureusement. la production de signaux de cette façon

directement sur le substrat du circuit à vérifier entraîne un coût exagéré et souffre d'une

versatilité limitée. Nous présentons une méthode pour contraindre les séquences de bits à

une longueur limitée et ainsi les rendre périodiques. Bien que d'autres algorithmes

permettant de coder un signal sur une séquence périodique existent, notre méthode est

supérieure de par son contrôle précis de l'amplitude, de la fréquence et de la phase de

même que pour la possibilité de coder une grande variété de signaux. Son efficacité est

démontrée par plusieurs expériences reproduisant des signaux de complexité variable. En

créant une séquence de longueur définie, il devient possible de réutiliser plusieurs outils de

vérification numérique. Nous démontrons comment notre méthode de génération de

signaux analogiques peut être intégrée sur un circuit numérique par le standard IEEE

1149.1-1990, par un bloc de mémoire vive ou à raide d'une chaîne de vérification. Ces

applications prouvent qu'avec peu de matériel additionnel, la génération de signaux

analogique de haute-qualité et rauto-vérification de circuits hybrides analogiques!

numériques sont possibles à raide de la technologie actuellement disponible.
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Chapter 1 - Introduction

Introduction

•

•

The purpose of this thesis is to focus on the generation of digital signaIs for use in analog... ...... ...

testing and their integration into the testing environment. Research in the area by Lu el al

[1] provided the basis for arca-efficient analog signal gener.llion using digital encoding.

The concept of mixed analog-digital built-in-self-test (MADBIST) introduced by Toner

and Roberts [2] combined the signal generator with data collection methods to

demonstrate the fcasibility of BIST for mixed-signal ICs. We plan to build on this previous

work to introduce !wo major advancements in the arca. The first demonstmtes the creation

of finite-length digital patterns which eliminate the need for an on-chip analog signal

generator. The second focusses on the applications of digital-encoded signals. The first

describes a system designed as a stand-alone test circuit or as a sub-syslem that cali retrofit

a digital tester for analog or mixed-signal IC testing. The second application focusses on

the mixed analog-digital built-in se1ftest (MADBIST) application with the introduction of

!Wo on-ehip signal sequencers that integmte into current digital DFT techniques. These

configurations allow for the genemtion of on-ehip stimuli with very Iiltle· :md in sorne

cases, no additional area overhead.

1.1 - Motivation

Digital integrated circuit (IC) manufacturers have incorporated built-in-self-test (BIST)

sehemes into the design process in an attempt to minimize produetion COSlS and improve

quality. BIST creates a methodical approach to the delection and isolation of

manufacturing defects. Today. the most accepted forms of digital BIST are based on the

interface set out in the IEEE 1149.1-1990 Standard. specifically boundary scan. Other

types of IC BIST include internai sean and memory tests that verify RAM functionality

(RAMBISn.



Analog or mixed-signal ICs. on the other hand. rely mostly on ad hoc. unstruetured test

methodologies. Analog test stimuli arc most often generated off-ehip in a traditional test

sctup as shown in Fig. 1.1. ln a production environment. the test station includes a test

module consisting of a digital signal gener.llor. high-precision digital-to-analog and

analog-to-digital converlcrs (DACs and ADCs). and a test head fixture. The remote

location of the test station with respect to the circuit under test exposes the circuit to

parasitics present in the test apparatus and the in intereonneet between the circuit and the

test module. This is truc even if the test module is located on the test hcad. The

intereonneet is potentially quite long (with respect to the wavclength of the test signais)

and. as a result. the signais earried through them arc susceptible to signal degradation. As

circuit speed increases. greater attention is placed on board layout in order to minimize

energy reflection. noise. and other effects not direetly related to the circuit itself. These

effects must be accounted for when performing tests. Thus. the manufaeturing and test

processes for these ICs often require extensive setup time for proper device

characterization and very expensive test equipment to guarantee high noise immunity and

to minimize the change on the circuit behaviour it is testing. Addressing these

complexities makes the mixed-signal test field a very promising and active area of

research.

•

•

[j,o,lal Architectures For Analoo Sional Generation 1ntroduction

One way to minimize the complexity and expense of the traditional analog test method is

to place the test apparatus directly on-ehip as a built-in-self-test. or BI5T. A1ternatively.

one could avoid signal degradation over the interconnect by digitally encoding the analog

test stimuli. provided Iittle complexity is required at the test fixture to decode it. Toner and

Fig. 1.1 - Typical Analog Test Station

AnalogTest
Module

Digital
Generator

DAC
AOC

Device UnderTest

long distance (with respect to test signal wavelength)

•
2



Roberts [2] have proposed MADBIST. and have shown that the aho"e two concepts are

feasible. Research in this area is hased on the di~ital encodin~ of ;malo~ si~nals usin"- ~ - - ~
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delta-sigma (~) modulation techniques and serves as the hasis for the work set out in this

thesis.

•

~ modulation allows us to transform a multi-bit digital pattern into a single-bit p;lttern

through the principles of oversampling with a pulse-density modulation (PDM) eoding

scheme. PDM serves as a pr.lctical method to encode an analog signal in a digital O!le [3].

with simple reconstruction of the original signal [41. This pattern is. unfortunatcly. of

infinite length and requires the use of an arca-intensive ~ oscillator for on-chip signal

generation. Our previous research indieates. however. that wc can create an approxim::,e

finite-Iength digital bit pattern that contains the desired analog test signal [51. Having

obtained a pattern of reasonable length. wc can now integrate analog signal gencration

into existing digital BIST hardwarc. In particular. wc can utilize the scan chain

configuration and controllcr logic set out in IEEE Standard 1149.1 or evcn use existing

RAMBIST logic to minimize hardware overhead. This now makes MADBIST a practical

method of performing analog BIST.

We can make further progress into minimizing test complexity and eost by simplifying the

traditional analog setup described earlier. Now that signal generation can he achieved

reliably with Iittle hardware in the digital domain. relatively chcap digital testers can he

retrofitted to perform the tasks once dedicated to analog testers. This is possible since a

modified test head can hold the minimal additionallogic. and only digital signais need he

exchanged between the test head and the digital test module as shown in Fig. 1.2.

Deviee Under Test

Fig. 1.2 - Digital Test Station Retrofitted for Analog Testlng

D
long cable

•
3
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1.2 - Integrated Circuit Testing

Introduction

•

Testing in its simplest form is :he stimulation and observation of the pins of an c1ectronic

devicc. This is termed the "black hox" mcthod of tcsting (as depictcd in Fig. 1.3) in which

thcre is no knowledge of thc inner workings of thc circuit (nor is thcrc a nccd to know).

just the knowlcdge of thc overall function of thc circuit and its input and output signaIs.

The circuit pcrforms a known function. and it is thc job of the test cngincer to dctcrmine

whether or not thc circuit pcrforms its function within an acccptabic tolcrJ.ncc Icvcl. For

digital devices. the circuit output rcsponse is either a logic-O or logic-l. Hence there is a

zero tolerJ.nee level. Analog or mixed-signal circuits. on the other hand. may have a rJ.nge

of output values ...·ithin which the measurcd output is acceptable. This type of stimulation

and rcsponse analysis is known as funetional testing. In ail cases however. as design

complexity grows. functional testing becomes increasingly costly to perform.

Sophisticated digital circuits. for example. rcquire severa! lengthy test patterns or long

circuit prcparJ.tion time to mimic a particular circuit function. Analog circuits requirc very

accurJ.te and prccise test equipment to not only generJ.te rcalistic input signals but also to

capturc and process output data to venfy circuit behaviour. These situations rcquirc

extensive prcparJ.tion and test execUlion time to maximize circuit fault coverJ.ge. The

culmination of test prcpamtion. lengthy test times. and complex output analyses make the

functional testing approach an expensive task. Thus one must consider possible

alternatives..

JlJlJL digital

digital JlJlJL
or

analog ~

Electronic
• CirCUit

1

Black Box

or

analog

or

post·processed

•
Input Stimulus Output Response

Fig. 1.3 - Black Box Funetional Test Configuration

4



•
Oiaital Architectures Far Analoa Sianal Generallon

1.3 - Sources of Error

Introduction

•

•

ln determiniag alternatives. we must tirst examine likcly sourœs of error. We e;lI1

categorize errors into two different types: functional errors and manufaeluring defeets.

1.3.1 - Functional Errors

Simply put. functional detccts are errors in the operation of the cireuit eaused hy ;In error

made during the design phase. In the digital domain. the cause is easily identiliahle: the

designer either misinterprcted the functional specification or made ;\ carcless misl:lke.

causing an outcome differcnt l'rom the desircd result (e.g. a logic-l \Vas ohserved \Vhen a

logic-O \Vas expected). While the analogy holds truc for the analog circuits. the designer

aS._umes a grcater rcsponsibility in the functional performance of the circuit hy pr.lctising

analog design techniques such as symmetrical layout. component isolation to avoid

coupling effeclS. and ensuring currcnt opemtion within le manufacturing tolerances.

Assuming the designer is competent at his or her job. wc tum our attention to the other

error source. that is. defects caused by the manufacturing process.

1.3.2 - Manufacturing Defects

We define manufaeturing defeclS as being those ercatcd during the fabrication process,

and are beyond control of the designer. Therc are genemlly two types of manufacturing

defects: those caused by environmental impurities and those caused by process variation.

One example of an environmental defect is a pieee of dust or debris originating, for

example, from the gears driving the conveyer belt and landing on a die. This can cause two

types of component failures (as shown in Fig. 1.4): catastrophic and parametric. A

catastrophic fai!ure is one in which a component simply docs not change state. Using a

transistor as an example, it is either stuck on (shorted) or off (open-circuited). A

pararnetric fai!ure. on the other hand. is one in which the component appcars ta function,

but may not he within toleranccs. Such would he the case for a transistor that may tum on

and off but carries Icss current than is typical.
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catastrophic
failure

process monitor
test insert

parametric
failure

•

•

Fig. 1.4 - The Two Failure Modes Due To Manufacturing Defects

Process variation is the change of layer depositions duc to fluctuation of equipment

alignment or performance. One example would be the variation of oxide thickness over a

die or wafer. as iIlustrated in Fig. 1.5. Caused by a machine drift or alignment skew.

differing oxide thieknesses occur at various points on the wafer. Where the thiekness is

minimal. there is increased risk of a non-functional transistor and reduced reliability (i.e..

pin holes through the oxide). At the other extreme. whcre the oxide is thicker than the

nominal value. the speed of the device is degraded due to reduced drain-to-source current.

Process variation can bc categorized into two types: global and local variation. Global

variation (in the gate oxide example) focusses on the oxide thickness across the entire

wafer. with the assertion that so long as the geographical extrema of the wafer fall within

specifications, adjacent dies have a strong likelihood of also bcing within specifications.

Conscquently. ail lCs. be they digital. analog. or mixed-signal. must be monitored for

global variation to provide a confidence level for a properly manufactured wafer or die.

This can bc done through strategically-placed test monitor inserts (see Fig. 1.4). Local

variation (again using the gate oxide cxample) is the difference in oxide thickness among

adjacent dies on the wafer or among components on the same die. Local variation

measurements give no indication as to the overaii wafer yield; rather they quantify the

variability bctween adjacent components. This is useful information for circuits based on

component-matching. Le., designed by ratios.

Now that we have covcred the diffcrent types and causes of manufacturing defects. we will

study the significance of cach on both digital and analog integrated circuits.

6
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oxide thickness variation across
wafer/die cross-section
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Fig. 1.5 - Effect of Oxide Thiekness Due To Process Variation

1.4 - Impact of Defects on Dig;tal Circuits

•
To observe the effects of the differcnt manufacturing defecL~. consider the typical MOS

inverter. given in Fig. 1.6(a). with tr.msistor gain factors ~I and ~2. Duc to local process

variation. ~1 will differ slightly from ~2' and rcsult in the skewed tr.msfer char.lcteristic as

shown in Fig. 1.6(b). However, as long as the output logic levels fall within an acceptable

range, the circuit will function properly. Thus thc logic function is insensitivc to dcvicc

mismatches caused by local proccss variation.

Since parametric deficiencies due to environmental contamination dircctly affect the gain

factor of the transistor. digital circuits arc somewhat immune to parametric failure.~. This

depends. of course. on the transistor ~ still yielding sufficient drive capability and the

circuit rcsponse. typified in Fig. 1.6(c). falling within the rcquircd timing specifications.

Fortunately. these failures can still be identified by an incorrect logic level in a given time

interval (Le.• the failure is considered catastrophic).

When there arc significant differences bctween the transistor gain factors. for example. ~2

approaching 00. the affected transistor is now short-circuited. and the device logie function

fails to operate correctly. Thus. the logic function is sensitive to catastrophic failures.

•
Since digital devices arc sensitive to catastrophic failures. digital test methods concentrate

on incorrect logic function. rather than on device mismatch effects. Note that as digital

7
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(a) MOS inverter (b) inverter transfer characteristic (c) output response

Fig. 1.6 - Effect of Deviee Mismatch on a Digital MaS Inverter

•

designs approaeh the sub-mieron technology. analog design techniques sueh as

interconnect matching arc practiscd. and thus the char.lcteristics of analog bchaviour on

digital circuits arc of importancc. The impact of defects on analog circuits arc discussed in

the following section.

1.5 - Impact of Defects on Analog Circuits

Unlike digital circuiL~. the function of analog circuiL~ arc sensitive to device mismatches.

Consider the analog inverter shown in Fig. I.7(a). ldeally. RI and R2 arc equal. Due to

local process variation. however. it is not likely that an IC containing this circuit will have

equal resistors. The end result is a deviation from the expected transfer ch=cteristic

iIlustrated in Fig. I.7(b).

Rz
VotJt

Fig. 1.7 - Effect of Deviee Mismatch on an Analog Inverter•

Vin

(a) analog inverter (b) inverter transler characterislic
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Analog designe!> ha'·e acknowlcdged that the output rcsponse may '·;11;' fwm idea!.

Therefore. in an attempt to minimize signal varial>ility. grc;ll importance is plaeed on

design layout. Techniques such as designing circuits so th;ll their char;lcteristies depend on

a ratio of components (design l>y ratios). symmetric;l1 Cl)mponent layout. malehed

interconnect lengths. and impedanee matching arc employed as good design practice for

this reason. In addition. the toleranccs and varial>ility of the manufacturing process must

be minimized in order to maximize yicld. The al>ove practices serve to minimize the elleet

of local process variation on an analog circuil. Parametric failures in which the device still

functions can be treated as a local variation.

•
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•

•

Like the digital circuit. analog circuits are aiso sensitive to catastrophic errors. Revisiting

the inverter ex:unple. it is obvious that a large change in one of the resistors (like say. Rz

approaching 00) will prevent corrcct circuit function. In general. however. components

such as resistors and capacitors arc large in comparison to minimum device sizes and. as a

result. catastrophic failures are lcsslikely to occur.

A third cxposure in analog design is component limitation. such as non-linearities and

noisc. Higher-order effects may yield a different function for a given component that was

designed as a Iinear clement. introducing a degree of uncertainty to the expected results.

Analog components arc susceptible to noise. may ge'leratc noise themselves. andlor

couple with neighbouring components to create spuriou~~ noise - ail which may degrade

le performance.

Because of the dependency on component mismatches and component limitations. analog

test methods focus on these effeets. Of course. eatastrophic failurcs arc cqually a.~

important; yet the discovery of catastrophic errors is an artifaet of mismatchlIimitation

testing and does not normally require an extra suite of tesl~. Unfortunately. no simple

method exists to provide fault coverage for mismatehllimitation testing. lt is the position

of the author that functional testing must be performed to ensurc correct device

functionality and to identify parametric and catastrophic errors.

9
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1.6 - The System Hierarchy

Introduction

•

Anolher aspect 10 eonsider is the praelicality and complexity of lesting al different Ievels

of the design hier.lrchy. from lhe camponent Jevel (within a single IC) ta an enlire multi­

funetion chip or multi-chip system. Cansider an e!c:ctronic system cansisting of lhree

Ievels of hierarchy. shown in Fig. 1.S. The lowest Ievel is the component levei. indicated in

Fig. I.S(a). These arc building blocks. and their individual bchaviours may inter.lct to

form the desired function of a larger block. For example. the behaviour of two resistors in

series is based on the sum of the two -- not on their individual absolute values. The next

level of hier.lrchy is the sub-system level in Fig. 1.8(b). A sub-system is a building-block

whose bchaviour is nol designed to inter.lct with other sub-systems in oider to achieve a

desired bchaviour. An examplc of a sub-system would be the receive and transmit circuits

of a lelephony coder-decoder (CODEC): it is undesimblc to have the function of one affect

the function of the other. The third and highest level is the system I~vcl as in Fig. 1.8(c). It

is compriscd of multiple sub-systems to pcrform a desired function or numbcr of

funetions. Again. it is undesimble to have any inter.lction bclWeen blocks herc. Wc now

have to a.scertain what information is eontained in the tests performed at the differcnt

hiemrchicallevels.

At the eomponent leve!. we can obtain the absolute values and hence the variation of each

individual clement. However. because of the behavioural intemction of components at the

next hiemrchical level (sub-system). individual component variation is not sufficient to

~
V", ~1~~

Vout

...1II'r
• V", . Vout• .•

~ ~~:~-II- VOu! Vin

(al componenl (b) sub-system (c) system

• Fig. 1.8 • The Hierarchical Levels of an Electronic System
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dcducc individual suh-systcm :ICCCPI:lhilily, Thal is. rcjcctil>n ,'t' indÎ\'idll:ll ,'"mp,)fl"l1ls

may unncccssarily lowcr thc yicld hy rcjccling c"mp"ncl1ls which. while indi"idllally

falling out of IOlcr.mcc spccifications. collcctively c"mhinc Il' form an acccptahle dC"ic,'

at thc sub·systcm IevcI. This is cviùcnt if wc cxaminc thc rcsisl"rs of an analog inven"r in

Fig. 1.9. Hcre wc havc spccificd typical design tolcr.lnccs l>n thc individual resistl'r,; ,,1'

+")0%. and an invcncr tr.lnsfcr funetion tolcranec of ±3':é. (""nsiùer CISC 1: duc lO

•
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manufacturing crror. thc resistors individually l'ail "utsidc thcir spcciticd tolcrancc Icvcl:

yct thc invcncr l'ails within spccifications. Using componcnt tcsts as a guidc. a prnpcrly

functioning invcncr would ha"c bccn rejcctcd. Con"crscly. considcr Casc ~: thc individual

componcnts fall wcll within specification but in oppositc tolcr:mcc directions: in this C:LSC.

thc invcrtcr l'ails oulsidc of its acceptable tolemnce r.lnge. Component tcsting would have

passcd a non ·functionai circuit. Thus. tcsting al thc componcnt Icvcl docs not cnsure :1

properly functioning circuit.

•
The sub-system Icvel. as descrihed carlier. has no intended inter.lctÎon hetwccn suh­

systems to produce thc dcsircd circuit behaviour. As a result. tcsts perforrncd at this Icvcl

verify sub-system function and also guamntec correct sub-systcm function at thc systcm

level. As ilIustrated in Fig. 1.9. the sub-system is tolcmnt to individual componcnt

variation. provided the componenls arc affected in the same manner. Immunity to

component variation cano however. he maximized during the layout phase of the design.

Fig. 1.9 - Component Variation Effects on Sub-System Design Tolerances

RI companentlailure )C
R2 component lailure )C

Case 2:
R, =R,idoaI +30/. R, component pass.l
R2=R2idoaI- 2% ~ component pass .1

VOU! R2idoal 1.03 .,-=---.- =TFlCloaJ +5.1% sub-systemlailure,.
Vin Rlidoal 0.98

sub-system pass .1

Case 1:,
R, = R,ideaJ +25%
R2= R2Idea1 +22%

VOU! R2idoal 122- =---.- =TFidoal - 2.4%
Vin R'idoal 125

V'~,JlfI_...L.t,,::>..J_
VOU!

Specifications:
individual component tolerances: ±20%
inverter (sub-system) design tolerance: ±3%

Ideal transler tunction:

Vaut ~
TFidoal = - =--

Vin R,idoaI

•
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Table 1.1 - Typical Parameter Tolerances For Various Monolithic Deviees•
Dlc:!a! ArchtteCures For Analoc Sional Generation

Component ParameterlMa Absolute Matching
Type terial Value Tolerance

Tolerance

NPN Transistor p
1

:"::20~o 1 ::5%

VSE 1 =20mV =1mV

NMOS VT 1 =100mV :':10mV
Transistor

"0 =20% ::5%

Resistor p·type diHused 1 :':20~o :=:1%

epitaxial ::30% :=:5%

thin film ::5~o· :=:10% ::1%· ::.2%

Capacitor MOS =20% ::0.1%·:::1%

poly·poly ::.20% ::!::0.1%· :::1'%

Introduction

•

•

Table 1.1 exemplifies the advantages of designing by r.Itios to utilize the component­

matching altributes of the fabrication process. Note the obvious rcduction in matching

tolermces versus absolute value tolermces.

Sub-systems arc often partitioned by their intended behaviour. That is. functional

partitioning is analogous \Vith sub-system partitioning. This suggesl~ that functional

testing is bcst performed at the sub-system levaI. Sever.ll advantages to functional testing

exist at the sub-system level. First. there is inhercnt fault isolation since sub-systems arc

partitioned by function. Second. functional testing serves to char.Icterize the circuit by its

functional black-box bchaviour. thercby eliminating the need to manually probe (and

potentially disturb) internai nodes to characterize circuit performance. Finally. since

funetional testing and device eharacterization are performed simultaneously. there is a

rcduction in test time and complexity.

System level testing encompasses the entire multi-function chip or multi-chip circuit.

Tesl~ at this level appcar similar to actual field usage of the device. except that they may

push the limits of system characteristics. such as data throughpul. signal quality. noise

immunity. and tempernture stresses. This technique is known as "soaking" the circuit.

Often this is done to ensure eompliance \Vith governing standards. While system testing is

the only manncr in which to guarantee an end-to-end functional produel. it is not intended

to characterize its sub-systems or altempt to detect its faults. The eomplex.ity of a circuit

12



consisting of multiph: sllh~systcms and l."l)unllc:ss Cl)mpl.)nl'nts makc:s l...nl1lrh:ll~ fault

dctcction cost- and timc-prohil>iti\'c at this le\'cI, ln lar~cr circuits l'l>nsistin~ l,f thl'u"'lIllis

or millions of indi\'idual clemcnts. thc intcraclil'n l,f ail compl,ncnts m;,!>cs This tas!>

\'irtually impo,;,;ible. Thus. in ordcr 10 minimizc tcst cl,mplexity and cffort. tcslin~ should

bc donc al thc sub-systcm Ie\'c!.

•
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•

•

1.7 - Thesis Overview

W'C havc just brought forth thc importance of pcrformin~ functional tcsls on analog

circuits at thc sub-systcm levc!. This nccc,;,;italcs thc requiremcnt for high-4uality ;malo~

signais as tcst stimuli. lt will bc our mandatc to creatc a signal ..:cncrator using digital.... ...... .. ...

circuitry in ordcr to achicvc spectr.llly pure signais and havc precisc control ovcr

amplitudc and frequency. Morcover. wc will arrivc at a techniquc which minimizes thc

area a signal gcnerator requires so that it can be placcd on-chip for BlST and othcr tcst or

signal generation applications. Wc will also integr.lte thc mcthod into today's digital test

architectures to facilitate its introduction to industry and simplify its implcmentation.

This thesis will continue by introducing the concept of MAOBlST. Thc idca of perfortning

on-chip BIST for mixed-sigllal ICs in a simple and arca-ellicient manner is ground­

breaking research which this thesis uses as the basis for development. We will dcscribe

three main types of analog signal encoding. ail of which endeavour to embed an analog

signal into a bit-wide digital pattern. and justify our decision to favour pulse-density

modulation (POM) as the most powerful and versatile encoding scheme av-.ulable today.

We will also demonstrate the use of POM in an analog signal genemtor known as the 6I.

oscillator.

Chapter 3 will highlight severa! applications of the 6I. oscillator. including the dedicated

test system which creates a simple yet effective analog IC tester. We will also c:!cscribe two

fabricated oscillator ASICs and provide simulation and experimental rcsull~.

Chapter 4 wiII introduce our tirst original concept: the forced-periodic rOM bit pattern.

We wiII describe how to establish the minimum bit pattern required to encode an analog

13



signal using PDM tcchniques. cxaminc thc effccts of truncating an infinitcly-long bit

pattcrn. and dcmonstr.ltc its vcrsatility in encoding both simplc and complcx analog

waveforms.

•
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•

•

Chaptcr 5 will focus on thc application of finitc-length PDM patterns. Here wc provide

two unique and original techniqucs for integrating analog signal generation into the

CUITent digital test architectures. Using such test logic as the 1149.1-1990 IEEE JTAG

interface and RAMBIST. wc introduce various hardware configurations that make

MADBIST a feasible concept in today's mixed-signal ICs. and put analog signal

gener.ltion on an IC with virtually no additionallogic.

This thesis will conclude with a summary of the work that has been introduced thus far.

Wc feel the originality of truneating PDM patterns and integrating analog test generation

into digital test architectures ereates severa! new opportunities for further researeh and

will propose a few ideas that can make use of the powerful techniques deseribed herein.

1.8 - Test and Data Collection Environment

Unless otherwise indicated. all experimental results given in this thesis were eolleeted

with a test station as indicated in Fig. I.iO. Data patterns were generated on an HP

E1445A arbitrary funetion generator. When required. a Krohn-Hite 3202 maximally-f1at

lowpass fiIter was included in the signal path. Graphs and other data collection were

obtained from an HP 54510A digitizing oscilloscope and an HP 3588A speetrum analyzer.

D·.., '" ==::, g ==
-- '" Q

HP 54510A
digilizing oscilloscope

Krohn·Hfte 3202
lowpass fille,

(optional)

HP358SA
spectrum analyze,

Fig. 1.10 - Test Station for Conducting Experiments
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Chapter 2 - MADBIST and Analog

Signal Encoding

One of the primary applications for advancements in the area of digitally-encoded analog

signais is mixed analog-digital built-in self-test. or MADBIST. This chapter will explain

the concept of MADBIST and the variety of methods to digitally-encode an analog signal.

2.1 - The MADBIST Method of le Self-Test

The MADBIST scheme. as set out in [1 J. is directed towards the sclf-testing of a mixed­

signal IC consisting of an analog-to-digital convel1er (ADC). a digital signal proccssing

(DSP) unit. and a digital-to-analog convel1er (DAC). each of which is classified a.~ a sub­

system. GeneraIly. a generic mixed-signal le has an analog signal that pa.~ses through the

ADC. is processed in the digital domain using a DSP unit. and is convel1ed back to an

analog signal using a DAC as shown in Fig. 2.1.

One method to test ail sub-systems of the IC is to place the device in a loop-back mode. a.~

shown in Fig. 2.2. Here. the DSP unit generates a signal which is pa.~sed through the DAC·

and is looped baek to the ADC input. The digital signal of the ADC is then passcd on to

the DSP unit for comparison with the original digital pattern. This test mode is not

conclusive, however, since errors in the DAC may be masked by errors in the ADC.

Consequently. it is not an acceptable test method, according to the CCITT standards body.

Fig. 2.1 - Signal Flow for a Generle Mixed-Slgnallntegrated Circuit
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1 1 1
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MADBIST and Analoo Sional Encodina

•
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Fig. 2.2 - Mixed-SignallC in a Self-Test Loopback Configuration

MADBIST proposes a lest method which verifies the funetionality of the IC by testing

eaeh sub-system individually. The key element is the PDM signal generator in which. if

the AOC ulilizes a A1: modulator. there is little additional area overhead associated with

the setup. Figure 2.3 shows the required modifications. The test sequence is described

bclow.

First. the DSP unit and any other digital circuitry on the IC is tested using normal digital

BIST techniques. Next. the digital components are configured to generate a PDM bit

pattern. within which is eneoded an analog signal. and is multiplexed into the ADC. The

anti-aliasing filter of the AOC eXlraets the analog signal from the digital bit pattern. In

cases where the ADC input eannot handle a rail-rail input digital input. a simple filter

(such as a passive RC) with a eut-off frequency at the bandedge can reduce the signal

levels considerably. The filter may exist on- or off-chip (for the purposes of a pure BIST it

would of course. reside on-chip and preferably part of the input stage of the anti-aliasing

filter). The digitized signal output from the ADC is then fed back into the DSP unit for

comparison with the original signal. Through a variety of tests. the ADC may be

completely exercised in this manner.

With the functionality of the ADC verified. PDM stream generation is disabled. and the

DAC is placed in normal operating mode. A loopback configuration is then established

through the switeh and multiplexer internai to the ehip. Since the DSP unit and the ADC

have passed their tests. the DAC can now be fully tested without the risk of any errors

being masked. The performance of each component has now becn individually
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Fig. 2.3 - MAOBIST IC Test and Component Structure

characterized. Assuming ail tests were satisfactorily completed. the chip as a whole has

passed ilS BIST and ean now be used for testing analog circuits extemalto the le.

The MADBIST configuration relies on a relatively powerful digital processing unit to

perform the certain anclyses necessary for performance measurcments. For cxample.

industrial tests such as frequency response. gain tracking. and signal-to-noise mtio

measuremenlS require post-processing of the digital bit stream for par.lmeter extmction.

Such measuring techniques include the Fast Fourier Transform (FFT) or a narrowband

digital filter. Currcntly. the hardware overhcad associated with sueh techniques can be

signifieant and must he eonsidered at the design stage. However. it is anticipated that

further research in the area ean produee smaller. more efficient data extmction methods.

For the purposes of the MADBIST discussion. wc will assume a narrowband digital filter

is used [2].

The key element in MADBIST is the use of a one-bit digital signal stream to represent an

analog signal. The signal generator is also the most arca-intensive component of the

system. If the ADC uses oversampling logie (Le.• it eonsislS of a 6L modulator). then that

same modulator ean be shared with a 6L oseillator to eonvert a multi-bit digital signal to a

one bit-wide. over-sampled data stream. This may not always be the case however.more

generalIy. we should examine the various techniques of digitally eneoding an analog
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signa110 delermine which may be the most useful or practical while minimizing costs duc

to addilional hardware overhead and complexity. A variety of sig.lal generation methods

will be discussed in the following seclion.

•
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2.2 - Digital Encoding of Analog Signais

There are various techniques to encode an analog signal into a digital bit pallern. For

instance. a multi-bit representation that quantizes the infinitely-variable analog signal into

a digital word is often used in digital signal processing but requires sophisticated AID and

DIA converters for encoding and decoding. We must not forget that we are focussed on

testing these converters and thus cannot use them for test signal generation. Morcover. it

would be much more convenient if the encoded signal were embedded in a single-bit

r.llher than multi-bit rcpresentation. Intuitively. we would expect the extraction of the

encoded signal to be an easier procedure.

Three common methods of generating a single-bit pallern to rcprcsent an arbitrary analog

waveform exis!: pulse generation. multi-frequeney binary sequence (MBS) generation.

and pulse-density modulated (PDM) signal genemtion. These will now he examined in

grcater detai!.

2.2.1 - Pulse Generation

The simplest form of analog signal genemtion is the creation of an analog signal by simply

applying and repeating periodic bit pattern composed of a single pulse. The fundamental

frcquency is given by

f - f.,
,- N' (2.1)

wherc N is the pattern length in bits and!., is the sampling frcquency. A total ofN-l tones

exist over the frequency range Iso oceurring at

•
(2.2)
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Figure 2.4 shows an example of a nuise pattern (a) anù its spcctrllm (h) lIver thc

bandwidth. j,.. Here we have a pcriodic S-bit pattern containing a single + 1 and scven ·1 s

clockcd at a rate of 1 MHz. Thus.

•
Dioital Architectures For Analoo Sional Generation MADBIST and Analoo Sional Encodino

f - IMH: - 1"'-kH-
1- 8 - -, ....

As expcctcd. thc frequcncy spectrum consists N·I. or seven tones: a fllndamental 'It 125

kHz followcd by six harmonics cvcry 125 kHz thereafter over the freqllcncy range of 1

MHz.

•

This approach has applications in frcqllcncy-domain system identification. wherc a system

under test is subjected to multiple frequencies simultaneously. Wc. on the other hand. ;lre

intercsted in a technique that will generate high-quality signais that arc easy to rcconstruct

from the pattern in which they arc embcdded. Unfortunately. signal generation by pulses

suffers from a few deficiencies in our desircd application that we must consider. First. for

single-tone generation. a selectable high-order filter is rcquircd to isolate the desircd tone.

It must bc especially acute at low frcquencies. Second. if '.he environment is such that the

binary signal generator cannot vary the amplitude of the pulse train (such as in a lixed 5 V

digital system). one has no control over the amplitude of the extracted signal. Third. each

tone has a differcnt amplitude - for multitone signal genemtion. the variance may bc

intolerable. However. for simple test schemes wherc the user can manage with sorne or ail

of these parameters fixed. this method of analog signal genemtion may be the most

compact.

+1, -1, -1, -1, -', -l, -1'''1

(a) lagie data pattern

• - .

.lIl .1 • 1•..111\ .J , Il .11, .J 1l,Il.

. ~ ~.. _. .-

-~

Fig. 2.4 - Example of a Pulse Waveform and 115 Frequency Spectrum

(b) frequency spectrum

•
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1+1 counte~

1· 1 counte~

+1 r--o "1
f---+ data out

-1 f-Ir1 controller logi

Implementation of the pulse generator ean take several forms. One application requires the

use of a eounter to keep track of the number of +1s or -1 s. as in Fig. 2.5(a). By

programming the counter to vary the number of±ls. the user obtains frequeney seleetivity.

albeit a limited range. The alternative is a pattern storage approaeh. The first is a simple

chain of memory clements sueh as nip-flops as in Fig. 2.5(b). The pattern is 10aded into

the chain whieh is then eonfigured into a loop so that the sequence ean repeat itself. Next.

the pattern is serially shifted out to gener.lte the pulse tmin for a filler to select the

appropriate tone or collection of tones with whieh the deviee under test will be stimulated.

Alternatively. one ean store and play baek the pattern in a RAM as in Fig. 2.5(e). Read and

write addresses arc genemted by a sequential address eontroller. Wc will refer to the

approach of filling a scan chain or memory with a digital data pattcrn for analog signal

gener.ltion as a memory-based genemtion technique. which could conceivably be used

wherever analog signal generation is required. This will be examined more c10sely in

Chapter 4 - Forced-Periodic PDM Patterns.

Digital Architectures For Analoo Signal Generation
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(a) digit counter

data in

clock in
~'''1rI-_''~ dataout

(b) flip-flop data chain

d ta
· parallel----""L

a ln cr ---~=~::::Jseriai

•
c:::::::r--+ data out

(c) RAMIROM storagelretrieval

Fig. 2.5 • Bit Pattern Storage and Retrieval
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Note that one eould manipulale the nit pattern and add more + 1s or -1 s in diffcrenl

locations to generate diffcrent speetra and "ary Ihe p,'\\'er distrihution. This is the hasis

behind multifrequency hinary sequence signais and is discussed in the f,'II,'wing section.

•
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2.2.2 - MSS Generation

An extension of pulse generation is the binary rcpresentation of ;malog signais hy multi­

frequency binary sequence (MBS) generation. commonly used for multi-frequency test

signaIs. MBS signaIs arc periodic \Vith an e"en number of bits per period and h:l"e a mean

value of zero with their energy concentrJ.ted in a limited number of harmonics [6].

As an exarnple. eonsider the case where one desires a signal eontaining six selected

frequencies. one octave apart [7]. Assuming wc let the function he even. and that wc

choose the Fourier series coefficients to ail be equai. wc arrive atthe pattern 11ft). wherc

2ltt 2lt2t 2lt4r 2lt8t 2lt 16t 2lt32r
lI(t) = cosT + cosT - cosT + cosT - cos-

T
- + cos-

T
-

and T is subdivided into N intervals. The binary signal is determined to he ±1depending of

the polarity of 11ft). or equi\"J.lently. sgn[lI(t)/1 evaluated for each intervai. For a total of

128 intervaIs. we find the first half of the even pattern to be:

wherc the integer prcceding the sign is the numher of bil~ of that polarity. For example. 3+

indicates three consecutive +1 bil~. The resulting signal spcetrum is given in Fig. 2.6.

For the simplest case (Le. a single-tone frequency spcctrum). consider the signal set).

where

s(t) = sin(2;t) .

1. RecaIl th:lt the sgn funetion has the following delinition:

{

1, x> 0

sgn(x)= O. x= 0
-1.x<O

21



Let N be the number of points oYer the interyal of interest (i.e .. one pcriod of the

waveform). The sign of the function eyaluated at each interval ( = k/N. k = O. J. 2..... N.

determines the binary representation via the S!in function. Since the signal is a sine waye.

exactly NI2 bits arc +1 and NI2 bits arc -1. This generates the fundamental tone at JI(NT)

Hz. but unfortunately places harmonics at every integer multiple of twice the fundamcntal.

This is illustr.lted in Fig. 2.7. Here. wc encode the sinc wave according to the MSS

stratcgy and get the even funetion coding pattern of 32+ 32'. This creates a 128-bit pattern.

which places the fundamental at f, = 1~8f,. In Fig. 2.7. /, = 1 MHz. placing the

fundamental atft =7.8125 kHz. and the harmonics at integer multiples of 2ft. or every

15.625kHz thercafter.
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MSS is most often used for the generation of multi-frcquency signais. While the

opportunity exisls for distributing the power over the harmonies of interest [7].

optimization techniques must be used to achieve this. Again. unwanted harmonics that fall

within the band of interest arc generated. One advantage that MSS has over the pulse

technique is that since MSS signais arc even functions in time. only half of the fuIl pulse

train need be stored.

Those deficiencies that exist in the pulse method. however. also exist in MSS. For

arbitrary analog signal generation. the amplitude is fixed unless the pulse train amplitude

can be varied. A1so. there lies difficulty in signai extraction from the bit pattern. Consider

the prcvious example in which a sine wave was generated. From the frequency spectrurn.

we ean sec that a filter could extract the fundamentaI tone to yield a high-quality sine

r:~SDIcO\lIII cri ..M8S-(1ICOCIIO.....,..'TDN SIgrIIl

G ••• •• 6deIIted lDnes ..

."

.'"

...

....f-_..--::,..=-,-.......,_..."",..,--=..__"'::-.:.!....

Fig. 2.6· Spectrum of an MBS-Encoded 6-Tone Signal
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Fig. 2.7 - Spectrum of an MB5-Encoded Sine Wave

wave. Unfortunately. this requires a precise. tunable. high-order lowpass filter in order to

remove the harmonies from the passband.

Implementation of the pulse generator and the MSS signal genemtor would typically he

done using memory elements on an IC. such as a chain of f1ip-flops that would he loaded

with the bit pattern and then configured in a loop to repeat itself. Allernatively. a RAM or

counter logic (as descrihed in Section 2.2.1 - Pulse Generation) could he used.

Ideally. we would like a bit pattern in whieh we can vary the amplitude of the cncoded

signal while maintaining a eonstant pulse train amplitude (e.g.• 5 V for a digital IC

application). We would also like to have frequency selectivity and he able to remove the

harmonie noise from the band of interest so that the analog signal can he easily extracted.

We May also want to create sophisticated multi-tone signais. Al! of this can he

accomplished with pulse-density-modulation encoding, the subject of the next section.

2.2.3 - PDM Signal Generation

Pulse density modulation is the pattern generator ofchoice for oversampling DIA and AID

converters using single-bit LU: modUlation [3]. A typical modulator has the structure

shown in Fig. 2.8(a), consisting of a summer, a linear filter, and a one-bit quantizer. By

modelling the quantizer as an additive white noise souree, we cao oblain the linear model

as in Fig. 2.8(b), and describe the modulator in terms of its signal transfer funetion (STF)

and noise transfer function (NTF) in the z-domain:
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(1.3)

MADBIST and Analoc Sicnal Encodinc

Y(:) = STF(:)X(:) + NTF(:)Q(:)

NTF(:) = 1
1+ H(:)

STF(:) = 1 - NTF(:).

For the modulator to bc stable. the NTF must be bounded at ail physical frequcncics.

Dlcital Architectures For Analoc Sicnal Generation

•
Stability has becn shown to exist for NTF < 2.0 [8). A modulator can realizc any NTF

whosc numcmtor and dcnominator have idcntical ordcrs and leading coefficients. i.e.. for

NTF(:)I: = _ = 1 (9). lt is desirable to have an STF equalto one so thatthe signal is not

attenuated or amplified in any way. Such a modulator has the structure as shown in Fig.

1.9(a).

•

An example of a first-order. single-bit. digital ~ modulator is given in Fig. 1.9(b). It is

made up of a multi-bit summer and integmtor. a multi-to-single-bit quantizer block. and a

single-to-multi-bit digital-to-digital converter. The integmtor consislS of a multi-bit

summer and a delay clement. denoted by its z-domain reprcsentation. :-'. The delay

clement is simply a data rcgister or bank of flip-fiops. The function of the quantizer is to

set the output to a logic-l if ilS input is greater than a set thrcshold. and a logic-O

otherwise. The digital-to-digital (DID) converter performs a code conversion by

converting the output signal to a multi-bit signal (either the largest or smallest number in

the number system being used). and feeding it back to the modulator input. This

introduces an error signal -- the differcnce between the single-bit output signal and the

multi-bit input signal. Thc output of the modulator is now a single-bit reprcsentation of the

multi-bit input signal. with the ell' 'lded signal embedded in a PDM rcpresentation. That

•

+(:f) e(z)· Iï:ü.il u(z)~
x(z) ---+l._t .~ ·~ y(z)

(a) lypical~ modulator structure

q(z)

+(:f) e(z) [W;il u(z)~
x(z) ---+l._t ·~ .~ y(z)

(b) Iinear representation of modulator structure

Fig. 2.8 • Typical and ünear Modulator Structures
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is. the grealer the amplitude of the signal. the more logic-I s used tl' rerresenl il.

Converscly. the smaller the amplitude. the more logic-Os used. Higher ordcr Illl,dulators

can also be crcated. such as the second-order design shown in Fig. 2.9(l·). Thcse \:Icncr

approximate the error signal l'cd back to the modulawr input and. as a result. deercase the

arnount of inband error noise.

•
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Figure 2.IO(a) iIIustr.ltes the conversion of ;1 sinusoidal inpul sign;11 into a PDM bit

pattern. The input sinusoid has an amplitude of ri and a frcqucncy.r, thal has becn grcatly

oversarnpled (i.e .. f,- »fr). The output signal of amplitude û. provided in Fig. 2.10(\:1).

•

x(z) --.--..r \--~+I--.-..y(z)

•

discrete integrator quantlzer
+ ,------,

-+__~+ Z·l'h......--l
M·bit

L.. .J

~'-----I DIO 1-orI,---f------'
M·bit code converter Hi!

1 2M'1
0 0

(b) quantized 1st-order Ill:. modulator

+ x,(n) +
u(n) -.-<+::)---.l+:',---.....--.l+::)---..r+~....,

L- J..... ----' DIO

(c) 2nd-order Ill:. modulator

Fig. 2.9 - First- and Second-order Modulator Structures
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shows the digital pattern that represents the input sinusoid by the density of logic-l sand

Os. Il is important to note that the t.L modulator is based on an infinite-impulse response

system which maps the input signal to an infinitely-long series of bits. Thus. the pattern

does not repeat itself [3]. Another characteristic of the t.L modulator is fact that the

quantization noise is orthogonal [0 the input signal and thercby occupies a different

frequency rcgion. In the case of a lowpass modulator. the majority of the noise occurs at

higher frequencies. This eharacteristic is known as "noise shaping". A typieal power

spectral density (PSD) plot of the output is given in Fig. 2.10(c).

•
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Since quantization noise is orthogonal to the inband tones. signal extraction from the

digital pattern is very easy. For a lowpass modulator. such as in the previous example. one

simply passes the data pattern through a lowpass Iilter with a eutoff frcquencyis. as shown

in Fig. 2.11. Note that the order of the modulator dictates the noise shape. i.e. the ••lle at

whieh the noise increases out-of-band. This places the requirement that the filter be of at

least the same order (preferably greater) to eompletely filter the out-of-band noise.

However. it cannot remove the in-band noise as this noise cannot be removed from the

signal by simple filtering.

(a)

l-----~ ------

~[ I~~~~
(b)-­00nIlly

~'
4

~
(c) 2

Fig. 2.10 - Modulato....BasecI Encoding of a Sinusoid
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Fig. 2.11 - Analog Signal Recovery

The in-band noise can be reduccd by using a higher-order modulalor which bcller

approximales the quantization error and thus rcsulL~ in a lower in-band noise tloor. This is

exemplified in Fig. 2.12. Note how the power density spcctrum of Ihe second-order

lowpass modulator has a higher noise tloor in the passband verous the fourth-order

modulator. The simulation of a fourth-order design yielded a 30 dB incrca.~e in dynamic

range to 110 dB. Another alternative for rcducing the noise component is to incrca.~e the
Ir

oversampling ratio (OSR). defined a.~ ; B-. wherc If is the sampling frcquency and f8 is

the modulator bandwidth. For a seeond-order design. the signal-to-noise ratio in decibels

as a function of the OSR can be exprcssed a.~:

SNR = 1510g20SR+610g2(~)-8. (2.4)

•

The above equation suggesL~ that the higher the OSR. the doser the conversion is to ideal.

Perhaps the most powerful property of PDM encoding is that signal amplitude and

frequeney arc completely programmable and can be rccovercd with a fixed-bandwidth

filter. That is. we ean place a signal (or group of signais) anywherc within the pa....~band

and reeover it with a fixed filter tuned to the bandedge; it is not necessary for the filter to

track the signal. This is demonstrated experimentally in Fig. 2.13. Here we show

reeonstructed signais of differing amplitude (a) and differing frequeney (b). ail generated
- ,-,

within a 10 kHz passband region.
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~ a
u..
~
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·ft
~c

~c..
-sa

-100

a

4th-Order design

O.OOS 0.01 0.015 O.OZ
~requcncy(normall:cd to F:s)

Fig. 2.12 - second- and FourthoOrder Modulator Inband Power Spectra

•
PDM has the advantage of being able to encode other types of wavefonns. such as multi­

tone and triangular signais via &: modulation as illustrated in Figs. 2.14(a) and (b). It is

important to ensure that the modulator bandwidth is sufficiently wide to include ail oftheir

harmonies. since these signais have significant power at higher-frequencies. However.

since thp quantization noise power increases with frequency. a fundamental trade-off

exists between signal purity and noise [10].

The versatility of&: modulators makes them the preferred analog signal encoding scheme

of the author for many reasons. Fmt. the user has amplitude and frequency selectivity of

the signal to be encoded. Second. the noise-shaping characteristic ensures that only the

Fig. 2.13 - Amplitude and Frequency Variability Over a FlXed Bandwidth

..
:;:

l '
-o.J .•...

(b) differing trequency

1.. l~\....

" ', ',
•
\
••· ,
\ '..... '.•,,\ ,

·1 0'_'" .....\~ '. ".~

(a) differing amplitude
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.~.
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(a) (b)

.1Ul.JL

PSO triuuùi,
"

•

Fig. 2.14 - Encoding Other Types of Analog Signais

signal tone(s) exists in the passband region (plus. of course. a minimal amount of

quantization noise). Third. 6L modulators permit the encoding of virtually any waveform

into a single-bit pattern. And tinally. signal reconstruction is achieved simply by using a

tilter of a tixed bandwidth. unlike that required by the pulse and MSS signal generation

methods. In the following section. we will focus on a primary use of the 6L modulator -­

the 6L oscillator.

2.3 - Delta-Sigma Oscillator

Previous work on analog oscillators introduced the concept of using 6L modulators in

digital resonator circuits [1] and can be summarized with the following example. Figure

2.15(a) shows a second-order digital resonator circuit made up of!Wo integrators in a loop.

with a eharaeteristic equation given by:

(2.5)

•

With sorne f10w graph manipulation and the introduction of a 6L modulator. we arrive at

the circuit shown in Fig. 2.15(b). Keeping in mind that we wish to fabricate this design on

a monolithic le. it is desirable to keep the hardware complexity to a minimum (and also

minimize logic area). Logic subject to minimization is the multipliers. Sy forcing the

coefficient a12 to be a power of !wo. we cao remove the fust multiplier. as a power-of-!Wo
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multiplication is simply a wire-mapping in hardware. Next. realizing thatthe output of the

modulator is either a logic-I or O. the second multiplier ean be simplified to a two-input

multiplexer which chooses between either -a21 or +a2/' The end result is the minimized

circuit shown in Fig. 2.IS(c).
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(2.6)
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The memory elements in each integrator set the initial conditions of the resonator (denoted

xI and x2 in Fig. 2.IS(c». These. combined with coefficient a21 (which we will

subsequently refer to as the loop coefficient k). crcate the variables that allow for very

accumte frcqueney and amplitude tuning. The frequency of oscillation}: and the amplitude

A. of the encoded signal arc rclated to the loop coefficient and the initial rcgister

eonditions by the following set of expressions:

k =2(1 - cos 2re!)

x2(0) = A

k
xI (0) = iX2(0) .

The~ oscillator has several advantages with the main ones diseussed nex!.

output

(a) 2nd-order digital resonator circun (b) resonator with~ modulator and power of 2multiplier

•

"'21
+a21

(c) multiplierless~modulation oscillalor

Fig. 2.15 - Design of a Multipliertess Delta-Sigma Oscillator
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That is. ail logic and frequency selectability can be huilt into a single resonator-~

modulator structure. This lends itsclf to le fahrieation. 1110st likely on a single die. \Vith

programmable registers. arbitraI")' signal frequencies (within the predetermined passhand)

and amplitudes can be genemted. Thus the need for externa!. off-chip signal genemtion

equipment is eliminatcd.

The PDM stream is repeatable.

Since the start-up states of eaeh integmtor in the oscillator design arc known. the bit

pattern is completely deterministic. \Vith the same initial conditions. the output stream can

therefore be reproduced.

However, the oscillator. having many predetermined attributes such as order. bandwidth.

and the number of simultaneous tones. suffers from the following disadvantages:

Signal quality and bandwidth arefixed.

The bandwidth of the passband and the dynamie mnge of the genemted signal arc

functions of the order of the modulator and its coefficients. and thus arc determined

beforehand. As a result, one must carcfully select the desircd order and modulator

eharacteristics for a desired SNR during the design phase of the oscillator.

Higher-order structures require large increases in area.

GeneraIly, a desired increase in bandwidth or SNR requires an increase in the order of the

oscillator. Frequency selectivity a1so necessitates an increase in rcgister length (data bus

width) to minimize the effect truncation noise has in increasing the signal noise floor. In

addition, the genemtion of multiple tones or complex waveforms rcquire and bandwidth

extension at the expense of SNR and more logic. As order (and hence area) increases, the

feasibility of oscillators for MADBIST applications decrease i.e., the MADBIST overhead

is no longer a negligible amount.
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As one allempts to maximize the SNR for a given order or modulator structure. the

potential for instability (i.e. an overflow condition) increases. One lillliting factor is the

amplitude of the encoded signal. ln general. the amplitude is kept low to ensure stability.

?resently. there is no easy way to guamntee stability other than through very long

simulations or bench-testing.

The coefficients (initial conditions and loop coefficient) lilI/st he kepl sll/allfor a high OSR.

The fact that the coefficients must be small in our number system requires the use of larger

bus widths to minimize the effect of truncation noise. since we are using fixed-point

arithmetic.

Despite these deficiencies. the 6L oscillator has some very practical applications.

Research in the arca of 6L modulators by Haurie and Roberts has revealed an area­

efficient. multiplier-free structure for arbitrary-order modulators [9]. This design

algorithm has been conveniently packaged in a software application written in Matlab,

called DSMOD [10]. One advantage of the software is the ability to generate 6L

oscillators using an arca-efficient structure, as introduced in [Il]. This software has

proved to be a very useful 6L modulator and oscillator design tooL Two applications using

the 6L oscillator will be discussed in detail in the following chapter.
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Chapter 3 - Applications of the Delta­

Sigma Oscillator

This section highlights applications utilizing the ~ oscillator. The MADBIST proposai

introduced in Section 2.J - The MADBJST Method of Je Se({-Test covcrs one such

application in detail and will not be covered here. Instead we will focus on applications in

which logic arca is not a constr.lint -- that is. where a single IC or significant portion of an

IC is dedicated to the oscillator.

This chapter wiII introduce the dedicated test system. which is directed at the analog tester

market. High precision analog testers have a purchase price in the vicinity of $1 million. In

contrast. digital testers cost approximately $100.000. With the proposed dedicaled lest

system (that could be mass-produced for say. $20). the test engineer can equip the digital

tester to perform functions normally reserved for the analog test unit. We will examine a

dedicated test system for use either as an on·board unit or as a retrofit for a digital tester.

The following sections will also introduee two oscillator ASICs. fabricated in the Nortel

0.81-1 BiCMOS fabrication process. The first is an ail digital. fourth-order lowpass t:JJ:.

osciIlator. The second consists of the same oscillator. a one-bit DAC. and a sixth-order

lowpass reconstruction fiiter to form a complete analog signal generation unit.

3.1 - The Dedicated Test System

One application for the t:JJ:. oscillator in the contcxt of anaiog signal testing is in a test

system consisting of one or more dedicated ICs to perform the signal generation and data

collection functions. An example of su.:h a system is shown in Fig. 3.1. A1though

represented in the context of a board system, the entire system can he fabricated on a
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Fig. 3.1 - Block Diagram of a Test System

single die. yielding a single test-ehip rctrofitting solution. The operaùon of the test system

is deseribed bclow.

The test system can be designed with either a memory- or oscillator-based signal

generation approach or conceivably both. First. a digital controller. typically a processor

or a digital test head. communicates with the signal generator to either load a seriai bit

pattern (in the memory-based configuraùon) or the iniùal conditions necessary for an

oscillator to generate a test signal. That rcsulùng seriai output is then fed into a one-bit

DAC.

•

The purpose of the DAC is twofold. First, the DAC ean cIean up the edges of the digital

input signal, providing a signal with sharper level transiùons. Second. the DAC can

change the coding of the digital signal from its typical 0 to SV non-rcturn-to-zero scheme

to one that has bctter characteristics. Using a bipolar. return-to-zero bit coding pattern

reduces distortion by equalizing rise and falI times. For example. to reconstruct a high­

quality analog signal. it is criùcal that the rise and fall shape of the digital signal he as

similar as possible Le.• the area under each pulse is identical. Figure 3.2 ilIu.:-aates this in

detail. Note that pulse 1 does not have the same area as pulse 3. since pulse 3 is followed
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digital pattern

A

non-return-to-zero

·A

A

bipolar return-to-zero

-A

•

•

Fig. 3.2 - Bipolar Non-Return-to-Zero and Return-to-Zero Coding Schemes

by another pulse of the same polarity. As a result. pulse 3 docs not need to discharge

towards zero. This gives the appcaranee that pulse 4 has a zero-lime rising edge. A bipolar

return-to-zero coding pattern forees eaeh pulse. regardless of polarity. to return to zero

halfway through the period of the pulse. This ensures eaeh pulse has one rising and one

falling edge. rninimizing the arca differences. A bipolar coding seheme also removes the

OC bias assoeiated with 0-5 V coding. as the average will bc zero (assuming an equal

number of logie-I and Os1). The DAC can also provide a high output impcdanee for the

reconstruction filter. This minimizes the loading placed on the filter by the output stage of

the previous circuit.

The next stage is the reconstruction tilter. This tilter is generally a lowpass2 structure that

has its eutoff frequency at the bandedge of the frequency spcetrum of interest. lt is this

tiltering action that extract~ the analog signal from the digital bit stream. The output of the

tilter is the reeonstructed analog signal that is then sent to the analog device under test

(DUT). As the out-of-band noise from a 6L modulator will inerease at a rate that is

1. Recall that in a ±I bipolar eoding schemc:. a logie-O is eodc<! as -1.
2. Note that with just a change of filtcr. the system eould make use of âl: handpass signaIs. This
would prove effective in high-frcquency lcsting sueh as in wirclcss applications. Sec 112J for further
details.
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proportional to the order of the modulator. it is advisable to make the filter at lea.'t one

arder above the ;naximum order of the modulator used. This will minimize the amount of

noise that aecompanies the signal.

•
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•

If the recon.'truction filter cannot handle the rail-to-rail .'wing from the DAC. thcn a simple

fixed-bandwidth filtcr structure can be used to reduce the signal input amplitude (as

introduced in Section 2.1 - The MADBIST Method of le Self-Test). Note thatthis filtering

circuit should be part of the design eonstrJ.ints for the front end of the reconstruction tilter

and used rcgardless of the mode of operJ.tion (normal or test mode). Alternatively. a

simple passive RC structure could be used if BIST were added to an existing design. This

significantly rcduees the output amplitude and relaxes the steep slope of thc digital signal

10 an input level which the tilter could easily handle. An experimental demonstration of

signal rcduetion possible with use of an RC tilter is provided in Fig. 3.3.

Using a 7 kHz PDM bit pattern from a third-order modulator with a bandedge of 18 kHz. a

±2.5 V signal PDM bit pattern (and ilS frcquency speetrum) is generated as shown in Fig.

3.3(a). The input is then fed into a tirst-order RC circuit with a cutoff frequency of 18.8

kHz. The waveform in the time and frcquency domains is given in Fig. 3.3(b). Note the

substantially-reduced signal waveform from a 5 V swing to approximately a 0.7 V swing

as weIl as a noticcable attenuation of higher-order frequencies in the spectrum plot. To

complete the signal reconstruction. the output of the RC tilter is fed into a fourth-order

lowpass tilter with a cutoff frequency of 18 kHz. Figure 3.3(c) shows the end result: a

reconstructed sine wave with a 0.25 V amplitude and a dynamic range of approximately

75 dB.

The tinal component of the dedicated test system is the measurement logic. Il is designed

to receive either a digital or analog input and characterize the performance of the DUT

through a quantitative measurement. Such functions may include a Fast Fourier transform

(FFT) or narrow-band tilter [2]. It is anticipated that further rescareh in the area willicad

to simple and compact data measurement schemes.
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Fig. 3.3 • Use of an Re Filter To Reduce Input Signal Amplitude

Up until now, we have only considered the type of signal being gener,lled. However, we

need to understand the requirements of the input deviee we are stimulating. That is, we

must decide whether we require a voltage or currcnt signal source. We will show in the

following section how a PDM output can be configurcd for either mode of operation.

•

,'. . .. . 1

'1 '

i~l~:~d&fJ­
_,~. ~M~

~F~~I!lll ;'CO

(a) input PDM stream (b) RC·filtered PDM stream (c) reconstructed analog signal
(4th-order lowpass filter)

•

3.2 - Voltage and Current Signal Generation

Depending on the device under test, it may be necessary to drive the circuit with either a

voltage or cürrcnt signal. This rcquircs the appropriate interface between"the PDM pattern

generator logic and the device. When an input voltage signal is requircd. we rcquirc an

output stage that has a low output rcsistance to prevent changing the circuit characteristics.

This can be accomplished with a buffer circuit such as the type shown in Fig. 3.4(a). It is

the familiar class B amplifier configuration. An amplifier of the cla.o;s A type could also be

used. but is less power-efficient. When an input current signal is rcquired. we need a

circuit with a very high output impedance. The solution is to use a circuit similar to that

shown in Fig. 3.4(b). consisting of severa! analog switches and current sources. With a low
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input logic leveI. a current of /" is pushed into the input node of the device under test.

Conversely. with a high input logic leveI. a CUITent of /" is pulled from the input node.

Alternatively. if good control can be exercised over the digital signal that drives the analog

switches. then we could replace the circuit of Fig. 3.4(b) with the simple CMOS inverter

circuit shown in Fig. 3.4(c). The inclusion of an inverter circuit maintains the ovemll

digital nature of the signal genef'.Itor and avoids complicated currcnt source design. With

an input signal level of VDD applied to the inverter circuit. the CUITent pulIed from the

input terminal of the devicc under test will be givcn by

•
Digital Architectures For AnaloQ Signal Generation Apolications of the Delta·SiQma Oscillator

(3.1)

Conversely. with an input signallevel of Vss.the current pushed into the device will be

(3.2)

•
i o = (~)/pcox(Vss- vi·

The level of the output eurrent can therefore be set by the aspeet f'.Itio of the NMOS and

PMOS devices. It is inevitable that sorne mismatch will result between the IWO output

current levels. as they depend direetly on deviee parameters which are process and

tempemture dependent. However. through careful simulation or prototyping. we can

compensate for this error by eneoding a digital offset signal into the PDM stream.

(c) simplified PDM current
genel1ltor Qnverler)(b) genel1l1 PDM current genel1ltor

Fig. 3.4 - PDM Current Signal Circuits

(a) c1ass Boutput stage

il, if'---+ + +
+

Vi v"
vi

Vj

~ ~ + ~

•
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3.3 - Delta-Sigma Oscillator ASICs

This section focusses on the design of two .\, oscillator ASICs that wen: l~lnricated llsing

the Nortc1 0.8).1 BiCl\10S process through the Canadian l\1ieroc1ectroni,'s Corporation.

The purpose of these designs was to fabricate an oscillator 10 perform on-ehip an:tlog

signal genemtion through PDM-encoding. One application would be the di!;.ital si!;.nal

genemtor block in the test system of Fig. 3.1.

3.3.1 - Delta-Sigma Oscillator Structure

The modulator structure chosen for fabrication in both ASICs is a fourth-order )OWP:1SS

design. as highlighted in [9]. It has the signaillow gmph as shown in Fig. 3.5. Eaeh boxed

z·domain cxpression can be modelied as an cither a non-dc1ayed or dc1ayed integmtor.

These are referred to as the forward and backward Euler integr.ltors. respcctively. and are

represented by the signal flow gmphs in Fig. 3.6. The bus widths of the oscillalor are set at

26 bil~ (25-bit mantissa. one sign bit) for the rcsonator cireuit and 29 bits (25-bit mantissa.

3-bit integer. one sign bit) for the modulator. It was determined through simulation that 25

bits wouId provide the desired SNR and bandwidth and that four integer bits would

prcvent an overflow condition in the modulator.

The coefficients are selected to provide a normalized bandwidth given by ff"'" = 0.0075. or
s

f3dB=J50 kHz for anfs of 20 MHz. the specified cireuit dock mte. These coefficienl~ arc

given in Table 3.1 and all are powers of two. This eliminates the need for an area­

consuming multiplier. since a power-of-two multiplication or division is simply a rcwiring

of a data bus in the digital domain (a shift-Ieft or shift-right). Note the extra set of

eoeffieil"::t"-. denoted S'. These are the produet of the An and Sn eocfficienl~ and are used

to multiply the output of the integmtor to genemte a rcsult equivalent to having multiplicd

by the A and S coefficients sequentially. This is donc to avoid truneation crrors eauscd by

large divisions and multiplications being performed scquentially on small numbers.

Table 3.1 - Fourth-order Modulator Coefficients

A1 A2 A3 A4 81 82 83 84 81' ~' 83 ' 8 4'

2,10 2° 2.11 2° ~ ~ 216 214 2.1 28 ti 214

39



•
Digital Architectures For Analoa Slanai Generation

ur---------Hizi

L. - - -e
+

A, 6,

Aoolications 01 the Delta·Siama Oscillator

f-....,..-+-.. out

1

t

1

1

+1

•

L. ~

ï ------------------,

1
L -~d:t.k

1 1-r' t_r1.r- .1"'·k
...r~natar • ...,. .J

x,(O) X2(O)

Fig. 3.5 - Signal Flow Graph for a Fourth-Order Delta-Sigma Oscillator

While the modulator structure is identical to that prescribed in [9]. the resonator

component has a slight modification. It was iound through logic synthesis that reversai of

the initial condition integ-.ltors yielded a shorter critical path. despite these integrators not

being in the critical path themse1ves. The critieal path is one major drawback of this

modulator structure. as it limits the maximum sampling frequency. These and other

inadequacies of the 6l: oscillator are highlighted in the following section.

X(z) ---.t }-----,-+ V(z)
X(z) --+( i-...-"V(z)

Fig. 3.6 - Forward and Backward Euler Integrators•
Y(:) t

C F(:) = Xl') = --'1
- 1-:

(a) forward Euler (non-delayed) integrator

YI') ,-1
C (:) =-- =---

B Xl:) 1-'-'

(b) backward Euler (delayed) integrator
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3.3.2 - Deficiencies of the Delta-Sigma Oscillator•
Dioital Architectures For Analoo Siona

'
Generation Aoolicatlons ot the Delta·Sloma Oscillaror

•

The greatest dmwback to the conccpt of the on-chip~ oscillator is the area consumed by

higher-order designs. \Vith the structure deseribed abo\'e. the tOlal core area is

approximatcly 6 mm1 in a 0.811 standard ccli BiCMOS proeess. Total area eonsumption is

driven mainly by two par.lmeters: modulator order and bus width. Both are required for

high SNR and bandwidth.

Another concem regarding higher-order designs is the eritical path (the longest

combinational path between stor.lge clements). which grows with bath the modulator

order and the bus width. The critical path of the fourth-order design is highlighled in Fig.

3.7. As indicated in the figure. the critieal path encompasses cight 29-bit adders. This long

path of combinational logie limit~ the ma;l;imum dock spced at which the circuit can run.

Simulation rcsults have shown the maximum mte to bc approximately 20 MHz under

j--------------------,
delta-sigma modulator ~":::V-l~EI~-l-+- out.,

uj---------------,
I HOO 1
1 B. A. 1
1 1
1 1
1 A3 8:l 1
1 +1
1 1
1 8:l ~ 1
1 1
1 1
1 End Start A, B, 1

1 1

L.,...
+ -

-------------------~-------------------,

Fig. 3.7 - Critical Path for a Fourth-Order Delta-Sigma OscilJator•
1
1

.1'
1resonalor ..L j

.,(0) Xi!ll

...
...
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WOlSt ca~e conditions. There arc several methods for improving the this design to

maximize the dock mte (and thus inerea~e the bandwidth or OSR). Three of the most

pr.letical methods will be diseussed nex!.

•
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•

•

Design inlo aJasler lee/m%gy.

The smaller intrinsic dclays for individual clcment~ in a standard cclI process will improvc

thc critical path. Howcver. thc increased costs (and èecreased yields) rnake this an

impmctical solution for maximizing circuit speed. Note that custom layout should

improvc the critical path. However. the author suggest~ this route not be taken. as the

intcnt of an oscillator design is that it be easily modified for varying specifications such as

SNR. bandwidth. and area rcquircments.

Use more sophislicated data processing se/lemes.

Datapath techniques. such as the time-scheduling of adders. can be used to minirnize area

though not necessarily maximize speed. A note should be made about datapath pipelining:

pipelining is a simple technique that minirnizes critical paths by introducing delay

elements into the datapath. Although this effectively increases datapath latency. latency is

gcnerally not an issue when designing DSP structures. Unfortunately. it is not easy to

pipeline circuits that have feedback paths in them. Because of the main feedback structure

that retums the modulator output to the resonator, it is believed impossible to pipeline the

above structure.

Redesign the modulator structure.

An improved modulator structure will attempt to minimize the critical path at the expense

of increased area. A structure with a smaller critical path than that used above has been

proposed in [4] 1• Because of the availability of DSMOD, the ~ modulator design

.prograrn [10]. the above structure was selected.

1. Ùnfonunatcly. the design highlightcd in [4] docs not havc unit)' gain.
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An ASIC (chip code IBAMGOSC) was cr,';';ed using the ~ oscillator descrihed in the

previous section. The intention of this design was to create a chip that contained just the

PDM pattern generator. With respect to the dedicated test system of Fig. 3.1. it wouId

represent the digital signal generator. The functional block diagram of the ASie is given

in Fig. 3.8.

The chip is comprised of four main sections. The tirst is the initial condition interface. It

contains the resonator portion of the osciIIator and the input data bus through which the

initial condition registers. denoted x/(O) and x2(O). and the loop coefficient k can bc

programmed. This gives the osciIIator arbitrary tone frequeney and amplitude

selectability. The second block is the~ modulator and is the same structure as iIIustrated

in Fig. 3.5. The third block is the overflow detector. By exdusive-noring the integer bits of

the output of a modulator integrator. an overflow condition can he detected. An overflow

condition occurs when. for each integrator. its integer bit~ arc not ail the same. For

example. if one of the modulator integrators has an output which has thiCe 1s and one 0

comprising its four integer bits. it has overflowed. The last block is the dock driver. The

circuit is designed to operate at 20 MHz and thus requires a dock driver capable of driving

ail memory elements ir. the design. A eascaded buffer structure ensures this.

RDATA[24:0] initial condition interface

1 1
OUT

RSEL[1:0] resonator
~ ~

e[28:0] { { u[28:0)

della- -
"

sigma
modulalor

CU< clock overflow
driver delector OVFl

Fig. 3.8 - IBAMGOSC ASIC Func:tional Block Diagram
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The ASIC was fabricated usmg BATMOS. a 0.811 BiCMOS process of Nortel. and

packaged in a 68-pin pin grid array. An illustr.ltion of the layout is givcn in Appendix A.l.

For the detailed specifications of the IBAMGOSC ASIC. see [13]. Total core area is 2.6

mm x 2.3 mm with the area increasing to 3.9 mm x 3.5 mm when the 1/0 pads are

included. As discussed prcviously. it is this large core area that makes higher-order

oscillators impractical for use in MADBIST unless the modulator already exists elsewhere

in the circuit and can be shared. In addition. the oscillator is tixed in its bandwidth and

capable of only generating single-tone sine waves. Even with these limitations. its use in a

dedicated test system is still very practieal. The following section will present another

ASIC that contains more componenL~ of the dedicated test system that collectively

comprise a monolithic analog signal generator.
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3.3.4 - Analog Signal Generator ASie

ln order to consolidate the analog signal generation operations into a single IC package,

the one-bit digital-analog converter and reconstruction tilter must be added to the design.

This was the exercise explorcd in the mixed-signal ASIC (chip code IBAMGODF) [14].

ln addition to the fourth-order~ oscillator, this chip contains a one-bit DAC and a sixth­

orcier reconstruction tilter. It thus contains ail signal generation components and ail

elements of the dedicated test system of Fig. 3.1, with the exception of test measurement

Jogic. The functional diagmm of the chip is shown in Fig. 3.9 and has severa! different

modes of operation.

The structure of the oscillator portion of the chip is very similar to IBAMGOSC; it

contains the initial condition interface, which controls initial condition register and loop

coefficient prograrnrning. and identical resonator and modulator structures. In addition to

the single-bit output of the oseiIIator, we have an output bus tapped off the resonator. The

bus outputs a multi-bit digital representation of the analog signal for use wherever a digital

sine wave is required. The function of the cIock driver and overflow circuitry are identicaJ

to that as before. The additional componenL~ are the one-bit DAC. which serves to cIean

up the digital signal. and the sixth-order lowpass reconstruction filter. which extraets the

analog signal from the PDM bit stream.
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ln normal or self-contained mode. the output of the oscillator is fed into the DAC. which

cleans the edges of the digital signal and rcduces the signal amplitude so it does not

overdrive the input stage of the filter. The DAC output can be fed into the filter by shol1ing

the DOUT and FIN pins together. The resulting output on pin FOUT is the reconstructed

sine wave which can be fed dircctly to the analog devicc under test (DUT). The ASIC has

been designed so that each component can be run individually or as a combination of the

other components. For instance. the DAC input can arrive ofT-chip l'rom another signal

source. be it a PDM signal or other digital representation of an analog signal. Ils output

can be sent off-chip for filtering or filtered on-chip as in normal mode. The filter ean also

be run individually. receiving ilS input off-chip. filtering the signal. and directing it

towards the DUT. The availability of the above configur.ltions not only gives the test

engineer the versatility to conduct various test setups using ail or part of Ihe IC. but also

simplifies the testing of this ASIe.

Applications of the Della·Sioma OscillatorDigital Architectures For Ana/oo Sional Generation

•

•

•
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RDATA[24:0)
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Fig. 3.9 - IBAMGODF ASie Functional Black Diagram
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The one-bit DAC was designed and laid out by Ara Hajjar of McGill University. It has a

NRZ. bipolar output. ccntel..:d about 2.5 V. so that its substr.lte will share the sa:ne

potential as the digital circuitry. Note. however. that it has its own power supplies. This

minimizes the possibility of digital switching noise degrading DAC performance. Its

schematic is given in Fig. 3.10. with an illustration of the layout given in Appendix A.3.

For a detailed description of the DAC. consult [15].

•
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•

The reconstruction filter was designed and laid out by Vincent Leung. also of McGiII

University. It is a sixth-order lowpass structure. created by the eascading of three second­

order biquad filters. and has six poles at 100 kHz. The biquad filters consist of Re
eircuitry surrounding an operational transconduetance amplifier. A single biquad filter is

shown in Fig. 3.1 1(a) with the transistor schematic of the biquad and its biasing circuitry

given in Fig. 3.1 I(b). The 3 dB frequeney of the filter is 35 kHz. Its layout is as shown in

Appendix A.4. and has an approximate area of 1120 J.l.m x 343 J.l.m. For an in-depth

description of the reconstruction filter. refer to [16].

•
Curr~l Reh"t'ftc ..

Cune"! S"IChing CciI

Input St09c

Fig. 3.10 - Schematic of BiCMOS One-bit DAC
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Like the previous ASIe. the main disadvantage of this chip is :Ire" consumption and l"ck

of programm"bility. The total area is 2.5 mm x 2.7 mm for the core "nd 4.6 mm x 4.3 mm

for the entire die. The l"yout is given in Appel/dix A.2. While the complete :malog

generator is now fitted into " single p"ckage. the oscillator is limited to " lixed b:mdwidth

(150 kHz at a 20 MHz clock rate) and fixed order (fourth-order ~ modulator). It is

capable of generating only single-tone sine w"ves. For complete design information on the

•
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ASIC. consult [14].

3.3.5 - Simulation/Experimental Results

•

A summary of the simulation rcsults arc covered in this section. "nd are broken down by

componen!. Bench-tcsting of the ASICs yiclded unacceptable results. as will be discussed

in cach section. Howcvcr. the conclusion drawn from the cxpcriments point to " failure of

the chips causcd by a problcm in fabrication mthcr than a design crror.

R

= o
(1 +sRCr

r 4C

(a) 2nd-order biquad filter and its transfer function

(b) OTA and bias circuit transistor-Ievel schematic

Fig. 3.11 - 5econd-order Biquad Filter Schematic

If-JL--I+~=-!lh=- v..

NB. NMOS U8nststor: (WA.)"
PMOS "Bnslstor. (WILl,
unless othatwiso suned.

11--4-- VB:!

Vss

-l~~------_"":'II--H-=L-- VBl
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The digital portion of the ICs are identical and hencc have identical performance

characteristics. The oscillator has a bandwidth of 150 kHz at a dock rate of 20 MHz.

Three benchmark simulations were conducted using worst-case modcls to estublish the

performance of thc ÔL oscillator. They are tone gener.ttion at 20 kHz (thc upper edge of

the audio band). 100 kHz (the cutoff frequency of !hc reconstruction filter). and ISO kHz

(the bandcdge of the oscillator). Simulations were performed on the netlist extracted from

the layout and the output was posHlrocessed using a cosine window and Fourier tr-.tnsform

in Matlab. The test procedure involves loading the loop coefficient and both initial

condition registers and collecting the output bit pattern. Since the ASIe is designed to

resetthe values of ail other integr-.ttors. the output PDM bit pattern is deterministic as soon

as the initial conditions are loaded. Table 3.2 shows the relevant input data and results

obtained from simulation. Fo~ cach simulation. there arc two spectral plots: the output

spectrum up to f,,12 and a magnified plot showing the single tone at ft. indicating the

desired sine wave.

Functional bench tesùng of both ASICs did not pass. Tests indicated that the oseillator

would go into an overflow condition soon after start-up. However. the results were not

continuously reprodueible Le. they would vary from one execuùon to another of the same

test. Tests were eondueted at various clock rates ranging from 4 Hz to 20 MHz. Those that

did pass verified the performance of IWo flip-flops. a multiplexer. and the enable signal.

Table 3.2 - Functional Simulation Results

fs (MHz) ft (kHz) Figure Dynamic
Range (dB)

20 20 3.12(a) 110

20 100 3.12(b) 100

20 150 3.12(c) 90
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(a) frequency spectrum for fi = 20 kHz
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(c) frequency spectrum for fi = 150 kHz

Fig. 3.12 - Fourth-order Oscillator Simulation Results

One-bit Digital-to-Analog Converter

Simulations were run on the DAC to observe il~ output and mcasure its harmonie

distortion. A sample of the DAC output at 20 MHz is shown in Fig. 3.13. This was

conducted with a 50 ohm load designed to simulate the coaxial cable impcdance used in

the test environment. The Iinearity of the DAC was measurcd by inputting a 110 dB
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(dynamic range) PDM-encoded sinewave from a fourth-order LlL oscillator. The passband

spectrum is given in Fig. 3.13.lts total harmonie distortion is -56.9 dB (0.14'70). ft is the

opinion of the designer that the performance of the DAC ean be improved by using a

return-to-zero coding seheme. as shown in Fig. 3.2.

•
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•

This comp<lOent of IBAMGODF was tested by inputting a pattern through the auxiliary

input of the ASIC that feeds the DAC directly. The DAC appcared to be functionaI in the

sense that it output a PDM pulse trJ.in. However. its performance was signifieantly

degrJ.ded. A comparison ta the digital output of the chip (reealI thatthe bit pattern fed into

the DAC aIso appears on the digital ~"Jtput pin) is provided in Fig. 3.14. and indicates that

the signal is better eonditioned when output from the digital circuitry. As a result. the

bcneh test of the DAC was declared a partial failure.

(a) DAC waveform simulation output

_r-__.::I_:;:::~:,:-::;:::-="'::;,,::-::,,::'-;::.':.:.::":::MO::::':.:"'=':.:C=:::'M;..-._---,

(b) DAC harmonie distortion speclrum

Fig. 3.13 - DAC Simulation Results
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Fig. 3.14 - Comparison of Filtered DAC Output vs. Digital Output

Sixth-Order Reconstruction Filter•
(a) filtered digital output (b) filtered DAC output

The lUter was testeù for its frequency response and ils tr.lnsient analysis. HSpicc

simulations were conducted on the layout: an AC sweep was run to aehieve the frequcncy

response shown in Fig. 3.15(a); a lr.1nsient analysis was perforrned by inputting a 100 kHz

PDM signal. The resulting plot is given in Fig. 3.15(b). Simulations were also condueted

on the chip layout to verify the interconnect bctween the ua pads and the lilter.

The tiller was beneh-tested by inputting a sweeping-frequency sine wave to obtain iL~

frequency response. It had no output. and drew 0.4 A from iL~ negative power supply.

Consequently. this test a1so failed.

,o.
Based on the culmination of these failure modes and a comprehensive study of the failures

of ail four components (IWO oseillators. the DAC. and lUter). wc drew the conclusion that

both chips were not fabrieated properly. The fact that this particular fabrication run had

been redone to address low-yielding wafers a1so questions the reliability of the fabrication

process.
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Fig. 3.15 - Frequency and Transient Response of the Reconstruction Filter

•

Nevertheless. the above simulation results give us a good indication of the best

performance attainable with the oscillator and DAC/filter configurations. To summarize its

main deficiencies. we note that both chips consume significant amounts of area - too

much if desired for a MADBIST application. They are also limited in their

programmability to just single tone sinusoid signal generation over a fixed bandwidth. In

the following chapter. we will examine in detail the results of our research: a new

application for the ~ modulator. which gives us complete programmability to create

arbitrary waveforms at any frequency and can he integrated into ex.isting digital hardware

with little or no overhead. We achieve this area-efficient technique using forced-periodic

PDM patterns.
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Chapter 4 - Forced-Periodic PDM

Patterns

•

The alternative to the oscillator mcthod of on-chip PDM signal gcncmtion is the memory­

ba~ed stomge concept (5]. This approach is based on the principlc that the aperiodic bit

stream gencmtcd by a~ modulator can bc truncatcd and forced to bc periodic by cycling

through the captured bits. In doing so. the bit pattern can bc stored in tr.lditional memory

devices such as on-chip RAMs. ROMs. or evcn flip-flops. and writtenlread only whcn

necessary Le. when the analog device is under test.

4.1 - Periodic PDM Pattern

As described in C/zapter 2 - MADBIST and Analog Signal Encoding. a~ modulator is

based on an infinite-impulse response system whose output maps the input signal into ;m

infinitely-Iong sequence of bil~. As a result. the output bit pattern ba~ed on a periodic

input. such as a sinusoid shown in Fig. 4.1 (a). docs not repeat itself (3]. That is. there is no

-pa,...

l!lIUllrnnlUlnllllW
(a)

Fig. 4.1 - An Aperiodic Sine Wave and Its Periodic Approximation

----
(b)

:'-l~iI~~IIII1Umllll
1f1~IHJ _ 1~ ~~~:

----

•
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one linite sequence of bits that can be extracted l'rom the pattern which represents the

input periodie signal. Nonethcless. we can come up with an approximation. By ensuring

that the input signal completes an integer r.umber of cycles within the PDM pattern. as in

Fig. 4.1 (hJ. the output bit pattern will closely approximate the original PDM signal.

Though we have no formaI proof to substantiate this claim. experimental results have

demonstr.lted that this approximation is indeed a close representation of the original.

•
Digital Architectures For Analog Sianal Generation Forced-Periodic PDM Patterns

•

The following is an example of a PDM approximation made by truncating the waveform

and forcing it to bc periodic. The expcriment is eonducted in Matlab. using a fourth-order

modulator to gener.lte atone at a normalized frcquency of 0.00600. with a bandedge of

0.0078125. By pcrforming a Fourier transform on over 300.000 poinLs (using a

rcctangular windowing oper.ltion). the spcctrum in Fig. 4.2(a) is obtained. We now take a

50D-point sampling (500 points ensurcs we have an integer number of cycles in the bit

pattern). and generate iLS spcctrum by repeating the pattern 600 times for a compar.lble

total of 300.000 poinLs. ILS spcctrum is given in Fig. 4.2(b). Note that the aperiodic pattern

has a dynamic range of approximately 90 dB versus 72 dB for the periodic pattern over the

passband region. Further experiments using inband sinusoidal patterns gener.lted by

various modulator orders and oversampling ratios were conducted. Their results are

summarized in Table 4.1. Again. over 300.000 poinLs were eollected for aperiodic pattern

---
-10

Fig. 4.2 - Spectra of Aperiodic and Forced Periodic PDM Pattern

-'10

(b) forced per/odic frequency spectrum

01
o rcnJi..~'lF<'~~~'1 o.œ

(a) aper/odlc frequency spectrum

!.... -60 ..••••o
~ -BQ

•
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to ensure a fair comparison. The periodic paltern \Vas 1000 hits in length. repeatcd 300

times. Note that the pcriodic pattern shows a slight reduetion in dynamk range for highcr­

order modulators. This is duc to the rc1ati"c1y small hit length and the facl th:1l an inhand

signal requircs a longer pattern than a bandedge tone. Collecting a longer paltern \Vou Id

yield a grcater dynamic '.lnge. The 90 dB plateau with the apcriodic pattern is caused hy

limitations in the data collection and processing method. The results. ho\Ve"er. still

indicate that the signal quality of t!je approximation obtained l'rom a forced pcriodie PDM

pattern is comparable to that l'rom an infinite-Iength pattern.

•
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•

•

The selection of the bit pattern is essentially arbitr.try. That is. once the~ modulator has

overcome its stan-up lr.tnsient condition. any sequential collection of bits. so long as therc

is an integer number of cycles within the bit pattern. will sufficc. One mea.~ure. howe"er.

ean yield a better approximations. That is. wc must ensurc that the N+llh bit of the

sequence l'rom whieh the N bits arc being extracted is the same a.~ the filSt bit of the

pattern. This will minimize the discontinuity between the end of the pattern and the stan

of ils repetition. Fig. 4.3 illuslr.ttes the differcnce in dynamic mnge betwecn a fourth­

order, lOOO-bit pattern that is matched by the N+ llh bit and one that is not matchcd.

Measuremenls show an increase of approximately 15 dB (from 65 dB to 80 dB) of the

rnatched pattern over the other.

Table 4.1 - Periodic vs. Aperiodic Dynamic Range Comparisona

Order-OSR Dynamic Range

Aperiodic Periodic

2 -64 80 64

~-128 90 80

4-64 90 80

4-128 90 75

6-64 90 75

6-128 90 75

a. ail lones an: generalcd with an ampli­
lude of 0.2. al a normalizcd frequcncy of
0.003.
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Fig. 4.3 - Comparison of Matched-Bit and Unmatched·Bit Pattern Spectra
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As noled earlier, the pattern Iength of the periodic signal can change the quality of the

generaled signal. Indeed, there is a minimum number of bits required 10 reproduce the

signal. This will be the focus of our next section.

4.2 - Determining Minimum Bit Pattern Length

In order to determine the minimum bit pattern length possible for signal encoding and

reproduction, we must take into account the SNR and the desired signal attribUles such as

frequency and amplitude. Conversely, if we have a fixed number of memory elements (for

example, a fixed scan chain of 500 flip-f1ops), we would like to know the available

frequency resolution and the number of tones we can generate for a given SNR. We will

develop the minimum pattern length in the context of generating perhaps the most

common analog signal - the ·~.ngle·tone sine wave.

To ensure that an integer number of cycles of the test signal is embedded in the PDM bit

stream, the test frequency ft should be chosen as a submultiple of the sampling frequency

fs according to the rules of coherent sampling [17]. which is encapsulated by the

expression:

•
{4.1)
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where M and N arc integers. \Vith M=l. 2. 3. etc.. the test frequency Ir will bc an intcger

multiple of the primitive frequency.!,IJV. In other words. the test frequcney :;;houlJ consist

of only those frequencies that arc harmonically related to the primitive frequency. This

aIse suggests that the primitive freqGency limits the frequency resolution of the signal

generation scheme. For a th.:d sampling frequency. the resolution can only be improved

by incrcasing the sequence length. FinaIly. to encode the test signal into a PDM stream. il

is essential that the signal lies within the bandwidth of the~ modulator. i.e..

•
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Forced'Periodic PDM Patterns

(4.2)

According to our prcvious development for a second·order modulator in Section 2.2.3 ­

PDM Signal Generation, the SNR obtainable over this bandwidth with a signal of

amplitude A embedded in a one-bit stream with a peak-to-peak pulse amplitude of t;,. is

given by Eqn. (2.4). So, for a desired SNR. the bandwidthfB of the~ modulator can be

expressed 3S

• -+s(SNR +23 - 6Iogl~))
f - f ."l8 - s - •

Substituting (4.1) and (4.3) into (4.2) gives us

M -+s(SNR+23-6IoglŒ
-f <f·"lN s- S - •

or, withf s eliminated, we obtain

M -+S(SNR+23-610g2(~))
N~2 .

(4.3)

(4.4)

(4.5)

•

Equation (4.5) provides the basic relationship between the sequence length N, the test tone

frequency index M, the signal quality denoted by SNR over the modulator bandwidth off8'

the amplitude of the encoded test signal A. and the modulator output level t;,..

As an example, consider an existing design that has a scan chain of 392 registers and runs

at a frequency of 1.3 MHz. Let us assume that a signal with an amplitude of 0.7 V is to be

generated using a~ modulàtor with an output of ±1.5 V (i.e.. t;,. = 3 V). Then, according

to (4.5), with N =392,
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Clearly. a trade-off exists between the number of availabJe frequencies that ean be

generàted and their signal quality. For instance. if an SNR of 65 dB is desired. then test

frequencies corresponding to M Jess than 3.75 arc possible. Thus. M can take on integer

values between 1 an:l3 and the corresponding test frequencies that ean be generàted using

a 1.3 MHz dock arc 3.32 kHz. 6.64 kHz. 9.96 kHz. as the primitive frcquency is 1.3

MH~J392. or approximately 3.32 kHz. The experimental rcsults for a 9.96 kHz tone based

on this example arc given in Fig. 4.4. The measured inband SNR is approximately 60 dB

and agrces rcasonably weIlto that predicted.

Normally. the cut-off frcquency of the analog reconstruction tilter is placed at the

bandedge of the moduJator lB which. in this case. is 12.43 kHz. However. if we are

generàting only the above inband toncs. the SNR can be maximized by placing L'le cut-off

frequency of the tilter at the highest tone Le.• 9.96 kHz.

By altering the PDM sequence length. other test frequencies can be generated. For

instance. if 500 memory clements of the scan chain are used. then the primitive frcqueney

becomes 2.6 kHz. Thus. using Eqn. (4.5). we tind that M must be less than 4.79 to

maintain an Sl'i'R of 65 dB. resulting in the following four test frequencies: 2.6 kHz. 5.2

kHz. 7.8 kHz. and 10.4 kHz. It is interesting to note that all of these signals can be

simultaneously encoded into a single PDM pattern thereby forming a multi-tone signal.

•

o
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Fig. 4.4 - 392·Bit Sinusoïdal Waveform
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Such signaIs arc essential for intermodulation distortion measuremenlS. Wc will look

further at multi-tone sil:nals in Secrioll 4.4 . Arhirran' mll'e{orm Gt'lIerarioll.
~ . .
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If we continue along these !ines and further decrease the POM ~equence Icngth in ordcr 10

generate other test frequencies. w.: cventually comc to a point wherc. for a givcn SNR.

Eqn. (4.5) is no longer meaningfuI. i.e.. M is constr..lÎned to be Icss than onc. \Vhcn M

equals one. the POM sequence ha.' its minimum length. This is the situation whcre only

one test frcquency can bc generated with the desired SNR. Thus. substiluling M = 1 into

Eqn. (4.5) leads to the expression for the minimum POM sequence lenglh. given by

< ., is(SNR + 23 -610g2(~))
N lnin - - • (4.6)

This is the optimum situation for the second-ordcr modulation eneoding process. as il uses

the least number of storage elements to gener.lte the desircd test tone. lt is possible.

hcwever. to reduce this minimum further if we make use of IlL modulators of higher­

orders in the eneoding proeess. Interested readers ean consult [18] for further details. For

the same example given prcviously. the minimum sequence length required to generale a

single test tone with an SNR of 65 dB is 105. The resulting test frequency is then 3.32

kHz.

Another option available to the test engincer is the creation of a test signal embeddcd in a

bit stream that has been encoded by a bandpass IlL modulator instead of a lowpa.,s one. In

doing so. higher test frequencies relative to the samp!ing frequency can be gener.lted with

an SNR identical to that achieved in the lowpass casc. This. of course. a.,sumes that a

bandpass recovery filter is used with the appropriate bandwidth [12]. Equation (4.5)

appIies in cxactly the sarne way. except that I)nce M is determincd. it must be addcd or

subtracted from N/4 to compensate for the location of the band-eentre of the bandpass IlL

modulator. The resulting test frequencies can then be loeated at either (N/4 + M)f/N or

(N/4 - M)f/N on account of the symmetrical transfer chardcteristics of the bandpass

modulator.

For example. using the previous scan chain consisting of 500 registers clockcd at 1.3

MHz, il was found that test frequencies corresponding to M less than 4.79 eould be
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generated with an SNR of 65 dB. Thus. using a bandpass IlL modulator with its bandpass

region eenlered aroundf/4. test frequencies of•
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•

•

(5OO/4±4)· IJMIf=/500 = 314.6klf=.335.4klf=

(5lKl/4±3)' 1.3MI/=/5lKl = 317.2klf=. 332.8klf=

(5OO/4±2)' I.3MIf=/5OO = 319.8klf=. 330.2kH=

(500/4±1)' 1.3MI/:/S')() = 322.4kH=.327.6klf=

can be generated individually or collectively as a multi-tone signal. We will demonstrate

bandpass signais in Section 4.5 - High Freqllency Tone Generation

Note that if we wish to use the analog signal a~ a test tone. we may want to conform to the

rules of coherent sampling for test signais in which we maximize the signal information

by sc1ecting the m:mher of cycles of the embedded waveform. M. and the total number of

points in the pattern. N. 50 that they sharc no common factors i.e. they arc relativcly prime.

We shall conclude this section by saying that the formulas presented here arc approximate

and are to he used a~ guide only. Expcriments show that the SNR will usually be

somewhat less than that predicted by the above theory.

4.3 - Finite Length Effects

Because the PDM stream is aperiodic. we must consider the ramifications of truneating

the stre.'lm 10 a bit pattern holding ..n inleger numher of pcriods of the emhedded signal

and repcating this pattern to mimic the original stream.

4.3.1 - Periodic Noise

The IlL modulator used to generate a PDM stream opcrates on the feedback of a o;te-bit

signal and thus obviously contains an errer componenl. Because of the aperiodicity of the

PDM.stream. the errer term component is random in nature and can he characterized as

white noise. Thus. we expect sorne random errer to he present in every period of the

embedded signal. In foreing the bit pattern to he pcriodic. however. the error term is no

longer random. but is pcriodic with the signal. Since we do not have the advantage of

long-term errer cancellation or smoothing that was present in the original aperiodic bit
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pattern. the error energy will be foeussed 'It certain frequencies and will he periodic. Th,lt

is. the error terms will appear as harmonies.
•
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Now that wc know the error is periodie. wc ean prediet its 10c,ltion in the power density

speetrum. Sinee the frequeney resolution of a fixed-length pattern is determined by the

primitiv~ frequeney. fIN. the harmonies that appear will he al integer multiples of this

frequeney. That is.

/., Ivr - k- k - 1'" k < -C, - N' - • -..... - 2' (4.7)

•

•

over the Nyquist interval. As N approaehes infinity. we have the original infinitely-long

PDM bit stream. with the errer term spread over an infinitc number of frequeneies. thus

the error is minimized. Conversely. as N gets sm:l11er. the errors arc eoneentr.lted a~ fewer

frequencies. Reeall the finite pattern still exhibits the noise-shaping eharaeteristie of an

infinite-Iength PDM stream: it just now manifests itself in harmonies at every frcqucney

multiple off/N. This ean he observed in the following examples.

Consider a midband 15 kHz signal gener.lted with 1000 bits. with a sampling frcqueney of

5 MHz. Aeeording to (4.7). wc expeet to sec harmonies at every multiple of

f s = 5MH::. =5.0kH::..
N 1000

The non-filtered speetrum in Fig. 4.5(a) eonfirrns this assertion. with a harmonie at every

multiple of 5 kHz. (although the 5 kHz harmonie is barely perceptible in lhe lower

passband). A.'lother example is given in Fig. 4.5(b). This time. wc used a sampling

frequency of 175 kHz and a 2oo-bit pattern. As expecled. wc have harmonies located

every

f s = 175kH::. =875Hz.
N 200

Therefore. the concentration of errer manifeslS ilSelf in harmonies at predictablc

frequencies. Because we know the location of the unwanled harmonies. wc might wanl 10

reduee them. thus improving the quality of our desired signal. This lopic is addressed in

the following section.
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Fig. 4.5 - Frequency Spectra lIIustrating Harmonie Placement

4.3.2 - Error Detection and Correction

•
Now that the result of errors generated by finite-Iength approximation have been

discovered. we can now examine their source and explore methods of correction.

As explained in the previous section. the truncation effect introduces error signais that are

harmonically rclated to the sampling frcquency and the number of bits rather than part of a

white noise spectrum. The energy in each error harmonie is a combination of previous

inband white noise concentration and the addition of sorne small out-of-band noise. Since

the PDM stream is considered to be of infinite length. we can arbitrarily extract a bit

pattern to represent the embedded signal and expect to find differences (in the sequence of

±ls) betwecn the patterns. Ifwe, however, extract sequential patterns i.e. one pattern after

the next, we expect to sec only a few differences in the bit pattern (on the order of4 to 20

bits in a pattern length of 128 from a second-order modulator). We consider these bits to

be a portion of the error signal.

•

Ideally, we would Iike to move the power of the unwanted harmonics outside of the

passband. Ifwe were to focus on manipulating the pattern by actively f1ipping the bits we

believe are part of the error signal. we can change the noise content in the bit pattern to

hopefully create a smoothing effect on the noise. thus minimizing the noise in the

passband and improving signal quaIity. This process is known as "dithering". While it will

not he eXplored in this thesis. the periodic PDM pattern work presented here may henefit
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from dithering algorithms that could distribute hannonic noise throughout the passband or.

if possible. force it outside the band. as the original noise-shaping process does. Dithering

is hardly a new process of distributing power by manipulating bits. However. mos!

applications take a random approach to the process. injecting a pseudo-mndom signal

(such as that genemted with a linear feedback shift registcr) in an attempt to break up idle

tones in the quantization noise floor [19]. It is reasonable to assume that the application of

this researeh to finite-Iength patterns will also irnprove signal quality.

•
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One alternative for irnproving the signal quality of a bit pattern is to ereate a return·to-zero

(RZ) bit sequenee from the non-return-to-zero (NRZ) pattern. as diseusscd in Section 3.1 ­

The Dedicated Test System. There are two simple ways to achieve this. Assuming the data

stream eonsists of a bipolar pattern sueh as ±I. an RZ pattern ean he ereated by simply

inserting a zero in hetween eaeh bit. The disadvantage to this. however. is that it

effeetively euts the sampling frequeney in half. thereby lowering the frequency of the

ernhedded tone. doubling the bit pattern length. and halving the signal power. Another

approach is to logie-AND the output data pattern with the sampling dock. as shown in

Fig. 4.6. In doing so. the data pattern is forced back to a ll'lgic-Q half-way through the

dock period. If necessary. the dock can he buffered in order to delay its arrivai at the gate

and prevent a transition on the data signal while the dock is high. Note that any potential

variance in the duty cycle of the dock or rise and fall times of the AND gate do not affect

the PDM signal quaiity sinee our only requirement is that the PDM pulses he of equal

area. The only foreseeable disadvantage is. Iike the previous method. a rcduction of the

signal power by one-half.

NRZ..data=D- RZ..data
dock

NRZ..data

clock

•
RZ..data

Fig. 4.6 - A Simple NRZ-to-RZ Codlng Circuit
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Though we have provided a few ideas for minimi7.ing the error found in finite-length PDM

sequences. we are only fond of those lhat are simple in their implementation. for the

power of PDM encoding lies in the abilily to encode and reconstruet arbitrary waveforms

easily. We will demonstrate this charact.;;ristie in the follow section with several examples

of the finile-Iength PDM encoding of arbitrary signais.

•
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4.4 - Arbitrary Waveform Generation

Up until now. we have shown only single-tone sinusoidal signais using the forced-periodie

PDM technique. This is by no means a limitation with a truncated PDM pattern.

Prcviously. in Section 2.2.3 - PDM Signal Generation. we described how IlL modulators

could bc used to digitally-eneode virtually any bandlimited analog waveform. In this

section. we will demonstr.tte the ability of the truncatcd bit pattern to rcproduce multi-tone

waveforms such as a two-tone sinusoidal and sawtooth pattern.

4.4.1 - Multi-tone Encoding

With the exception of the single-tone sinusoid. all waveforms arc multi-tone signais with

their power concentrated at selected frcquencies to ge!ler.lte the desired pattern. When

considering multi-tone signais in the context of sampled-data systems. the number of

tones that can be gener.lted in a given bandwidth arc limited. The frequency resolution

(the numbcr of possible tones) over a band of interest is given by:

6.1 =/.'.
N

(4.8)

Recall that the oversampling r.ltio is related to the sampling frequency and the cutoff

frequency of the modulator by:

•

1,12
OSR =-'-.

lB

By rearranging (4.9). we can describe the bandwidth as

I s
BW =lB =2. OSR'

(4.9)

(4.10)

64



Combining (4.8) and (4.10). we e:1n determine the total number of tones that ean oe

encoded within the bandwidth. i.e.
•
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11 tOllc"~ =
8W
-=
N

N
(4.11)

•

•

Thus. the ma.ximum number of tones are limited to the number of oits we colleet. N. and

the oversampling ratio. Let us now eonsider two examplcs of multi-tone Sign:lls.

4.4.2 - Two-tone Sinusoid

The two-tone sinusoid is used frequently in ehar.leterizing the intermodulation distortion

generated by an analog eireuit. We can generate its PDM p:lltern by summing two

sinusoids prior to inputting them into a~ modulator. as previously shown in Fig. 2.14(b).

In seleeting the bit pattern length. we must now ensure that both sinusoids complete an

integer number of cycles within the bit pattern. That is. the number of eycles of eaeh

waveform in the PDM pattern. M J and M2' are integers.

Consider the following example. We wish to gener.lte two tones. one around 3 kHz and the

other near 5 kHz. Using a second-ordcr modu\ator. we can gener.lte the tones with 1024

points. If we let M J=3 and M2=5. and a sampling frequency of 1 MHz. we gener.lte the

following frequencies:

MI 3
fil = [;;1., = 1024 1MHz =2.93kHz

Mo 5
f lz = N-f., = I024 lMHz =4.88kHz .

The pattern is passed through a lowpass filter set to the bandedge. 7.8 kHz. The resulting

spectrurn and scope tracc of the 1024-bit pattern are given in Fig. 4.7. The above

procedure can he extended to include as many tones as required.

4.4.3 - Sawtooth Waveform

The saWlooth waveform serves as a good example of the versatility of~ modulator

eneoding and the power of the finite-length bit pattern approximation. We must realize.
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Fig. 4.7 - Two-Tone Sinusoïdal Waveform Extracted From 1024 Bits

though. that we arc limited by the faet that the bandwidth of the modulator can only

encode a fixed number oftones of a spccified rcsolution. while a sawtoorh pattern contains

an infinite sequence of harmonically-rclated tones. Keeping this in mind. we can still

create the sawtooth waveform, and one such example follows. Here we have a pattern

length of 8192 bits containing three cycles of the waveform. Clocking the bits at a

sarnpling frcquency of 2 MHz. we get a waveform with a sawtooth frequency of

approximately 732 Hz. The frcquency spcctrum and scope trace are illustrated in Fig. 4.8.

Note the clarity of each individual tone in the spectrum and the sharpness of the

transitional edges in the time domain, indicative of a high-quality pattern. Disregarding

the voltage spikes present at the discontinuities of the waveform, the maximum voltage

magnitude of the waveform appears constant. The spikes are likely a result of the Gibbs'

phenomenon where a truncated Fourier series is used to approximate a discontinuity. It

may he possible to reduce the level of these spikes by altering the shape of the original

signal that is encoded in the bit pattern.

4.5 - High Frequency Tone Generation

Up to this point, we have focussed on generating waveforms that were encoded with a

lowpa."-~ ôL modulator. This, however, restricts the maximum frequency of the tone we

can generate. As pointed out earlier, we can use other shaping modulators. such as
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bandpass or even highpass designs to focus on ditTercnt frequency rcgions. Perhaps the

most bcneficial coding scheme for higher-frcquency systcms such as wircless

communication systems (which arc inhercntly bandpass). is the bandpass modulator. With

it. we can make use of the sampled-data images to extract high-frcquency signais [201.

The following example highlights this.

With an 8th-order bandpass modulator generating a pattern with an MIN r.ltio of

2047/8192. this generates a fundamental tone at 1.249 MHz when sampled at 5 MHz. By

taking the 8th image as shown in Fig. 4.9(a), we can crcate atone at 11.24 MHz with a

dynamic range of approximately 55 dB.

We can aIso combine bandpass modulation and multi-tone signais to supply high­

frequency multi-tone patterns as shown in Fig. 4.9(b). Here. we have taken an image at3/4

of the sampling frequency. resu!ting in tones at approximately 744.0 kHz and 755.8 kHz.

A pattern length of 32.768 bits gave us approximately 60 dB of dynamic mnge.

Now that wc have established the viability of using a forced-periodic PDM pattern to

generate test signais. wc can take advantage of ail the noise-shaping bcnefi ts of modulator­

based waveforms. Wc will now revisit our pattern-based generation circuitry. a.s shown in

Fig. 2.5. to form a simple yet elegant and easy-to-implement test pattern genemtor. We
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Fig. 4.9 • Frequency Spectrum 01 a 8th Image Bandpass Tone

t.:rm lh.: combinalion of pallcm slomgc and retrieva! and pcriodic PDM pallems the

"m.:mory-based slomge" technique. ln the following chapter. wc will highlight some of its

many advantages that it has over the oscillator-based method of analog signal gcneration.

ln addition. WC will demonstr.lte how it can easily be integmted into today's digital test

structures.
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Chapter 5 - Memory-Based Storage

The alternative to the oscillator m·:thod of on-chip PDl\'1 signal generation is lhe memory­

based storage concept [5]. Sueh an approach utilizes the principlc thal the apcriodic hit

stream gcnerated by a~ modulator can he tnmcated and loreed to he periodic hy cycling

through the captured hil'. ln doing so. the bit pattern can he storcd in tr.lditiona: melllory

dcvices such as on-chip RA1\1s. ROMs. or even flip-l1ops. and writtenlrcad only when

necessary i.e. when the anaiog devicc is in test mode. The end resull is a high-quality

analog signal genemtor with virtually no hardware overhead sincc existing logic is used

for bit stomge and rctrievai. While this technique is applicable to any linitc-bit pattcrn

signal gener.ltor such as those descrihed in Sectioll 2.2 - Digital Ellcodillg of A.wlog

Signais. wc will concentr.lte only on the application of memory-based stor.lge with linite­

length PDM patterns. as we l'cel this is the most versatile method of encoding analog

signais.

5.1 - Advantages of Memory-Based Storage

Many advantages exist ovcr the on-chip method of signal gener.ltïon highlighted m

Chapter 3 - Applicatiolls of the Delta-Sigma Oscillaror. Sorne of the more relevant ones

will he closely examined helow.

Area overhead associated \Vith PDM bit parrem generation is reduced.

Since the creation of the PDM stream occurs off-chip and prior to stimulating the circuit.

the costs associated with oscillator design. such as Jogic eomplexity and layout effort. are

eliminated completely. Thus wc can completely do away with thc high arca usage and

design effort as required for the fabricated ASICs detailed in Section 3.3 - Delta-Sigma

Oscillator AS/Cs.

69



Exislin~ on-c1zip circuilr)' can be usedfor srorin~ and relrievin~ Ilze bil pal/cm.•
Digital Archrtectures For Analoo Sianal Generation Memory-Based Storaae

•

•

The main component requirements arc either a RAM. ROM. or a sufficiently long chain cf

sequential circuitry. such a~ in Fig. 2.5. Since a RAM is common in most digital les. little

adùitional overhead is rcquired. Address generation and sequcncing circuitry can usually

bc found where RAM built-in self-test (RAMBIST) circuitry is uscd. Also. bccause the

addressing requircments arc simply a loop-around counter. the addition of logic is

minimal should it not alre::dy be available.

Should the delay of loading the bit pattern into the RAL\1 be intolerable. a dedicated ROM

can be uscd to store one or multiple test patterns. A1ternatively. flip-flops. prevalent in the

majority of digit:li designs. can bc configured to fonn a long serial chain into which the

data pattern can he loaded. Note thatthis configuration adds little overhead. as serial chain

configurations arc used with the 1149.1-1990 IEEE Standard in digital test environments.

Sophislicaled signaIs (including multi-tane) can be genera:ed.

Because this method only requires the bit pattern to recreate the signals. grcater emphasis

can he placed on generatiJ:g the pattern heforehand using nonnal DSP or non-real-time

computing power. The method allows the t<:st engineer to crcate various wavefonns

outside of the usual single-tone sinewave. such as triangular or sawtooth. or conceivably

any multi-tone signal that can he reproduced within a finite bandwidth.

A test library can be generated before/zand.

Sinee the test patterns will he generaled most likely in software utilizing signal processing

techniques, a suite of tests can he crcated and maintained on typical mass storage devices

such as magnetic or optical media. When tests are to he conducted on a device, a selection
-

of the relevant tests can he downloaded to t~le appropriate on-board memory elemel'l~

whether it he a RAM, ROM. or even proces:~4)r mcmory for subsequent relocation

elsewhere (such as in the case of loading an en.DedC:ed RAM or scan chain). Note that.

given sufficient on-ehip memory, severa! tests ("·uld he loaded in one batch operation.
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The versatility of finita-pattern signal generation is even more apparent when wc consiùcr

the case with which it can be integr.lted into various digital and digital test architectures.

Wc will now examine sorne of the different hardware configurations possihle for

integration of the forced-periodic PDM analog signal generator.
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5.2 - RAM-Based Signal Generation

In integrating the mernory-ba~ed signal generation technique into existing digital

structures. wc natura!ly require memory clements. One of the more common mass-stor.lge

merno!"' 'Iemenl~ located on a digital or mixed-signal chip or on a circuit board is a

randorr.·. xess rnemory. or RAM. Although the application works equally as weil in an

embedded RAM or a separate. off-chip dedicated RAM. wc will focus on the embedded

RAM structure. as it is conducive to the MADBIST scheme. The idea is simple: the finite­

length PDM pattern is loaded into memory and is sequentially read out when aetivated.

The RAM-based method a1so has several advantages. First. the use of a RAM allows us to

store bit patterns of varying length. giving us greater versatility in the number or type of

signais generated. Also. sinee most RAMs. even of the smallest size. are capable of

holding severa! thousand bits. a very large bit pattern (neeessary for complex or very high

quality waveforms) or even multiple patterns can be storcd. The ability of storing multiple

patterns in memory at one time addresscs one of the c:iticisms of the memory storage

pattern method. That is. the long time required to load a new pattern between tesl~ is

eliminated as the new pattern is sequenced immedi<>.!ely when the address eontroller is set

to a different rnernory spaee. FinaIly. sinee data is often stored in RAMs in multi-bit

lengths known as "words". and we output the PDM pattern sequentially. wc could undergo

a signifieant sampling ratè inerease through the parallel-to-serial conversion. As a simple

example. eonsider a RAM with a 16-bit word that can be aceesscd within one period of a

75 MHz rnaster clock. Provided we have supporting parallel-to-serial and high-spced

sequentiai-output hardware. we eould eonceivably output the scriai bit stream at a rate of

16 x 75 MHz. or 1.2 Gbps.
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Wc will address two ba~ie types of embcdded RAM configurations. The first is where the

RAM ean bc aecessed direc'.ly through a processor interface (processor-ac.:essible RAM).

The other situation is where no on-chip processor interface exists. or where the processor

cannot access the embedded memory (hardware-accessible RAM).
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5.2.1 - Processor-Accessible RAM

A typical application of a processor-accessible RAM is shown in Fig. 5.1. In this case. an

off-chip processor or test hardware is used to access the RAM via a processor interface

(whieh has readlwrite control of the RAM). Notification is given to the processor interface

block that a POM pattern is being loaded. This invokes a RAM address generator that

sUP!'lies thP. RAM with a memory address along with the data word to be wrÎtten. The

operation is repeated untilthe entire bit pattern is loaded into memory.

When the user is ready to generate the PDM pattern. a command is given to the processor

interface to invoke PDM output mode. Provided the processor interface is sufficiently fast,

the processor or test hardware can also control read operations of the RAM. Otherwise, a

faster operation, sueh <'s an on-chip address counter, may be used to irnprove the output

data rate. Note that in Fig. 5.1, the inclusion of an optional high-speed interface is

chip boundary chip boundary
1
1 write data bus
1
1 +1

~ ~processor : 1RAMdatain 1orlesl
~ ]jhardware aS

address bus
....;M

RAM data out PDMout

high speed
dalaout

high speed
cIock PDMout

o/'tmJJhigh-speed inredace

Fig. 5.1 • Finite-Length PDM Controller Utilizing a Processor Imerface
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spccified. This refers to the potential data rate increase that the PDM pattern can

experience when undergoing a parallcl-to-scriaI conversion. The chip would rcquirc a

high-speL'd doek and circuitry to output the data as f,l~t as the product of the RAM acccss

rate and the bit word length.
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5.2.2 - Hardware-Accessible RAM

In certain applications. the RAM is not accessible by a processor intcrface. or an interface

may not even exist. such as in Fig. 5.2. Herc. we can make use of existing hardware that is

fast becoming standard on digital integrated circuits. namely the JTAG controller (as per

IEEE Standard 1149.1-1990) and the RAM Built-In-Self-Test (RAMBIST) controllcr. The

1149.1-1990 IEEE Standard allows the addition of user-defined rcgisters and instructions

[21, 22]. By designing the appropriate instructions and necessary logie inte the JTAG

controller, we can use the TDI inputto serially 10ad the PDM pattern into the RAM. While

it is acknowledged that seriai loading can be time-consuming. it is loaded at most only

once for each test conducted. However, if multiple patterns arc rcad in at the same time

and storcd for later usage, the time overhead associated \Vith loading the pattern beeomes

negligible. While RAM addrcss generation eould be eontrolled by a dedieated PDM

controller, we could also make use of what often rcside.~ on chips with embedded memory

chip boundary chip boundary
•,

·'rial data input1

TOI ---J JTAG
RAM data in 1ccntrcller

address bussequentiaJ RAMaddress
ccunler

RAMBIST
ccntrcller

1 RAM data cut , • PDMout,
~,

highspeed 1

data out
1 highspeed

dock • PDMout
1

,, optionsJhigh-speed inledaœ ,
, ,

Fig. 5.2 - Finite-Length PDM Controller Utilizing Existing On-chip Test Logic
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-- RAMBIST controllers. Many of the current RAMBIST controllers use a sequential

memory address counter for automated address generation during the testing of an

embedded RAM. Wc can use this counter to generate the read and/or write addresses for

pattern loading or output sequencing. This assumes. of course. that sequential addressing

is used for PDM pattern storage which. while minimizing hardware complexity. is not a

requirement.

•
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Once the pattern is downloaded into memory. the user can initiale PDM sequencing by

issuing a command to the JTAG controller. This command would simply engage the

cireulating address eounter. place the RAM lOto read mode. and serially shift the data

words out of the le. Again. the opportunity exists for an increase in output data rate due to

the parallel-to-serial conversion.

A more detailed example of an applieation with the relevant pin-out is shown in Fig. 5.3.

ln this case. we are using the RAMBIST address counter to cycle the address bus and the

chip boundary chip boundary
1 to scan chain1
1 JTAG

~TDI JTAG data
• RAMdatain 1

TCK controllsr PDM
data :.

• 16
1&obit counter

PDMS[1:0J PDM
~ G controller

n x 16
MCLK • ~ ~ ....

~address"-
RAM

PSTAT PDM bus
~""2 controllsr

address

~6counter
runmode •

RAMBIST address .. •buscontraller 1 RAM data out '~ PDMOUT•
~6

1

• 1

l~'pyj( . r 1
- 1

hl~h'speedRAM data·out • PDMOUT
optfonal hlg/l-sp08d interface 1

1

Fig. 5.3 - PDM Controller Utilizing JTAG and RAMBIST Controllers
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TOI signal of the JTAG controller to input the data stream '. The operation of the "ddress

counter is to simply roll-O\'er on read operations (to cause continuous sequenti:ll reading

of the data pattern) and to lock on write operations to indicate the RA1\! is loaded. For the

present examplc. we have assumed the RA1\! ward size is 16 t'lits. The setup of Fig. 53

requires the following pins:
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• MCLK (input): the system clock:

• TCK (input): the JTAG controller clock:

• PCLK (input): POM seriai stream output clock. if different from MCLK or TCK

(if hardware speed permits. the preferrcd r.lte wouId t'le PCLK = MCLK x RAM

word size. This would he the maximum r.lle at which wc eould run the at'love eir-

cuit);

• POMS (input): POM mode scleet;

• PSTAT (output): POM status indieator.

The pin mapping for POMS and PSTAT is given in Table 5.1. The above situation assumes

that the pattern length is fixed and that oniy one pattern is loaded at a time. If wc wish to

a1low variable lengths with multiple patterns. then additional logie would he neeessal),to

control the address eounter star! and stop points. Note that sinee the hardware required for

the above setup is not much more than eontroller logie. the hardware overhead is minimal.

Table 5.1 - PDMS and PSTAT Pin Mapping

PDMS[1:0) Action PSTAT[1:0) Action

CO PDM Off 00 PDM off

al PDM Wrile al PDM loading

la PDM Read la PDM reading

11 nolused 11 RAMloaded

1. Though not indicatcd in Fig. 5.3. shoold there exist an auxiliary scan-dcdieatcd pin bus. the RAM
eould he loadcd in a parallel manncr. This would gr:atly dccrca.... the amount of time rcquired to
load the RAM and may also reduee the required PDM eontroller logie.
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One of the more eommon memory clements located on a digital or mixed-signal chip is

the flip-flop. And growing in popularity is the scan chain. used for BIST and in

applications of the 1149.1-1990 Standard. Fortunately. wc can make use of these scan

chains as a simple buiIt-in PDM pallern stor.lge device. The premise behind their usage is

that the flip-flops of an IC are configured in a seriai chain with a multiplexer which feeds

around the output back to the input. A PDM pallern is injected into the chain and. when

shifting is invoked. the output is the encoded signal. A typicaI scan chain configured for

scquencing a PDM pattern is shown in Fig. 5.4('1).

Certain advantages of the sean-based application exist over the oscillator or RAM-based

stomge technique. For example. varying phases of the output signal can be crcated sirnply

by tapping off the appropriate tlip-f1op in the chain. In the context of quadmturc signais for

instance. waveforms that arc 90 degrees out of phase with eaeh other are rcquired. This is

aceornplished by taking the output of every quarter of the chain. as shown in Fig. 5.4(b). If

data in l)-----1V o Q o Q o Q o Qf-L...---{)data out

•

clockinl)--------'---~--...J.--------'
(a) typical scan chain configured for PDM pattern sequencing

DATA.JN

.------------1> OUT_512

OUTJ68

(b) scan chain tapping for rnulti-phase signal generation

Fig. 5.4 - Scan Chain Configurations
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the total ehain length is 1024. then by driving outputs with the 256th. 512th. i6Sth. and

1024th flip-flops. wc have four identieal signais. eaeh 90 degrees out of phase with the

nex!. Figure 5.5 shows the four sinusoids and the ;Ipprop"iate ph:lse dilTerenccs. ereated

"With a 1024-bit pattern. By tapping off selected llip-llops. arbitral)' phase angles (within

the rcsolution factor dictated by scan chain length. 360°/N) can be obtained. The scan

chain can also be run at data r.ltes much l'aster than the typical oscillator design. as the

only combinationaI logic in the register chain is a two-input multiplexer in the feedbaek

path that is situatcd in front of t'J.: first llip-f1op.

•
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Therc arc basicaIly two types of scan-bascd applications which wc \Vant to highligh!. Thc

first makcs usc of a tcst scan chain configumtion. while the other is a dedicated scan chain

creatcd spccifically to output PDM pallcrns at very high mtes of speed.

•
5.3.1 - Scan Chain Sequencing

Certain test configumtions common on digital and mixcd-signal lCs provide an ideal

resource for fixcd-Icngth PDM signal genemtion. Such include internaI scan and boundary

scan. Internai scan chains tcst Jogic bct\Vccn mcmory c1emcnL~ by conliguring a scriaI

connection of ail flip-flops in the core-Iogic of the le. Dcpending on the f10p count of the

IC. multiple chains may be used. Boundary scan. on the other hand. is used for thc testing
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of pad-to-pin bonding wir<:s within the le. and ext<:rnal wire traccs between ICs. Here. the

memory clements arc close to the pads on the die. These tests arc generally controlled

through the JTAG control!er. in compliance with the 1149.1-1990 IEEE Standard.
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The availability of several chains of memory clements allow for various PDM pattern

chain lengths by simply connecting as many chains in series as requircd. AlI loading and

configur.ltion commands can also be controlled with user-defined instructions and/or

registcrs in the JTAG controlIcr. One such configuration is shown in Fig. 5.6. In this

instance. a boundary scan chain and an internai scan chain are coneatenated to provide bit

pattern storage and sequencing while the IC is in PDM sequeneing mode. Note the

loopback multiplexer is under the control of the JTAG controller. When the chain is being

loaded. the mux chooses the input from the JTAG block. When the chain is filled. the mux

then selects the input from the end of the scan chain to provide the loop-around

configur.ltion necessary for pattern cycling.

The opcr.ltion is as follows. First. a command is sent to the JTAG eontroller to place the IC

into a user-defined mode. which wc will eaIl analog pattern configuration mode. The next

command will select the required chains. concatenate them if neeessuri. and prepare them

for data loading. If boundary scan flops are used. it may be necessary to issue additional

eommands to tri-statc the pads to ensure !hat no pin drivc conflicts or undesirable outputs

occur. Once the chain is configured. an:! the multiplexer set to take the TOI input. data is

seriaIly shiftcd in via the TOI pin and c1ocke:l with the JTAG duek. TCK. When the data

data shm direction

Fig. 5.6 - PDM Chain Configured Over Existing Scan Chains
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shifting is complctc. an instruction is issucd [0 shift thc mux input sctting to erC:ltc [he

loopback. If applicablc. thc PDM output dri\'cr is acti\':ltcd. and PDi\1 pattcrn scqucncïng

may commence. If the desired sampli'1g rate using TeK is not fast enough (sinee TeK is

generally a slower rate than the master clock). wc l'an use the system dock to aehie\'e

beller performance. Though this application dri\'es the PDM patlern to :1 de\'ice under test

that resides off-ehip. it is possible to modify the conliguration appropriatdy to eonform to

the requirements for MADBIST i.e. the generated pallern is used to excite circuits th:lt

exist on the same ehip.
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direction
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For circumstances that require a very long PDM pallern (or in the e:L~e that very few

memory clements exist on the lC). wc l'an extend the concept to span several ICs. Th:lt is.

the chain is configured over multiple lCs via the test access ports. TOI and TDO. as in Fig.

5.7. Here wc create a single scan chain over four ICs. with one dedicated test pin. Existing

tmces on the board l'an be used for interconnect between the lCs or. if necessary. a

maximum of just one additionaltrace between each lC and two dedicated test pins pel' IC

(one input. one output) will ensure a complete data path.

Fig. 5.7 - PDM Chain Configured Over Multiple ICs
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An extension of the ~can chain method is the design of a f1ip-flop chain dedicated for

sequencing PDM patterns. This allows ma.ximum-r.lte PDM generation sincc. as

mentioned earlier. the only combinational logic is the feedback multiplexer. The

pursuance of high sampling r.ltes is purposeful. as the grcater the sampling rate. the

grcater the frequency r.lnge of signal gener.ltion for a given SNR.

In the simplest case. the dedicated chain is designed as illustrated in Fig. 5.8(a). Il eonsists

of simply an N-bit f1ip-flop chain. a loop mux to select between the feedback signal and

the loading input. and the sampling clock. Thc fact that thc scan chain is dcdicatcd for a

simple shifting 0pcr.ltion. however. allows us to usc more sophistieated ciocking and

timing techniques. An exarnple of such is given in Fig. 5.8(b). Here. we use both positive

and ncgative-cdgc f1ip flops. cffcctively doubling thc output data r.lte. The data stream is

wriltcn into each rcgistcr bank in an altcrnating pattern through the DATA_INP and

DATA_INN pins on the positive clock cdge and ncgative cdge. rcspcctivcly. Once loaded.

the multiplcxcrs arc configured for loop-around mode and pattern shifting commences.

•

DATAJN
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CLOCK
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CLOCK
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DATA..JNN [>---f"l.

o a

(a) simplest form of dedicated PDM chain

(b) dedicated PDM chain using bath clock edges

Fig. 5.8 - Dedicated Chain Circuits
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The output mux is triggered off the opposite polarity of the dock lhan the ,bla heing

output (i.e.. data l'rom the positi"e-edge Ilops arc output when the dock is a logic-Ol.

therebv maximizing the data rate at which lhe circuit can run. Allhough not indic:lled. ~ -
•
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above. any rise/fall time discrepancies could be minimized by appcnding a huffer or

inverter to the output. as described previously in Section 3.2 - \l'oltag" and ClIrrt'1ll Signal

Generation.

A circuit similar to the schematic of Fig. S.8tb) \Vas designed into the Norlel O.8~t

BiCMOS standard cell fabrication process to provide are:l eslimates for a typic:II design.

The chain length \Vas 128 bits i.e.. each of the t\Vo chains \Vas 64 tlip-Ilops long. The

layout of the circuit (complctc \Vith pads) is given in Appel/dix A.5. The total core area is

approximatcly 0.46 mm". Because of the regularity and simplicity of the design. the area

can easily bc estimated for larger chains. For example. a chain Icngth of 1024 bits \Vould

havc an approximate arca of 0.46 x 1024/128. or 3.68 mm". Verilog simulations of the

above circuit sho\Ved a ma:'<imum data mte of approximatcly 250 Mbps. using \Vorst-case

models. Note that the above example used a fairly simple clocking scheme. By

partitioning the chain into multiple sub-chains and using multi-phase docks. higher data

mtes are possible.

5.4 - Design Considerations

There exist three main design considerations that influence the choicc of architecture: area

overhead. power consumption. and maximum output data mte.. These considemtions will

be discussed for each architecture in the follo\Ving sections.

5.4.1 - Area Overhead

With the exception of the dedicated chain. ail architectures utilize existing hardwarc in

sorne aspect. The dedicated chain requires a tlip-flop for each bit to bc stored. That is. for

an N-bit pattern. N storage elements are required. The intent is that the dedicated chain

will not bc used for other functions on the chip. Thus. 'he grcatest area overhead is

associated with this architecture. The scan chain approach is based on pre-existing
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boundary or internaI sean ehains. Sinee the seriai chain confIgur.ltion is already present.

and can he loaded through the JTAG interface. there is negligible area overhead. It is thus

the most arca-efficient design.
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Because of the logic requiremcnts to control read/write addresses and a parallel-to-serial

output conversion. the additional area of the RAM-based configurations is generally

greater than thc scan chain. but Icss than thc dedic:Hcd chain. Bctween the processor- and

hardware-accessible RAM configurations. thc processor-aceessible RAM is the most area­

efficient sincc ail read/write control hardware already exists on-chip. Conversely. the

hardwa, -accessible RAM requires a JTAG data input interface for a write opcmtion in

addition to an on-chip address scqucnccr for read/write opemtions.

5.4.2 - Power Consumption

The diffcrcntiation between architectures in tcrms of power consumption lies in the

method in which thc data is transponed. Sincc every single memory element in a chain is

switching. scrial chain configurations consume thc most power per clock cycle. Generally.

thc largcr the chain. thc greater thc powcr consumption. If thc rest of the IC remains idle

('uring scquencing. however. power consumption should be less than the normal opemting

modcs of thc IC. The dedicated chain. assuming a custom and compact layout. will

consumc lcss power than a scan chain of equivalcnt chain length.

The RAM-based applications. while having an increase in controlling complexity. move

data bits in blocks (i.e. memory words) and thus consume less power than the chain

architectures. DiITerences bctwcen the two RAM-based techniques are in the controUer

architecture. Since the hardware-accessible RAM ha.s less complexity thin the processor­

accessible configuration. it will generally consume less power.

5.4.3 - Maximum Data Thro"'~ahput Rate

The configuration with the highest sequencing rate is the one with the lcast amount of

combinationallogic or lengthy interconnect if, the data path. Because the dedicated chain

ba.s the most regular structure with the least amount of controlling logic. it wiU generally
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be the fastes! sequenecr. Bv contrast. the sç;m chain 111;1\" suffer fWI11 Ion>: interc,mnect. '-•
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ddays that may make it the sll'west design.

The RAM configurations potentially provide the hcst d;ll;\ ratcs as thc' output d;ll;\

undergocs a par..llld-to-seriai conversion during which the dock rate can he signilicantly

increased. It is anticipated however. 'l1;\t the slowest architecture is the proccssor-driven

RAM technique. a.' the processor may not be able to generate read addresses fast enough.

With address generation on-chip. a.' in the hardware-accessible RAM. that hottleneck is

removed and data rates a.' high or higher than the dedieated chain could potentially he

attained.

The performance of the architectures with respect to each design consideration is

summarized in Table 5.2. A "1" indicates the hi>:hest mnking for a design. While there is
~ ~ ~

no clear "winncr'·. if the supporting hardwarc is already in place. and a paralld-Io-serial

conversion can be accompanicd by a higher-spced data outpul clock. the mnking suggcsl'

that a hardware-accessible RAM-based architecture provides the ocst compromise of ..Ill

three design consider..ltions.

Table 5.2 - Performance Summary

Design RAM-Based Flop-Based
Consideration

dedicatedprocessor hardware scan

area 2 3 1 4

power consumption 2 1 4 3

output data rate 4" 2 3 1

a. as.suming a slow proces.~or interface

The memory-ba,ed stomge concept' presented in this work enable us to store and

sequence finite patterns on-ehip using the most eommon of memory deviecs:

RAMslRûMs and flip-flops. However. perhaps the key clement is not whieh deviee is

used but rather how the deviee configuration and sequencing can he integr..lted into

virtually any digital lC. More specifically. the abilit)' to use 51ST logie gives the tCo,t

engineer a familiar environment in which to move and/or genemte test stimuli within an

IC. among severa! lCs. or even across circuit boards. In addition. certain advantages
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bccome availablc. such as the parallel-ll1-seri;11 Jat;l rate inerease wilh the R:\:'-l-baseJ

technique. or the concatenation of severa! eh;lins f,)r long pallem lcngths. as in the se;m

chain approach. Abo. the compactness of a Jedicated chain is benclicia1. Thus. wc now

have a very powerful and versatile analog signal gener.llor that can easily he inregrateJ

into digital architectures.

•

•

•
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Chapter 6 - Conclusions
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ln this chapter we will summarize this thesis. highlight the most critical concepts. and

identify the original idea.s and contributions which we feel will have the greatcst impact on

the mixed-signal test indust!}', We will conclude with sorne rccommendalions for further

research, Wc feel the work prcsented herc ha.s creatcd many opportunlties for

advancement in a variety of area.s wherc analog signal genemlÎon is rcquired.

6.1 - Summary

Wc bcgan this thesis with a thorough study of integrated circuit testing. By defining and

categorizing the differcnt sources of error. wc can now understand the differcnt types of

failurc modes. A eomprchensive examination of the impact of defects on bath digital and

analog circuiLs helpcd us apprcciate their susceptibility to the differcnt failurc modes. A

study of the electronic system hierarchy has bctter defined our test goals which will ensure

maximal fault coverage with the least amount of effort. The culmination of the study of

error sources. the impact of defects. and test hierarchies established the requirement for

functional analog testing using precise analog signal generators. Thus. our desire to arrive

at a precise. tunable. and compact signal generator is justified.

We introduccd the reader to MADBIST - a concept that is revolutionary in the mixed­

signal test area - but can benefit from a more compact signal generator. Next. the pulse.

MSS. and PDM methods of bit-wide signal-encoding were studied. The premise here is

that we want to encode an arbitrary analog waveform into a digital pattern. This a1lows the

signal to traverse an unlimited number of circuits. ICs. or electronic media without any

risk of signal degradation. The noise-shaping characteristic of the 6k modulator. couplcd

with its ability to tune signal amplitude and frequency over a fixcd bandwidth. makes

PDM the preferred method for signal encoding.
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Sever~l ~pplie~tions of the~ oscill~tor \Vere unden~ken. ln p~ni.:ular. th,' dedi.:~ted lesl

system exempliticd ho\V ~ digil~1 lester couId he retrotilled to perform the t~sks of a mu.:h

more expensive analog tester. Rctinements to PO:\ t pallern .md test cir,'ui!ry \Vere studied.

such as the significancc of a hipolar return-lo-zero coding s.:heme .md the use of a simple

RC tilter strJcture to limit input signal amplitude. The design of voltage and eurrent signal

gener.llors \Vas also introduced. The tinal 'Ipplieation focussed lm the design and

simulation of two ~ oscillator AS\Cs which. unfonunatdy. failed hench-tesling. most

likdy due to improper fabrication.

An original concept. the forced-pcriodic POM D~ttern. w~s then introduced. We c~n no\\'

bcnefit from all the positive ~ttributes of ~ POM-encoded sign~l with ~ comp~ct ~nd tinite­

Icngth bit stream. Two ~ppro~ches in deterrnining the minimum p~ttern length. one the

absolute smallest pattern for a given frequency and the other the smallest p~ttern for ~

given SNR. were developcd and demonstrated how only a few bits c~n bc used to encode

an analog signal. A study of the effeets of truneating the onee-infinite POM pattern W'olS

also put forth and various techniques were highlighted which ean bc used to improve the

signal quality of a finite-length POM pattern. Finally. waveforrn generoltion -- pcrhaps the

greatest advantage with using a POM eoding scheme -- was examined. Through

experimental results. we demonstrated the generation of multi-tone signais such a.~ two­

tone and sawtooth waveforrns and showed how. by taking higher-spcctrum images. finite­

length PDM encoding can bc uscd to generate high-frequency signais.

This thesis concluded with our second original contribution. narnely applications for the

forced-periodic PDM pattern using memory-based storagc. Wc showed how analog signal

generation ean he integrated into digital architectures presently found on 'most ICs. The

RAM-based approach utilizes an existing RAM or ROM structure to store and play back a

finite-length PDM pattern. Using the logic found in the 1149.1-1990 IEEE. Standard JTAG

eontroller andlorRAMBIST controller. analog signal generation can he simply addcd to

any IC. The RAM application also henefits from the parallel-to-scrial conversion on

output whieh serves as an excellent opportunity to incrcasc the data sampling rate. This

yields inercased signal quality through a greater oversampling ratio or an inercasc in
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,i~n,,1 h"ndwidth. ,\noth~r "ppli~"tion l"~' th~ llip-Ilop s~"n ~h"in 'Iru~tur~. A);ain. hy

utilizing thc powcr of thc jT:\G controlkr. one or ~c\'cral scan çhains spanning one.: or

1l10r~ IC, ~an h~ conli~ur~d to s~q"~ncc" PD\! p"tt~rn for "nalo); si);n,,1 );~n~ration. This

i, a~hi~vahlcwith no additional ar~a O\"cch~ad. ,\It~rnati\·ely. on~ ~an d~sign the dedieated

'~;111 ~hain whi~h allows th~ d~si);n~r to us~ sophisti~at~d elocking t~chniques resultin); in

maximum data s~qu~ncin); lhrou);hput limit~d only hy technolo);y.

Th~ conc~pls pr~s~ntcd herc arc anticipatcd 10 makc a si);nificant ~ontribution to the

mixcd-signa) lesl field. \Vith compact pattern sequencers. MADBIST no\\" consumcs cvcn

less arca and is thus more feasible. But perhaps most importantly. analog signais can no\\"

be intcgr.lted into virtually any digital environment and have the pOlential to bccome a

standard for analog signal gener.ltion in anv analog or mixed-signal application......... .... ..... ....

6.2 - Recommendations For Further Research

The research and development "f finite-Iength PDM patt.::rns and their applications have

exposcd ccrtain arcas in which furthcr work would be most wclcome. First. thcre cxists the

opportunity for improved signal quality by eapturing a bit pattern on which dithcring has

been applied. Dithering is currently being uscd on IlL modulators in an attempt for better

performance. so it seems reasonable that the techniques presented in this thesis couI,'

benefil. Second. further researeh on integr.lting a PDM controller into the 1149.1 interface

will eertainly warrant the attention of test engineers and ensure the integration of memory­

based storage techniques into the digital test architectures of today. Third. work on data

collection and measurement techniques will complete the entire dedieated test system and

MADBIST packages. Presently. measurement techniques require either extensive

computing power or cumbersome digital fiIters. Advancements Ieading to a Iogic

reduction will be a significant contribution to the mixed analog-digital test environmenl.
~

Finally. truncated PDM patterns are not limited only to test applications. They provi~ a

very compact and simple method of generating waveforms that couId he used wherever

analog signal generation is required. This creates a whoIe new area of researeh to he

cxplored.
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Appendix A - ASie Layouts

Th:s st:ction con[~lins layouts of \"arÎolls :\SICs and ,:nmpul1I:nts. Th~ lina is t:hip .:ndc.:

IBAMGOSC. a fully digital fourth-order 1110dubtion l"cillawr ASIC The ~econd layoul

i~ chip code IBAMGODF. a fourth-order modulation o~cillalor. a lme-nit D/A con\'erter.

and a ~ixth-order lo\Vpa~~ recon~lnIetion tiller. Included arc :t1~o the layout~ of the DAC

and reconstruction tiller. as used in IBAMGODF. Both ASIC~ \Vere f:lnricated u~ing the

Nortel O.SIl BiCMOS proces~. The linal illustr.ttion is a layoul of a dedieated 110p chain.

Note that this circuit \Vas not fabricaled; r.lther. the circuit \Vas designed :IS an exercise 10

demonstr.lte the arca efliciency of a dedicated chain approach as a memory-based stor.lge

technique. Ali dimensions arc in micrometers (Ilm) .
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ASie Lav~uts

A.1 - IBAMGOSe ASie
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• A.2 - IBAMGODF ASie

ASIe L.l\'cUrs
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A.3 - One-Bit Digital-to-Analog Converter
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• A.4 - 5ixth-Order Reconstruction Filter

ASie Lavours
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A.5 - Dedicated Flip-Flop Chain
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