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B-ISDN: Het breedband-netwerk voor geintegreerde diensten

Ir. M.J.G. Dirksen
PTT Research

SAMENVATTING

B-ISDN: The broadband network for integrated services

Nowadays each telecommunication service has its own network. However, new services begin to emerge which have
properties not supported by existing networks. An alternative for building or adapting existing dedicated networks is to
design a new all-purpose network, the Broadband ISDN. Th- ;keyword of B-ISDN is flexibility. The network should be
flexible to allow the integration of all kinds of services using one set of switching and transmission means and one type
of network management. Due to its flexibility ATM, the asynchronous transfer mode, is the selected transport mechanism
for such a B-ISDN. Based on the evolution of services the necessity of a Broadband ISDN is shown. Then, a general

overview is given of the properties of ATM.

1. Ontwikkeling van diensten

De eerste openbare telecommunicatiedienst in Nederland was de telegrafie.
Deze dienst werd in 1847 in Amsterdam geintroduceerd door Eduard
Wenckenbach. Sindsdien is het aantal telecommunicatiediensten niet alleen
toegenomen, maar ook de snelheid waarmee ze zijn geintroduceerd is
toegenomen. Figuur 1 laat de opkomst en ontwikkeling van een aantal
telecommunicatiediensten in Nederland zien. In 1876 vond Alexander
Graham Bell de telefoon uit, die in 1877 in Nederland onder de naam
‘klanktelegraaf’ werd ingevoerd. Tot op heden is de telefoon é€n van de
meest succesvolle telecommunicatiediensten zonder dat er aan het principe
veel veranderd is. Naast deze communicatieve telecommunicatiediensten
kwamen ook de distributieve telecommunicatiediensten opzetten. Voor-
beelden hiervan zijn de radio en televisie distributie. Met de groei van de
automatisering nam ook de noodzaak voor communicatie tussen computers
toe. Inmiddels is computercommunicatie één van de snelst groeiende tele-
communicatiediensten. Een geheel andere tak van telecommunicatiedien-
sten is mobiele communicatie in de vorm van semafonie en autotelefonie.
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i Telefonie
i Videotex
; \ Video vergaderen
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Kleuren-TV Stereo-TV

[ Mobiele telefonie
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| I
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Figuur 1: Geschiedenis vande ontwikkeling van telecommunicatiediensten.

Ook voor deze vorm van communicatie wordt een sterke groei verwacht.
Het aantal telecommunicatiediensten zal in de toekomst nog toenemen.
Tot op heden heeft iedere dienst zijn eigen netwerk. Het telefoonnet
voor spraak, datanet voor computerverkeer, kabelnet voor TV distributie en
autotelefoonnetten voor mobiele communicatie. De reden dat iedere dienst
zijn eigen netwerk heeft komt door de verschillende eigenschappen van
diensten. Een aantal eigenschappen plus voorbeelden van diensten is weer-
gegeven in Figuur 2, Hieruit blijkt dat diensten veel eigenschappen bezitten.

Eigenschappen Voorbeelden
distributief -— communicatief | radio — telefoon
breedband — smalband televisie — telefoon
"bursty” — continu data — telefoon
verbindingen — geen verb. telefoon — e-mail
punt-punt  — punt-multipunt | telefoon — video verg.
mobiel —- niet mobiel auto-telefoon— telefoon
unidirec. — bidirectioneel | televisie — telefoon
asymmetrisch -— symmetrisch fax — telefoon

Figuur 2: Eigenschappen die diensten bezitten.

De netwerken die deze diensten leveren zijn speciaal ontworpen voor die
eigenschappen.

Langzaam maar zeker komen er echter diensten die niet meer zo mooi
in één van de huidige netten passen. Vanuit het bedrijfsleven groeit de vraag
naar hogere snelheden: lll;l Mbit/s, 34 Mbit/s en zelfs 140 Mbit/s. Een van
de belangrijkste toepassingen is het verbinden van local area networks via
het openbare net. Op deze manier zijn applicaties mogelijk als remote
CAD/CAM, distributed processing en high speed file transfer.

Voorbeelden van andere nieuwe diensten zijn video vergaderen, high-
speed kleurenfaxen, multimedia databases en dergelijke. Yoor de consu-
ment lijkt een grote trekker voor breedbanddiensten videotoepassingen te
zijn zoals Pay TV, abonnee TV, tele-winkelen, tele-werken en interactieve
tele-educatie.

Uit voorgaande blijkt dat niet alleen het aantal diensten nog steeds
toeneemt, maar ook de snelheid waarmee diensten elkaar opvolgen. Het
moge duidelijk zijn dat niet steeds voor iedere nieuwe dienst een nieuw
apart netwerk neergelegd kan worden. Dan blijven nog twee alternatieven
over: aanpassen van bestaande netten of proberen een universeel netwerk
te ontwikkelen die geschikt is voor alle diensten. Iedere keer upgraden van
het netwerk om een nieuwe dienst te kunnen bieden (met behoud van de
bestaande diensten in dat net) leidt tot zeer complexe, logge en moeilijk
bestuurbare netwerken. Beter is om de ontwikkeling van diensten voor te
zijn en een netwerk proberen te bouwen dat ‘op alles is voorbereid’.
Bovendien heeft dit voor de netwerkbeheerder als voordelen dat slechts één
set van schakel- en transmissiemiddelen en één netwerkbeheer nodig is.
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Ideaal gezien zou een dergelijk netwerk alle voorgenoemde eigenschap-
pen moeten verenigen zodat alle diensten door dit netwerk geleverd kan
worden. Wil het netwerk bovendien toekomstvast zijn, dan zullen nieuwe,
nog te verzinnen, diensten op eenvoudige manier opgenomen moeten
kunnen worden in het netwerk. Een dergelijk netwerk wordt een Broadband
Integrated Services Digital Network (B-ISDN) genoemd. Het zal duidelijk
zijn dat een netwerk dat huidige en toekomstige diensten integreert zeer
flexibel zal moeten zijn. De informatie overdrachtstechniek die voor een
B-ISDN gebruikt wordt zal dan ook zeer flexibel moeten zijn. In 1983 stelde
Coudreuse [1] van CNET (Centre National d’Etudes des Télécom-
munications) en Turner [2] van AT& T het asynchrone time division concept
voor wat zou ontwikkelen naar de huidige Asynchronous Transfer Mode
(ATM). Reeds in 1988 is ATM al door CCITT voorgedragen als de “target
transfer mode' voor de B-ISDN [3]. In 1992 worden de aanbevelingen voor
B-ISDN en ATM voltooid.

2. De Asynchronous Transfer Mode

ATM staat voor ‘asynchronous transfer mode’ en is een asynchrone, con-
nection oriented, fast packet switching techniek dat gebruikt maakt van
statistisch multiplexen. De flexibiliteit van ATM uit zich in het feit dat
gebruikers op vrijwel iedere bit snelheid (tot aan de link rate) en als gevolg
daarvan ook op iedere variabele bit snelheid informatie kunnen versturen.
Het basis idee achter ATM is dat informatie van verschillende rand-
apparatuur op uniforme wijze door het netwerk wordt verstuurd door middel
van pakketjes van vaste lengte, die cellen worden genoemd, zie Figuur 3.

bits bits

o110 | @110 —ma [ m =’ ™| o110
U= e e L =U

(—

terminal adaptor openbaar netwerk adaptor terminal

Figuur 3: In ATM wordt informatie op uniforme wijze door het netwerk

getransporteerd.

Een cel is 53 octetten (bytes) groot en bestaat uit een header van 5 octetten
en een informatieveld van 48 octetten [4]. De bits van het gedigitaliseerde
informatiesignaal worden verzameld tot een cel gevuld is. Vervolgens wordt
de cel door het netwerk getransporteerd en bij de bestemming worden de
bits weer uitgepakt en aan het randapparaat aangeboden. Voor het netwerk
maakt het dan niet uit of de bits in een cel een stukje spraak, audio,
computerdata of video bevat.

2.1 De transmissiesnelheid

Voor een breedband netwerk is een hoge transmissiesnelheid vereist. Een
ATM netwerk is opgebouwd door middel van glasvezels. Hierdoor zijn zeer
hoge transmissiesnelheden mogelijk. Door de betrouwbaarheid van glasve-
zel is geen error en flow control in het netwerk noodzakelijk. Hierdoor
wordt de verwerkingstijd in de schakelcentrales verminderd wat de snelheid
weer ten goede komt. CCITT [5] standaardiseert een snelheid van 155.52

Mbit/s en een die vier keer hoger ligt, 622.08 Mbit/s. ATM werkt echter in
principe met elke transmissiesnelheid en verschillende delen van het net-
werk kunnen met andere transmissiesnelheden werken. Zo kan een toegang
tot het netwerk bijvoorbeeld 34 Mbit/s zijn, terwijl in het netwerk zelf
snclheden voorkomen van 2.4 Gbit/s.

22 De informatiesnelheid

Wil het B-ISDN elke dienst aankunnen, dan zal het B-ISDN in staat moeten
zijn elke informatiesnelheid te kunnen transporteren. Iedere dienst stelt zijn
eigen eisen aan het petwerk. Sommige diensten, zoals spraak, nemen
genoegen met lage bit snelheden, andere eisen zeer hoge snelheden, bij-
voorbeeld video toepassingen. Dataverkeer kan in principe elke bitsnelheid
eisen, afhankelijk van de toepassing. Bovendien kan een informatiestroom
continu zijn zoals in circuitgeschakelde spraakverbindingen, stapsgewijs
van bit snelheid springen zoals in dataverkeer of zelfs continu in tijd
variéren zoals bij sommige videocodecs. ATM kan voor elke dienst de
vereiste servicekwaliteit leveren [6]. ATM biedt de mogelijkheid om infor-
matie op elke gewenste snelheid te versturen en als een gevolg daarvan op
elk gewenste variérende snelheid. Dit is te danken aan bet asynchrone
karakter van ATM: niet het netwerk maar de gebruiker bepaalt wanneer
informatie verzonden wordt. In synchrone petwerken deelt het netwerk
periodiek een slot uit aan een gebruiker die deze al dan niet kan vullen met
informatie. Op deze manier ligt de gebruiker vast aan bepaalde snelheden
en wordt de bandbreedte bovendien bij burstachtig verkeer niet efficiént
benut. In ATM bepaalt de gebruiker zelf wanneer hij cellen met informatie
verstuurt en vult tijdsloten naar behoefte: Wil hij op een lage snelbeid
communiceren dan verstuurt hij weinig cellen per tijdseenheid, voor hoge
snelheden stuurt hij meer cellen per tijdseenheid. Op deze manier kan een
gebruiker ook op een variérende bit snelheden zenden door een verschillend
aantal cellen per tijdseenheid te zenden.

3. Multiplexen in ATM

Het voordeel van ATM boven synchrone technieken is niet alleen dat in
principe iedere bitsnelheid ondersteund wordt, maar ook dat de links in het
netwerk onderling niet synchroon hoeven te lopen, dat de transmissiesnel-
heden van links mogen verschillen. Een en ander is te zien in Figuur 4 waar
een viertal verbindingen worden gemultiplexed op één link. De gebruikers
versturen cellen naar eigen inzicht: De cellen kunnen op iedere konstante
snelheid worden verstuurd (link 1 en 3) of onregelmatig (link 2). Link 4
heeft een transmissiesnelheid die lager is dan de overige drie links. Boven-
dien laten de links 1, 2 en 3 zien dat de tijdsloten niet synchroon bij de
multiplexer hoeven aan te komen. Omdat iedere gebruiker cellen kan
versturen naar eigen goeddunken kan het voorkomen dat meerdere cellen
tegelijk bij een multiplexer aankomen. Daar slechts één cel per slot de
multiplexer kan verlaten is in de multiplexer een buffer noodzakelijk om de
overige cellen tijdelijk op te slaan. De buffers zijn alleen bedoeld om de
toevallige simultane cel aankomsten op te vangen en niet om volledige
bursts op te vangen zoals in X.25.

Sommige diensten verzenden hun informatie in bursts, bijvoorbeeld
computerverkeer kenmerkt zich door korte activiteit afgewisseld met pe-
riodes van stilte. In synchrone netwerken wordt bandbreedte gereserveerd
voor de maximale snelheid waarmee informatie verstuurd wordt. Er wordt
dus op de pieksnelheid bandbreedte gereserveerd, terwijl slechts korte tijd
van de bandbreedte gebruik gemaakt wordt. Andere verbindingen kunnen
geen gebruik maken van de ongebruikte capaciteit. In ATM kan dat anders.
Ook in ATM kan natuurlijk op pieksnelheid bandbreedte gereserveerd
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Figuur 4: Asynchrone multiplexen in een ATM netwerk,

worden, maar daar geen vaste tijdsloten aan verbindingen toegekend zijn,
kan ongebruikte bandbreedte door andere verbindingen gebruikt worden.
Op deze manier kan minder bandbreedte per verbinding gereserveerd
worden dan de piekbandbreedte. Er kunnen dus meer verbindingen toege-
laten worden dan de som van de pieksnelheden zou toelaten. Dit heet
statistisch multiplexen [7]. Het gevaar bestaat echter dat teveel gebruikers
tegelijk zenden, zodat de link capaciteit overschreden wordt. Er treedt
congestic op en er gaan cellen met informatie verloren. Het is aan de
netwerkbeheerder om te bepalen hoeveel verbindingen kunnen staan zoda-
nig dat de kans op congestie nog acceptabel klein blijft.

4. Het vermijden van congestie
In huidige pakket geschakelde netwerken wordt congestie in de hand
gehouden met behulp van flow control door ‘sliding-window' mechanismen
en ‘acknowledgements’. Door de hoge transmissiesnelheden in ATM lukt
dit niet: voor een congestie-bericht bij de bron aangekomen is kan deze al
verscheidene megabits aan informatie het netwerk ingestuurd hebben.
Anderzijds kan het congestie probleem al lang opgelost zijn voor de bron
op de hoogte is gesteld. Daarom wordt in ATM gekozen voor preventieve
congestie control: Er worden alleen nieuwe verbindingen toegelaten als de
kans dat congestie optreedt voldoende klein is. Voor een nieuwe verbinding
wordt toegelaten moet bet netwerk eerst enig idee hebben hoe de verbinding
eruit ziet [8]. Daarom moet de gebruiker eerst de karakteristieken van de
verbinding (gemiddelde snelheid, pieksnelheid, etc.) opgeven. Aan de hand
daarvan bepaalt het netwerk of er nog voldoende capaciteit in het netwerk
is om de opgegeven verbinding toe te staan zonder dat de kans op congestie
onaanvaardbaar wordt. Als de gebruiker en het netwerk eens zijn over de
verkeersparameters, dan worden deze vasigelegd in een verkeerscontract.
Zodra een verbinding is toegewezen aan een gebruiker, is deze vrij om
cellen te versturen. Zo kan een gebruiker, al dan niet opzettelijk, op een
hogere snelheid informatie versturen dan afgesproken in het verkeerscon-
tract. Voor dat de cellen toegelaten worden tot bet netwerk passeren ze
daarom eerst een politie-funktie (policing) die controleert of de gebruiker
zich nog wel aan het verkeerscontract houdt [9, 10]. Zolang de informatie-
stroom binnen het contract valt passeren de cellen de politie-funktic en
worden door het netwerk naar de bestemming getransporteerd. Zodra de
politie-funktie detecteert dat de informatiestroom de opgegeven parameters
in het verkeerscontract overschrijdt, wordt aktie ondernomen. In het meest
eenvoudige geval worden die cellen gewoon weggegooid. Op die manier is

gegarandeerd dat alle informatiestromen in het netwerk overeenkomen met
de opgegeven verkeerscontracten. Bij het beslissen van het toestaan van een
nieuwe verbinding van het ‘worst case’ verkeer dat door de politie-funktie
tot het netwerk wordt toegelaten. Zo kan congestie in de hand worden
gehouden.

3. De routering
Voordat ingegaan kan worden hoe cellen van een verbinding bij hun

bestemming aankomen, dient eerst de celstructuur besproken te worden.
Een ATM cel is 53 octetten groot en bestaat uit een header van 5 octetten
en een informatieveld van 48 octetten, zie Figuur 5. In het informatieveld
bevindt zich de gebruikersinformatie of netwerk gerelateerde informatie.
Omdat in ATM het netwerk geen tijdsloten aan gebruikers uitdeelt, kan het
netwerk niet aan de hand van een tijdmechanisme bepalen welke informatie
bij welke verbinding hoort. In ATM worden cellen geidentificeerd door
middel van een label in de celheader. Het label bestaat uit de ‘Virtual Path
Identifier’ (VPI) en ‘Virtual Channel Identifier’ (VCI) velden. In de para-
grafen over het virtueel kanaal en virtueel pad concept worden deze velden
nader besproken. Het ‘Generic Flow Control’ veld bestaat alleen op de
interface tussen de gebruiker en het netwerk. Het GFC veld helpt de
gebruiker met het managen van de ATM celstromen op zijn privé-domein
en de toegang tot het openbare netwerk. In het netwerk zelf wordt het GFC
veld gebruikt als VPI veld. Vervolgens bevat de celheader nog een twee

5 octetten 48 octetien
Header Informatieveld
I |
I T e
| - -..I
‘ GFC = Generic Flow Control
GFC VPI VPI = Virtual Path Identifier
VPI VCI VCI = Virtual Channel Identifier
vCI PT = Payload Type
VCI PT fesklp res = Reserved
HEC clp = Cell Loss Priority

HEC = Header Error Check

Figuur 5: De ATM celheader op de User Network Interface.
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bits ‘Payload Type’ veld dat aangeeft wat voor soort informatie in het
informatieveld staat: gebruikersinformatie of netwerkinformatie. Verder is
er nog een ‘Reserved’ bit voor later gebruik en een ‘Cell Loss Priority’ bit
aanwezig waarmee onderscheid gemaakt kan worden tussen twee niveaus
van cel verlies. Tot slot is een ‘Header Ermor Code’ veld aanwezig dat
bitfouten in de header detecteert en corrigeert.

5.1 Het virtueel kanaal concept

Wanneer een gebruiker een verbinding wil opzetten in een ATM netwerk
wordt een pad gezocht door het netwerk. Gedurende de hele verbinding
zullen de cellen via dit pad getransporteerd worden, zie Figuur 6. Hierbij
wordt de cel volgorde bewaard: De cellen komen in dezelfde volgorde aan
als ze verstuurd zijn. Op iedere link wordt aan de verbinding een virtueel
kanaal toegewezen. Een virtueel kanaal is niets anders dan een nummer dat
wordt opgeslagen in het VCI veld van de cel header. Op iedere link kan de
verbinding een andere VCI hebben en bij iedere nieuwe verbinding kunnen
nieuwe VCIs worden uitgedeeld. Cellen behorende bij dezelfde verbinding
hebben op een link dezelfde VCI. In de schakelcentrales bevinden zich
tabellen waarin per verbinding de VCI van de binnenkomende cellen, de
nieuwe YVCI voor de cellen en de juiste uitgaande lijn ligt opgeslagen. Als
een cel bij een schakelcentrale aankomt, dan kijkt de centrale in de header
van die cel en leest het VCI. Vervolgens wordt in de tabel gekeken naar
welke uitgaande link de cel gerouteerd moet worden en wat de nieuwe VCI
van die cel wordt. De schakelcentrale heeft dus geen weet van het bronadres
of bestemmingsadres. Hierdoor kan het routeren volledig in hardware
gebeuren wal de snelheid aanzienlijk verhoogt.

5.2 Het virtueel pad concept

Een schakelcentrale moet dus van iedere cel de VCI in de celbeader lezen,
de bijbehorende uitgaande link en nieuwe VCI opzocken in de tabel, de cel
naar de juiste uitgaande link routeren en de nieuwe VCI in de celbeader
zetten. Om dit proces te vereenvoudigen is het virtueel pad concept bedacht
[11, 12]. Een virtueel pad (VP) is een semi-permanente route door het
netwerk over meerder links, zie Figuur 7. Cellen van een verbinding die
door een virtueel pad lopen hebben eenzelfde virtueel pad identifier (VPI)
in de header. Cellen in een VP doorlopen het hele VP en komen er aan het
eind pas uit. Op alle links waarover het VP zich uitstrekt verandert de VCI
in principe niet. Op deze manier wordt de processing overhead in de
schakelcentrale aanzienlijk vereenvoudigd. Omdat de route van een VP
vastligt kan deze in de centrale hard-wired zijn. Zodra de centrale de VPI

VIOI6 YC26->¥C3

ViC3 > WV(C 24

VO35 -> VCas

Figuur 6: Het virtueel kanaal concept.

gelezen heeft, routeert hij de cel zonder verdere conversies naar de juiste
nitgaande link.

Omdat een groot aantal verbindingen, ieder via hun eigen VCs, van
dezelfde VP gebruik kunnen maken, kunnen VPs gebruikt worden als
concentraticbundels voor routes waar een groot verkeersaanbod verwacht
wordt. Zo kan bijvoorbeeld een VP van Den Haag via Utrecht en Zwolle
naar Groningen worden gelegd. Verbindingen tussen Den Haag en Gronin-
gen verlopen dan via dit VP. Pas de centrale in Groningen hoeft naar het
V(I te kijken om de cellen naar de juiste lokale centrale en de bestemming
te brengen. De centrales in Utrecht en Zwolle geven de cellen in dit VP
alleen maar (hard-wired) door.

Een andere toepassing voor VPs zijn de zogenaamde virtual private
networks (VPN). Een VPN is een privé netwerk over het openbare netwerk.
Een VPN kan op eenvoudige wijze gemaakt worden door VPs te leggen
tussen vestigingen van een bedrijf dat een VPN wil hebben. Doordat alleen
die vestigingen toe te staan van die VPs gebruik te maken, worden zij
afgeschermd van de rest van het openbare netwerk. Door aan VPs een
hoeveelheid bandbreedte toe te kennen is een bepaalde capaciteit gegaran-
deerd. Op eenzelfde wijze kan men door middel van VPs eenvoudig
huurlijnen aanleggen.

6. Conclusie

Op dit moment heeft iedere dienst zijn eigen netwerk. Er is een opkomst en
groei van diensten met eigenschappen die niet meer zo mooi in een huidig
netwerk passen. Nieuwe netwerken bouwen voor nieuwe diensten is niet
meer haalbaar. Aanpassen van bestaande netten voor nicuwe diensten maakt
de netwerken complex en onoverzichtelijk. Het alternatief is het bouwen
van een nieuw algemeen netwerk geschikt voor de huidige diensten en in
staat om nieuwe diensten op eenvoudige wijze op te nemen. Een dergelijk
alomvattend netwerk wordt een Breedband-ISDN genoemd.

ATM, door de CCITT gekozen als dé overdrachtstechniek voor een
Breedband-ISDN, is in staat om de vereiste flexibiliteit te leveren. ATM
kan iedere bitsnelheid aan en als een direct gevolg iedere variabele bit
snelheid. Door het asynchrone karakter van ATM bestaat er een kans op
congestie. Congestic wordt voorkomen door middel van traffic control, met
name door het beslissingsalgoritme voor het toelaten van nieuwe verbin-
dingen en de politie-funktie. Routering gebeurt door middel van het virtueel
kanaal concept. Het virtueel pad concept wordt gebruikt om de processing
overhead in de schakelcentrales te verminderen. Bovendien kunnen virtuele
paden gebruikt worden als huurlijnen en virtual private networks.

Figuur 7: Het virtueel pad concept in ATM.
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A Performance-Driven Micro-Cell Compiler For CMOS Sea-Of-Gates Applications

R. Peset LLopis and H.G. Kerkhoff
MESA Research Institute
University of Twente

This paper presents a performance-driven micro-cell compiler, that takes performance specifications into account. This
compiler is responsible for the generation of the layout of small logical cells (micro-cells) featuring the required
performance in a CMOS sea-of-gates environment. First a description of the sea-of-gates environment will be given,
followed by a definition of a micro-cell. The performance aspects of digital circuits and of the micro-cell compiler will
be discussed next. The structure of the performance-driven micro-cell compiler will be given next. The three different
parts of this compiler, the topology generator, the performance evaluator and the layout generator will be discussed. This

paper finishes with some results and conclusions.

1. Introduction

With the growing integration of todays and future electronic circuits (more
than a million transistors) and the increasing possibilities of technology, it
15 getting difficult to meet all specifications of an entire circuit. These
specifications do not only consist of a logical description, but also of
performance demands. An elegant way to meet these specifications is to use
performance-driven circuit-generation techniques. A complete circuit is
decomposed into blocks, which are divided into micro-cells. The global
performance demands are translated, during this process, into performance
specifications for each micro-cell. If the micro-cell compiler is able to
generate all micro-cells within their specifications, then the complete circuit
satisfies its demands. This paper describes the development of a perfor-
mance-driven micro-cell compiler for CMOS sea-of-gates applications.

2. CMOS Sea-Of-Gates Arrays

A CMOS sea-of-gates array consists of an array of core-cells. A core-cell
is the smallest repetitive element of this array, and consists of n- and
p-transistors. The main property of sea-of-gates arrays is that the transistor
array is equal for all circuits. It is therefore a semi-custom design environ-
ment. A manufacturer has a stock of previously processed wafers containing
the unpersonalized sea-of-gates arrays. One of these wafers is used to
process the required circuit. The effective production time equals the time
needed to implement the metallization layers, which is shorter than process-
ing all IC layers. This leads to short turn-around times, the first advantage
of sea-of-gates arrays. The common transistor array reduces the total
amount of personalized maskers, leading to a reduction of the processing
costs. This is the second advantage of sea-of-gates arrays. A disadvantage
of sea-of-gates arrays is that the performance is worse and more chip area
15 needed, in comparison with full-custom techniques.
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Figure 1. A sea-of-gates array.

Figure 1 shows a part of a transistor array [1]. A circuit is realized by
generating the interconnect layers. Figure 2 shows an implementation of a
full-adder on this sea-of-gates array.
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Figure 2. A realization of a full-adder,

3. Micro-Cell

A micro-cell is defined as a small CMOS logical cell, realized in this
sea-of-gates environment. It consists of the fixed transistors of a sca-of-
gates array and metal layers. The complexity of a micro-cell is arbitrarily
limited to approximately the size of a full-adder (several tens of transistors).

4. Performance Aspects
The following four parameters are the most important performance aspects
in many digital chip designs.
1} The maximum operational frequency.
2) The noise susceptibility.
3) The power dissipation.
4) The area.
These performance parameters and their impact on micro-cells will be
discussed in sections 4.1 to 4.4.

4.1 Maximum Operational Frequency

The maximum operational frequency is strongly related to the maximum
"data processing power" of a circuit. Doubling this frequency means that a
circuit is able to carry out its task in only half of the time, or that it is able
to process twice the amount of data in the same time. The maximum
operational frequency of a circuit depends on the switching properties of its
micro-cells; the propagation delay and the rise- and fall-times. The propa-
gation delay is defined as the time difference between the input and the
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output waveforms of a single micro-cell, measured at the 0.5*¥V4q voltage
level. Different propagation delay values exist for increasing and decreasing
output waveforms, the rising propagation delay and the falling propagation
delay. The nise- and fall-times are defined as the absolute time difference
between the 0.1*V4d and the 0.9*V4(d voltage levels. An increasing wave-
form is characterized by the rise-time and a decreasing waveform by the
fall-time. The switching properties of a micro-cell are characterized by three
parameters, the input rise-/fall-time, the propagation delay and the output
rise-ffall-time, as shown in figure 3.
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Figure 3. The propagation delay, rise- and fall-time definitions.

4.2 Noise Susceptibility
Moise is disturbance caused by e.g. o particles, cross-talk, voltage-supply
ripple and thermal noise [2]. The noise margins permit to determine the
allowable noise voltage on the input of a transistor gate so that the output
will not be affected. The noise margins are closely related to the Vin-Vout
voltage transfer characteristics. The lower noise margin is defined as the
difference between the lower unity-gain point and the Vgg power-supply
voltage. The upper noise margin as the difference between the upper
unity-gain point and the V44 power-supply voltage [3]. Figure 4 shows
these definitions in the case of a CMOS circuit. NM1 stands for the lower
noise margin and NMp, for the upper noise margin.
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Figure 4. The definitions of the noise margins.

The noise margins should be chosen such that there is sufficient reserve
to cope with the expected static and dynamic noise sources. Since the noise
margins are often trade-off for the speed improvement of a micro-cell, a
lower bound on the noise margins can be very useful to guaraniee a certain
degree of noise insusceptibility. A single bound is used for both the upper

and lower noise margins.

4.3 Power Dissipation
It is of great importance to obtain a measure of the power dissipation of a

circuit. The average power consumption can be of interest for battery-
supplied applications, and the peak power consumption can be of impor-
tance for dimensioning the power-supply interconnections (e.g. bonding
and supply wires) [4]. If a chip dissipates too much power, it either will
become too hot (and will probably fail) or will need extra (expensive)
cooling. Since the acceptable maximum power dissipation has often limited
the scale of integration [5], circuit designers pay special attention to power
dissipation optimization. The total power dissipation of a complete circuit
i5 simply the sum of the power dissipation over all the micro-cells. There-
fore an upper bound is used for power dissipation.

4.4 Area

The total area of a circuit is not only important because of the amount of
silicon used, but also because it is related to the yield. Reference [3] shows
that the yield decreases dramatically as the arca of the chip is increased.
The area of a micro-cell is therefore very important for the micro-cell
compiler. E.g. a micro-cell can be optimized with an upper bound on the
area. The total number of transistors used by a micro-cell gives a lower
bound on the total area. This is caused by the straight relationship between
the number of transistors and the area in a sea-of-gates environment. The
used area can be however larger, due to the sacrifice of transistors for
interconnection space [1]. This increase in area clearly depends on the
sea-of-gates architecture. It will be small for architectures with large
interconnection space, and large for architectures with small interconnec-
tion area, due to e.g. very small transistors.

4.5 Micro-Cell Performance Constraints

Sections 4.1 to 4.4 have described the translation of the most important
performance aspects of digital chip designs into the level of the micro-cell
compiler. This results in the following five performance parameters for a
single micro-cell.

1) Propagation delay.

2) OQutput rise-/fall-times.

3) Power dissipation.

4) Upper and lower noise margins.

5) Area.

These performance parameters can be used as constraints for the per-
formance-driven micro-cell compiler. There are two different types of
constraints; bounded and unbounded constraints. The bounded constraints
are used to optimize a micro-cell until a certain bound has been satisfied
(e.g. a maximum propagation delay of 2 ns, or a maximmm area of
1500 pm?). The unbounded constraints are used to optimize a micro-cell
until no further improvement can be achieved (e.g. optimize the propagation
delay, or optimize the total power dissipation). The main problem of using
only unbounded constraints is that the non-optimized performance para-
meters can worsen dramatically, Optimizing the propagation delay of a
micro-cell, with an unbounded constraint, can result in an optimized cell
with a too large area and power dissipation. In these cases it would have
been more useful to stop the optimization process, when the non-optimized
performance parameters reach a certain limit. This can be achieved by using
both bounded and unbounded constraints for one performance optimization
(e.g. optimizing the propagation delay with a maximum bound on the area).

5. Structure Of The Micro-Cell Compiler
The discussion of the previous paragraph leads to the structure of the
micro-cell compiler that is shown in figure 5. The performance-driven
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micro-cell compiler for CMOS sea-of-gates arrays can be divided into three
main blocks.
1) Topology generator.
2) Performance evaluator.
3) Layout generator.

These three blocks will be described in more detail in the sections 5.1
to 5.3. Section 5.4 discusses the iterative character of the micro-cell
compiler.

Initial Micro-Cell
Topology
/ Generator
Performance
Evaluator l

/
i

Figure 5. The structure of the micro-cell compiler.

5.1 Topology Generator
The goal of the topology generator is to determine the optimal transistor
connectivity description of the micro-cell to be generated. It determines, in
other words, the micro-cell topology, that fits the constraints best. The input
of the topology generator consists of a description of the micro-cell, that
has to be generated. This description contains a Boolean function or a
transistor netlist and the performance constraints. The Boolean function is
converted into a transistor netlist, which is called the initial micro-cell of
the micro-cell compilation process. The constraints are converted into a
single cost-function, which is used to translate the performance of a micro-
cell into a single numerical value. This value is used to determine which
micro-cell topology fits the constraints best. Several performance-changing
actions are carried out on this micro-cell by an optimization method, until
one of the following conditions is found to be true [6].
1) All the constraints have been satisfied.
2) The last relative improvement is less than a stop criterion (e.g. 5 %).
The first condition is of course the best one, but can not always be
achieved. The second condition can be understood by considering, that the
optimization effort increases dramatically with the achieved optimization.
The largest improvements can be found at the beginning of the optimization
process, followed by a very large (or even endless) tail of decreasing
improvements. Very difficult or contradictory constraints make satisfying
all the constraints a difficult or even impossible task. A stop criterion is
introduced to be able to stop the optimization process when this tail has
been reached, since the accuracy of the performance evaluator makes

optimization in this tail useless (see section 5.2). This results in a large
reduction of useless optimization effort.

52 Performance Evaluator

The goal of the performance evaluator is to determine the performance of
the micro-cell [7]. The performance evaluator is used by the topology
generator to determine the influence of a heuristic on the performance
parameters. This influence determines directly the optimization process.
Heuristics with a positive influence are very likely to be used by the final
optimized micro-cell, while heuristics with a negative influence can be
ignored. Two properties of the performance evaluator are very important to
the optimization process; the speed and the accuracy. Both properties will
be described in the following paragraphs. The speed of the performance
evaluator influences directly the total time needed to optimize a micro-cell.
Since the performance evaluator has to determine the performance of many
topologies during one micro-cell compilation run, little time is allowed in
order to obtain optimization results within a feasible time. The accuracy of
the performance evaluator determines directly the stop criterion (see section
5.1) of the optimization process. It is useless to carry out a performance
improvement of 1 %, if the accuracy of the performance evaluator is around
10 %. The stop criterion should therefore be related to the accuracy of the
performance evaluator. A higher accuracy results in a different stop criterion
and leads to a more optimized micro-cell. The previous two paragraphs
show that the optimization process requires a fast and accurate performance
evaluator. Since increasing the accuracy of the performance evaluator leads
to larger computation times, a careful trade-off between accuracy and speed
should be carried out. There is, however, another characteristic of the
optimization process, which can be very useful for this trade-off. This
characteristic is the relative perfformance improvement of the final optimiz-
ed micro-cell in comparison with the original micro-cell. If this improve-
ment is large (e.g. more than one order of magnitude), then useful optimi-
zations can be obtained using a performance evaluator with a low accuracy.
Since the maximum improvement is not very large (20 to 80 % approxima-
tely, as demonstrated by experiments) an accurate performance evaluator
will be required. An average accuracy of 10 % is arbitrarily chosen for the
performance evaluator. The input of the performance evaluator consists of
a transistor connectivity description (SPICE-netlist) and a command des-
cription. The connectivity description contains four different types of
elements (resistors, capacitors, n- and p-transistors). The connections be-
tween the elements are described by node numbers. The command descrip-
tion contains some information about the state of the inputs of the micro-cell
and about the size of the load capacitance. An input can be in four different
states. It can be in a high, low, rising or falling state. The input rise-/fall-time
of the rising and falling states is also described in the command description.
The capacitance of the load (gate and interconnect capacitances) driven by
the micro-cell, is also described in the command description. The output
of the performance evaluator provides the performance parameters of the
calculated micro-cell, described in section 4.5.

5.3 Layout Generator

The input of the layout generator is an optimized transistor netlist, which is
generated by the topology generator. The layout generator is responsible for
converting this optimized transistor netlist into a layout. The layout gener-
ator 15 not allowed to change anything in the optimized transistor netlist, in
order not to destroy (part of) the optimization. It generates the layout of the
metal layers, which together with the transistors of the sea-of-gates array,
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results in the layout of the optimized micro-cell. The layout generator is a
sea-of-gates architecture independent tool. It has to be able to deal with
different sea-of-gates environments. The layout generator has been
developed to deal with row-oriented CMOS arrays, with gate and/or oxide
isolation and with at least two interconnect layers. The output of the layout
generator consists of a description of the generated interconnect layers. This
description is used by the performance evaluator to determine the final
performance parameters.

3.4 Iteration

If the final performance parameters do not satisfy all constraints, then the
a new micro-cell compilation run will be carried out. This run tries to
optimize the micro-cell more, in comparison with the previously generated
micro-cell, in order to make it satisfy all constraints. Several iterations can
be carried out until the constraints have been satisfied or no further optimi-
zation can be achieved.

6. Results
The topology generator and the performance evaluator have been imple-

mented in a C-program. Since the implementation of the layout generator
is not finished yet, only results of the topology generator and the perfor-
mance evaluator will be presented. The micro-cell with the Boolean expres-
sion of equation 1, driven by an input ramp of 1.0 ns and loaded by a
capacitance of 500 fF, has been used as a test vehicle.

(a+b)c(d+e) (1)

Optimizations of different performance aspects have been performed
on this micro-cell, with a stop criterion of 5 %. All optimizations have been
carried out on all inputs for rising and falling transitions simultaneously.
Table 1 shows the worst-case performance parameters of the optimized

micro-cells.

Optimization |Delay [Ramp [Power [NM; [NM,, An:a_‘

inns {inns |inpJ [inV [inV [in p.2

Delay 2.85 | 7.88 | 469 [1.47 | 1.51 [ 1370

Ramp 492 [1.50 | 95.7 [1.17 |2.21 | 2690

Power 398 [10.7 [ 43.1 [1.17 [2.21 | 1040

Noise 2.85 | 8.44 [ 49.0 [1.78 11.70 | 1370

amp and area| 4.96 242 | 64.6 |1.17 12.21 | 1660

Table 1. The optimization results.

In this table NM; and NM,, denote the lower and upper noise margins.
The area is only an estimate, based on the total number of n- and p-transis-
tors used by the micro-cell topology. The first column shows the optimized
performance parameters. This table shows that a micro-cell can be optimiz-
ed for different performance parameters. Combinations of several perfor-
mance parameters are even possible. The achieved performance optimiza-
tion varies between 43 % (delay) and 86 % (output ramp). Better perfor-
mance optimization results can be expected for slower inputs and for larger
loads.

7. Conclusions

A performance-driven micro-cell compiler for CMOS sea-of-gates arrays
has been described. An introduction on the sea-of-gates environment of this
compiler has been given. The performance aspects of digital chips have
been discussed and translated into performance parameters at micro-cell
level. The structure of the micro-cell compiler has been given. A structure,
consisting of three blocks, is used for the micro-cell compiler. These blocks
are the topology generator, the performance evaluator and the layout
generator. The requirements of these blocks are described in more detail,
leading to a specification for each block. The topology generator and the
performance evaluator have been used to optimize different performance
aspects of a micro-cell. The optimization results show that a micro-cell can
be optimized for different performance parameters. Performance improve-
ments of 43 % to 86 % have been achieved in this test case. More
optimization experiments will be carried out in the future in order to
increase the efficiency of the optimization method. The layout generator
will be finished and will be used for more experiments.
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AN APPLICATION-SPECIFIC APPROACH TO MICROCONTROLLER DESIGN

Ir. Philip J.L. McGee
Sagantec Europe B.V.

Traditionally, microcontrollers have been created by taking existing microprocessor cores and bolting peripherals in a
rather non-optimal fashion around them, Lack of design flexibility in embedded controller applications has therefore often
resulted in silicon areas which are considerably larger than is strictly necessary. Working with a parameterized HDL
state-machine model, Sagantec created a UC template with a flexible rather than ’jigsaw’ layout approach. The
instructiondecoding logic can even be tailored to the needs of a specific application. The results have prompted several
major microcontroller vendors to go back to the drawing board . . .

Perhaps no single integrated circuit has had as much of an impact on the
electronics industry since the beginning of the 1970’s as the microprocessor
(1P). A versatile piece of circuitry capable of performing simple arithmetic
and logical functions at high speed, the [LP’s inherent programmability has
turned it into a useful workhorse which most electronic and software
engineers have worked with at some stage in their careers.

While we can all think of their obvious application at the heart of a
personal computer or workstation, WP’s in a slightly different guise show
up in a surprising array of products. When peripherals such as RAM, ROM,
counter/timers and I/O ports are put 'on chip’ with a [P core, the resultant
single-chip solution is called a microcontroller (ULC). These tum up in
everyday items such as washing machines, central-heating programmers
and automobile fuel-injection systems. Because several dozens of variants
are mass-produced by innumerable vendors, cost is kept low, and puC’s
therefore often represent the cheapest solution (for a given production
volume) to the problem of circuit integration. From very basic 4-bit devices
with an absolute minimum of peripherals to advanced 16 and 32-bit CISC
and RISC devices with large amounts of on-chip memory, there are topol-
ogies available to suit almost any application. So-called embedded control-
ler circuits supplement the basic pC with system ’glue’ logic, and these
variants show up in many low chip-count designs.

Because the WC concept has been with us for nearly two decades, one
could reasonably assume that microcontroller design by semiconductor
manufacturers has reached a high degree of maturity. Traditionally, how-
ever, LC’s have almost always taken a back seat to the associated pP
development from a chip-layout point of view — the pP is the real product
and the pC is a pleasant side-effect for generating extra device sales.
Microcontrollers are therefore often designed using a building-block ap-
proach akin to piecing together a jigsaw from a set of randomly-shaped
elements. Successfully fusing the core and the satellite peripherals into a
harmonious chip-layout can therefore be a daunting task. In the age of the
ASIC, microcontrollers themselves are not as "application-specific’ as they
could be. To understand this better, let’s take a deeper look at how a typical
WC is built.

As has already been explained, the starting point for a microcontroller
design is usually a microprocessor core to which any or all of the following
peripherals can be added:

« RAM (data memory)

« ROM (program memory)
« E(E)PROM

« PIO’s (parallel I/O ports)
« SIO’s (serial I/O ports)

« CTC's (counter/timers)

« UART's
« AD /DA converters
*« elc.

The core on its own is usually available as the basic microprocessor on a
different IC-die (this discussion will assume that the reader is familiar with
the basic elements of a \P, so no attention will be focused on the core-design
itself). The layout of the core is almost never modified for the uC derivatives
— because it has probably been painstakingly designed by hand to achieve
optimal area for large volume production quantities, it’s just too much
trouble to alter its layout for the puC topology. The non-memory peripherals
such as e.g. the CTC’s are usually also created in just one physical imple-
mentation form, acting as library elements which may appear in identical
guise in several different PC configurations. However, memory elements
such as RAM or ROM are often generated by custom compilers or module-
generators, so they represent one area where some layout flexibility may be
available. Let’s now take a look at the inherent irony in trying to build an
optimal chip from these inflexibly-shaped components.

Figure 1 depicts a slightly exaggerated view of what happens when
blocks with fixed aspect-ratio (the ratio of height to width) are placed
together in a global chip layout (the process of global module placement is
referred to as floorplanning). Note the "holes’ which typically result from

— =M

uP Core

CTC '
O—

Figure 1. Layout "holes’ (represented by the black areas) resulting from
inflexible block-shapes in traditional 0\C design.

RAM

UART
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the designer’s inability to pack the inflexible modules together optimally.
While some degree of freedom is available in making a choice regarding
basic block positioning, a problem is lurking in the background to further
cramp the designer’s style — the chip wiring has to be kept as short as
possible for high-speed operation. One can intuitively deduce that when the
basic layout-modules are unmodifiable, their connection pins will also have
fixed positions with respect to the topology of the module. Shifting blocks
which need to be interconnected away from each other will obviously
increase the length of the wiring, just as rotating modules to fill the available
gaps in the floorplan more optimally may also cause wiring problems. In
modern IC processes, intrinsic gate-delay has a lesser effect on performance
than wiring-delays, which slow down signals with fast rise-times and, when
substantial, also make correspondence between pre-layout and post-layout
timing characteristics difficull to predict and manage. So while a particular
floorplan may result in a smaller area because it leaves less holes in the
layout, it may often not be feasible from a performance point of view.
Incidentally, the extra wiring needed over longer distances can widen the
routing channels so that the area-reduction which might be achievable
through better placement is lost in the channels.

From this discussion, it should be obvious that utilisation of silicon
real-gstate is almost never optimal in traditional pC layouts. Another
silicon-wasting problem in many applications is that most microcontrollers
are only available with pre-defined peripheral combinations. Put simply, if
you need e.g. 3 PIO’s *n your particular design situation, you can choose
between a commercial device with either 2 or 4. Obviously you'll have to
opt for the (dearer) configuration with 4 PIO’s and leave 1 unused even
though it consumes silicon-area on the die. This may be fine for low
volumes, where a standard part still enjoys price advantages over a custom-
made derivative, but it is undesirable for most high-volume applications.
While some standard-part vendors allow you to build your own ASIC
microcontroller from a library of peripherals, two problems still remain —
(1) you'll probably not create as good a floorplan as the vendor with all his
accumulated expertise, and (ii) you’re still stuck with the full instruction-
decoding logic, whether or not this is desirable.

This second point may not seem an issue at first, until you realise that
most application programs stored in ROM never utilise more than about
40% of the available instruction set. What's the use in having e.g. a
60-instruction capability in the pP if the machine-code running on the
device will only exploit 25 of these instructions? For example, a particular
application may not require & multiply operation, or a programmer’s style
may dictate that he always performs his branches in the same way. Or maybe
he always subtracts A from B and jumps on negative rather than reversing
the operands and testing for a positive outcome. While this is of course of
no relevance 1o a microprocessor sitting in a personal computer, where full
instruction handling must be provided because disk is the main program-
storage medium, most pC's are implemented with program stored in ROM
or EPROM. One fundamental property of ROM is that its contents do not
change after they've been entered at device fabrication time. So if we were
to scan through the contents of the ROM in a specific application, we could
see the instructions which are used, deduce those which are therefore never
required, and decide upon what portions of the instruction-decoding logic
could theoretically be deleted. Sounds good, except when you remember
that the instruction-decoding logic resides within the puP core which the
vendor has so proudly hand-crafted and is therefore strictly a "hands off”
zone.

Now let’s take a look at a rather different approach to the problem of

FUNCTION
TRIGGER clock -> 1

STATE reset:

LOAD_BUS[0.3] =0 AFTER 1;
en_bus[0..4] = 0 AFTER 1:
CTRL_BUSJ[0..6] =0 AFTER 1:

GOTO S2P1;
STATE S2P1:
CASE INSTR[0..7] OF

"00"H :

BEGIN
LOAD_BUS[0.3] =0AFTER 1;
en_bus[0..4] = 0 AFTER 1;
CTRL_BUS[0..6] =0 AFTER 1;

END;

"01"H :

BEGIN
LOAD_BUS[0.3] =1AFTER 1;
en_bus[0..4] = 13 AFTER 1;
CTRL_BUS[0..6] =0 AFTER 1;

END;

"02"H :

BEGIN
LOAD BUS[0..3] =0AFTER 1;
en_bus[0..4) = 0 AFTER 1;
CTRL_BUS[0..6] =0 AFTER 1;

END;

"03"H :

BEGIN
LOAD_BUS[0..3] =0AFTER 1;
en_bus[0..4] = 0 AFTER 1;
CTRL_BUS[0..6] =33 AFTER 1;

END;

"FA"H :

BEGIN
LOAD_BUS[0..3] =0AFTER 1;
en_bus[0..4] = 0 AFTER 1;
CTRL_BUS[0..6] =9 AFTER 1;

END;

Figure 2: An example portion of the behavioural FSM source-code as
written in the SID HDL,

UC design, which solves most of the problems mentioned so far. Because a
microprocessor can easily be modelled as a finite state machine (FSM), it's
easy to represent its specification using FSM notation. Depending on the
particular opcode present in its instruction register, a LC synchronously and
sequentially steps through a pre-defined set of operations to fetch, transfer
and manipulate data. Its behaviour can therefore also be represented using
a complex collection of IF THEN ELSE or CASE OF constructs. A
combination of these two model forms can easily be expressed in a Hard-
ware Description Language (HDL) for automatic synthesis to a component
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Figure 3: ASA-generated layout of the template \WC with 'full’ instruction-
decoding capability, 256b RAM, 32b ROM and 4 x PIO.
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netlist. In theory at least, the painstaking manual effort normally spent on
choosing a good structural implementation and designing datapath layout
structures could be placed in the hands of a silicon compiler.

To test the quality of this approach, applications engineers at Sagantec
took the industry-standard 8-bit microcontroller as an example and wrote a
21,000-line HDL. description of its behaviour in the 5ID language. An
iterative sequence of simulation, logic-synthesis, re-simulation and layout
generation ensued, whereby the ASA Silicon Compiler was used as the
design tool. During the design phase (which took about three man-months
to complete) the emphasis was placed on the general applicability of the
approach. Although it was largely intended to model the particular uC in
question, special attention was paid to ease of modification of the resultant
SID file for any desired architecture. The result was a 'template’ SID-macro
which provides a starting point for a designer wishing to create any generic
microcontroller with ASA, and which directly lends itself for customising
the particular |)LC modelled in the template.

Figure 2 lists a small portion of the HDL source code used in this
template. To determine the number of states necessary for the FSM model,
it is only necessary to examine the number of clock-cycles needed for the
implementation of the most complex instruction. In this case, it was the
multiply instruction, which completed in 41 clock-cycles. The FSM there-
fore employs 41 states, each containing 256 case statements defining the
state-transitions and actions performed depending upon the particular in-
struction being executed. While the FSM is quite large, it should be obvious
that the code for one state can be easily copied with a text editor and
modified as necessary, so that the real typing work need only be done for
one mstruction and the rest can be done by manual editing, cut-and-paste,
and substitute actions.

The peripheral functions can also be modelled using HDL descriptions,
although not necessarily using the FSM approach. Also, because of the
mixed behavioural/structural level modelling possible in the SID language,
the designer can choose to leave all structural implementation up to the logic
synthesis tools, or he can *force’ a certain (datapath) structure for e.g. the
ALU or register-file to improve performance. Because the SID coding

makes generous use of global parameters, the exact configuration required
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Figure 4: ASA-generated layout of the template DC with “shrunk’ instruc-

tion-decoding capability optimised for a particular application ROM table.

need only be stated in a small ’include’ file and any desired topology is then
automatically generated by ASA. An example of this could look as follows:
RAM_size:= 256;

ROM_size:= 16284,

Number_of PI1O:=4;

Number_of S10:=0;

Number_of CTC:=(;

Number_of UART:= (0,

elc.

Figure 3 depicts the automatically-generated layout of a template-
derived pC configured with 256 bytes of RAM, 32 bytes of ROM, and 4
PIO’s using separate I/O pins for input and output. The result is shown here
ina 2j1 CMOS process, although the technology-independent nature of ASA
allows layouts to be generated in any desired technology. A very powerful
feature which was included in the template coding allows the user to select
(at compile time) whether or not to replace the uC’s existing microcoded
multiply instruction with a dedicated hardware multiplier. For this purpose,
the parameters

Multiply_Microcode:= TRUE;
Multiply_ ARMUL:= FALSE;

are exchanged, and ASA will include a hardware array-multiplier in the
layout and ensure that the normal multiply instruction uses it. Depending
on how often the MUL instruction appears in the ROM table, this may be
an interesting proposition, as MUL is slow in microcode (taking in the
example jLC 41 clock cycles) whereas the ARMUL produces a result in just
one clock cycle. Software running on such a modified pC would obviously
have to take into account that the MUL instruction had become considerably
faster, as we are now deviating from compatibility with the ’standard’ pC.
Whereas this might be a problem for existing software intended to run on
the pC, new software could be written to take it into account. If the
chip-designer wanted to design an external program-memory LC (no ROM)
featuring backwards-compatibility with the existing microcoded MUL
instruction in addition to the run-time option of switching in the ARMUL
when desired, an unused bit in one of the status-registers could be used to
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perform the selection. If the default value of the bit selects the microcode,
then existing software would run on the pC without modification. New
software wishing to use the ARMUL option could first write the correct
bit-value to the register before any MUL instructions were used.

Another interesting possibility provided in the Sagantec template is the
provision for stripping of the instruction-decoding logic to meet the require-
ments of a particular ROM table. To this end, the template contains a set of
global Boolean parameters which are used in an IF THEN ELSE con-
struction at compile-time to influence the generation or non-generation of
certain structural systems in the netlist. The approach should now look
somewhat familiar:

Opcode_00:= FALSE,;
Opcode_01:= TRUE;
Opcode_02:= TRUE;
Opcode_03:= FALSE,
Opcode_04:= TRUE,;
Opcode_C3:= FALSE;

Opcode_FF:= TRUE,

In the template, the ROM contents are also specified in the SID
language, being passed as parameters in the call to the generic ROM
generator. A simple external Pascal program reading the SID file containing
the ROM contents-specification is all that’s needed to scan for used and
unused instructions before compilation. It is child’s play to then have such
a program edit the SID file and set the Boolean parameters automatically.
When we then compile the overall template file-set, we have a custom pC
which is exactly what is needed to run the application-program — no more,

and no less.
It is also interesting to note that the stripping and exact configuration
are performed at the point where a mask-ROM table is available. This means

that the machine-language development for the application program is

B

finished and verified. Only when the software is completed do we initiate
an instruction-scan and determine the stripping we can apply, so that full
compatibility is guaranteed with existing debug and emulation equipment.

The template’s global-parameter mechanism was also put to good use
by Sagantec’s engineers during the simulation of the SID code. By setting
only one parameter at a time to TRUE and running logic synthesis, only a
small amount of instruction-decoding logic for implementing a single
instruction was generated. Such a small circuit requires considerably less
simulation-time, and by stepping through all opcodes in this manner, an
instruction-by-instruction test of the correctness of the SID template was
possible, saving CPU-days worth of simulation and timing analysis, Natu-
rally, when the individual checks had all been performed, an ’all parameters
true’ simulation was used to test the overall correctness.

5o far, we've seen how the behavioral-model + parameter approach can
allow the designer to tailor the microcontroller simply and effectively to
suit his exact needs. To be really effective in reducing silicon real-estate,
however, a means is also required which will allow flexible layout genera-
tion. If we refer to the layout in figure 3, we can see that the type of
floorplan-holes depicted in figure 1 do not occur here. Now look at figure
4, which is an automatically-generated layout for exactly the same basic pC
configuration, with the one basic difference that the instruction-set has been
stripped to suit the minimum requirements of the application in ROM. The
area reduction is certainly quite significant. Figure 5 depicts a floorplan
comparison explaining which modules are which and also aiding compari-
son between the two layouts. The most obvious difference is that the module
labelled "instruction-decoding logic' has shrunk, which we would expect
intuitively. But notice that there are still no gaping holes in figure 4's layout,
even though the "jigsaw’ has changed. ASA's automatic global floorplanner
ensures that e.g. the RAM shifts to the left and the ROM moves to the bottom
right, so we get a tighter fit. That would not have been too much trouble to
implement by hand, but note also that e.g. the ALU portion (bottom left in
full’ uC) has a different aspect-ratio in the 'stripped’ WC (where it is
incidentally located bottom right). This flexible aspect-ratio capability,
provided here automatically by ASA’s layout toolset, represents perhaps the
greatest advantage over the hand-crafting approach. It works as follows.
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ASA’s so-called estimate-and-generate feature derives an area estima-
tion for each layout slice based on the mumber of transistors in the module
and the known typical layout-density (FETS/mm2) achieved in the target
process. When a good estimation of the area required by the individual
modules is available, the global floorplanner tool can calculate an optimum
aspect-ratio and relative placement for each module to pack the entire layout
together as tightly as possible. Accurate estimates of routing density con-
tribute to high-quality results. ASA’s standardcell generator is then called
upon to generate blocks with the correct number of rows and channels to
fill these pre-allocated spaces. This can be seen in action by comparing the
ALU standardcell in figures 3 and 4 — in figure 3 the ALU contains 6
standardcell rows, whereas in figure 4 it contains 5 longer rows, resulting
in a different aspect-ratio because both the height and width change. In fact,
if we look at the floorplanning differences between the two examples, we
could easily think we are looking at two different chips which each contain
some RAM and ROM rather than variations of the same pC.

Not only the shape of the module changes — the content does aswell.
The composition of the rows is completely different in both examples,
although the resolution of these particular layout plots doesn’t show that
clearly. The so-called preferred-pin-position feature of ASA’s layout tools
ensures that primitives are located at strategic points within the rows of each
standardcell block such that the nets connecting to adjacent blocks are as
short (and straight) as possible. If, for example, we wanted to manually
influence the floorplanning by rotating the ALU block through 907, the
block would be completely re-generated with a different internal structure
so that the connections still mapped well to adjacent blocks. This feature is
another reason why the floorplanning can be made so flexible with such
little effort, and because the nets are automatically kept short, performance
problems do not occur.

A final feature in ASA worth noting in connection with the template
design is the buffer clock command. It automatically calculates the clock-
loading presented by each circuit module, and places distributed buffer cells

throughout the rows of each block to keep clock-skew within pre-defined
limits. This works much better than a single large buffer at the clock pad,
and because it is totally automatic the designer never has to worry about the
timing consequences of tailoring the pLC to suit his needs.

A traditionally-schooled microcontroller designer reading this article
may be rather shocked that this design approach seems to deviate so
radically from established methodologies. Most UC design is almost en-
tirely structural, with little use being made of logic synthesis. Also, stand-
ardcells are almost never used in uC design, so this type of layout approach
might also seem out of place. Here, however, we've seen how flexibility in
the layout approach, together with the possibility to tailor the peripherals
and instruction-set to the exact needs of a particular application, can result
in smaller silicon than rigid handcrafted designs. And because of some of
the clever features in the layout tools used here, performance is generally
more than adequate. Remember, when it comes to performance, good
enough is good enough - there is no point in having a WC capable of clocking
at 40MHz if the specification of the application program that’s going to run
on it says that 122MHz is enough. Of course it is true to say that handcrafted
blocks specifically designed for a particular configuration would provide
even better area results and performance than achieved here, but the effort
involved in achieving it would not be justifiable. The traditional approach
builds an optimal core WP and reasonable pC derivatives for general
purposes. It cannot, however, compete with the speed and flexibility of the
silicon-compiler approach for specific applications. It is perhaps worth
noting that about 3-days of CPU time on a mid-sized UNIX workstation is
sufficient to produce any desired configuration from the template described
here.

While it may take some time for this new methodology to gain wide-
spread acceptance in the design community, at least some of the larger pC
vendors have reacted favourably to it. Given the right exposure, this
acceptance may even promote more general application of these chip-
design techniques outside the realm of microcontroller design.

Voordracht gehouden tijdens de 394¢ werkvergadering,
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ASIC Linearizes Analog Sensor Signals

Ir. H. Vrielink
Director of Circuit Design
Sierra Semi-conductors B.V.
's-Hertogenbosch

The precise racasurement of temperatures with minimal gutlay in compo-
nents was the goal for the Dutch Company Tonja Sensor Technology.

The measurement of temperatures to an accuracy of 1/10°C in the range
-200°C to +1300°C and above is, as a consequence of the nonlinear behavior
of the thermocouple used, often associated with considerable problems and
generally requires a high outlay in components. Help is now at hand with
an ASIC developed jointly, the integrated microcontroller of which linear-
izes the voltage signals generated by the temperature sensors and enables
precise measurements at a fraction of the cost of conventional methods.

Portable measuring devices, consisting of about 120 components and
six potentiometers, which display temperatures to an accuracy of + 0.5 %
and which have a single sensor connection, have already been available
from many specialists in electronic thermometers and fully customized
measurement solutions, for a number of years. Increasing competitive
pressure from Japan, coupled with user requirements for increased mea-
surement accuracy, have prompted the customer’s development group to
consider making a new type of measuring device.

The primary concem was a reduction in the number of components
required in the construction of the device and hence a drastic reduction in

the assembly costs (target: 40%). In addition, the new generation of devices
was to be equipped with two input channels.

Universal ASIC Solution

The key to the solution was an analog/digital ASIC (Fig. 1), produced by
Sierra Semiconductor using 2 pm CMOS technology (Double Poly, Double
Metal) and which, with the exception of the A/D and D/A converter,
represents a standard cell design. In principle, the ASIC permits the con-
struction of a complete multimeter.

The design of the ASIC was developed by Sierra Semiconductor under
the supervision of the user who had not previously produced an ASIC but
who was, however, very competent in the area of temperature measurement.
Expressed simply, the semiconductor manufacturer told the user the con-
straints on the functions possible with CMOS technology. This formed the
basis of a specification to the chip manufacturer permitting design of the
ASIC in such a way as to make the future software compensation possible.
In other words, an ideal combination for the production of a user-specific

circuit,

TONJA , @ VLSI device for the Linearisation of Different kinds of

Analog Sensor signals.

BUZZER

CIRCUIT

Romless
Interface

G -y

Input Switch

ADC

15/16 bit

COP8Z0

4 KByte ROM
128 Byte RAM

10 conv./s , 14 bit accuracy , 2 mA power consumption.
Figure 1: Block diagram of the ASIC constructed by Tonja Sensor Technology and Sierra Semiconductor and designated "Tonja". The objective of the CMOS

component is to linearize differing sensor signals and hence enable the construction of temperature measuring devices.
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A maximum of five different thermocouples (types K, J, and T), having
an allowable accuracy of £ 0.02°C, can be connected across an integrated
5:1 multiplexer.

The PGA (Programmable Gain Amplifier) is designed as a so called
instrumentation amplifier with an input capacitance of typically 1pF. The
programmability is achieved by means of a switchable resistor network. All
necessary amplification factors in the range 20 to 80 x to be set using
software.

The heart of the ASIC is a serial 8 bit microprocessor (COP880) with 4
kbyte ROM and 128 byte RAM which linearizes the temperature signals of
the K, J, and T thermocouples and ensures that the chip operates with a
conditioning error of less than +0.05°C. The theoretical linearization tables
for all thermocouples are stored in the on-chip ROM.

The resolution of the integrated A/D converter (Dual Slope Procedure)
in the ASIC is to 16 bits, its linearity to 15 bits (dependent on the external
RC specification). The internal D/A converter functions with a linearity of
15 bits. Both the ADC and the DAC were developed specifically for the
customer and are now included in the Sierra Semiconductor standard cell
library.

Also integrated in the ASIC is a so-called "buzzer", which emits an
appropriate signal if certain temperature values are exceeded or not achiev-
ed; a relay can also be tripped. The set points can be stored in an optional
external EEPROM. Various items of data related to the sensors can be stored
in the EEPROM (option).

In addition, there is a current source on the chip with 4 outputs,
switchable by software and also an LCD driver for 45 segments.

The construction of a complete measuring device with which two
temperature values can be read and their difference calculated automatically
now only requires 20 components (excluding the battery). The LCD, the
1024 bit EEPROM (format 64 x 16), the crystal and RC circuit for the A/D
converter are counted as external components.

Avoliage reference is not integrated on the ASIC. A 5 V supply IC (costs
approx. 1 US $) is fully adequate as a reference. Due to its relatively low
current consumption (2 mA typical), the ASIC is suited for connection to a
4 mA industrial bus.

An advantage of this ASIC system is that it does not have to be adjusted
by the user and is self-regulating, independently of the connected thermo-
couple. This feature was achievable by the COP880 microcontroller having
access to all relevant on-chip components. E.g. the A/D and D/A converters
specified for 12 bit absolute accuracy in the temperature range —40 to
+180°C do in fact achieve an overall precision of 14 bits which can be
attributed to the on chip microprocessor control.

e ——r ——

Digital Thermometer

Range —200°C up to 1,372°C or
selectable —328°F up to 2,502°F.
Dual probe input.

Thermocouple 'K’

Maximum error £0.5°C +1 digit
(£0.9°F 1 digit) of the reading.
Selectable reading resolution

0.1 or 1 degree.

Hold function freezes the actual
reading.

Hold max./Hold min. updates the
measured maximum of minimum '
temperature on the display.
Differential measurement T1-T2 or
single channel measurement T1

or [2.

Display backlight.

Programmable high alarm with
display indication and audio
buzzer signal.

The buzzer generates a series of
beeps for approximately 10
seconds to alert you.

The display indication remains as
long as the temperature exceeds
the setpoint.

Figure 2: Heart of the temperature measuring devices is a customized

integrated circuit, which reduces the overhead of components to a minimum.
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