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ABSTRACT A
‘ \\\ - ‘ ' .

. . . .. '. \\ - » ) .
There'is an increasing demand for speed in La:rge-Sca.Ie-
- \
Integrated d1g1ta1 data processing systems to meet the, reqmrei‘nents

- of real-tlme .processors, high throughout computers and wzdeband _

v

gdthal channels. This high- speed requ1rement can be met by properly
matchmg system and 10;1’?: de51gns to ‘the technology used for hardware o
realization. - This thesxs .demonstrates that this match is possible by,
adoptmg a rnodu].ar approa.ch in circuit, logioand system design. A

" new circuit structure is developed based on current-mode operatmn of a

bipolar transistors. ﬂ_eﬁmcttﬁ}?eahzes several 1evels of logic in

a single circuit and specia.l logic’ design technique‘-'s are given. A single '
structire can realize a storage element vn.th less power dlSSlpatlon and

silicon area than conventzonal ECL cxrcmts. : Measur\ements 1nd1cate Q l
a8

' - significant 1mprovement in. ef.fectwe power -delay products over existing

logic farmhes and 500 MHz operatmn of a master- slave D Ztype f11p-ﬂop

has" been obtained wzth a power dis s1pat1on of only. 16 mW
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A MODULAR DESIGN APPROACH TO
LARGE SCALE INTEGRATLON OF HIGH SPEED DIGIT.A.L SYSTEMS:‘

The: speed of pr cessmg d1g1ta1 m.formatxon in c‘omp.tter systems
not only affects the per ormance of a system but also the cost of _
computa.tmn. In real titne applications, where the t1me taken for pro-

'cessi-ng a g‘iven armount pf mforma.tr.on should be m1n1m1zed hlgh speed

. processmg is essent1a1. Also, in d1g1ta1 commumca. ion systems where

the cost per channel is ‘mportant h1gh speed processmg allows the
numbert of channels 'served bg a s1ng1e pmece of hardwa.re to be mcreased

and this results in lower cost. For wxc?e ba.nd-wmdth channels, the da.ta.

-

‘rate is such that high- speed proces’smg is necessa.ry

e ‘
Th1s hxgh speed requxrement can be met using . mtegrated
technology. Recent deve opments m\technology offer the poss1b111ty

. of econormca.l reahza.t:.on, e1ther in b1pola.r or MOS. MOS 1ntegrated

-

technology is subd1v1ded into single channel (P or N channel) and 'i\

-complementary-MOS (CMOS). MOS devices can: - be opera.ted either,;in\ a

., static or dyna.mxc ‘mode- and can be processed usmg -silicon- ga.te, metal-

v . g&e or a.dvanced dlelectrxcally isolated MOS processes. Although MOS

devices have the potential of opera,tmg at hxgh-speed their speed of
Operatmn_is‘stxll techn_ology limited. Alternatively, convent1onal diffused
’bipola.r_technoiogy offers devices vyhrch can opera.te W’lth subnanosecond
deIays. A reeentlgr ;'le{reloped dielectrically isolated. bipolar process,
.Isoplanner II 1] , reduces the power d1ss1pa.t10n of the C1rcu1t elements

and the silicon area ta.ken by them.

It has been demonstrated [2 3] that the use of Large—Scale-
' Integra.tmn (LSI) results in a reductmn of cost and an increase in
reliability over Small- Sca.le Integratwn (SSI) systems. However, the
currently available ’mgh speed logic families (Tran sistor-Transistor-.

'Logxc (TTL), Schottky -Transistor- 'I‘ransrstor Loglc (S’F’TL), Emitter-

7
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Coupled Log1c (ECL) ) a.re not smtable for LSI because of t‘nerr h;.gh

power d1551pa..t10n and large s111conw11e ma.x1murn IR
functxona.l comple:nty a,ch1eved is in the Mediuni-Scale - Integratlon {MSI)

range and is usually equwa.lent to 100 or fewer’ gates?er éhxp

N ’I'h:s thesxs explores the poss1b111ty of the Large-Scale Infegratxon
of h1gh speed digital logic systems. A. criterion which is conmdered
:.rnporta.nt for LSI reahzatmn is rnodula.nty i. e. the use of one or a few
" types of bu11d1.ng blocks in'a system 'I‘he modular realization “of logic
- functions ‘has.been studied and researchers in the field have reported :

-~ many 1nte§estmg results W1th two main a/.ppmaches namely umversa.l
logic-and cellulax log;c. Hc'v"wever these" studies were not related,;o
the limitations and requxreménts of LSI technol»og{,( and in some cases

‘ Mo

modula.nty was ach1eved at the ex-ﬁense of. complewc 1ntercomxectlon
pa.tterns or great 5111con area. 'I‘hls would result in e\:penswe des1gns
which may be’ 1mpract1ca1. Alternatwely, ‘a'modular approach is reqmred
which meets the limitations a.nd the reqinrements of LSI tech mlogy and
offers ha.rdware realization with subna.nosecond delays. - Such an approach

should be used w1th a system orgamzatm.n su1ta.b1e for h1gh sPeed pro-

- cessing, e.g. parallel, p:.pehne, and 1og1c-1n-memory.

Flg 1. 1 shows the. mterface relattonsh1p between technology,
circuit, logic design and computer architecture. It also shows how this
research work is related to the sta.te--of-the-art.‘ it is possible to obtain
an optimum desigh only if all aspects of design are studied. . 1:1 the course
of th1s research work the fabrxcatu.on'technology chosen was conventional |
diffused b1pola.r technology. The c:rcu:.t 0pera.t1on of the basic structure
was chosen to be current-mode operation. This resulted in a developmen{
of a Mu1t1-Em1tter Two-Level logic (METLL) structure by the author.

&~
The structure was charactenzed integrated and compared with other -

'~
=

‘families of logic. Then logxc design techmques were developed to use the:

- structure effectively a.nd econornically. Finally, its use in the realizatiorn

A
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of a high- processmg rate orgamzatmn, namely log1c—1n-memory (LIM)

,arrays was" demonstrated

. - . ey

.

Th1s thes1s cons1sts of 7 chapters. bhapter 2 cdntaims "a brief

survey of some approaches for hxgh -speed computer or, mz\t\xo' hese
are parallel, p1pe11ne and logic-in- memory In this cha ' v;\ indicate B
the relattonshxp between LSI and computer sysf : organization andy ~

% . -
conclude that hardware mal%on of a_digital machine greatlykaffecteis

systcm arch1tecture.

| Chapter 3 g:;-n‘axns a detailed review of two modular logic design e
‘approaches umversal and cellular. The modu.lanty of the approaches is
demonstrated and e\camples of bu11d1ng blocks used are given. The 72
purpose of th1s chapter is to indicate the shortcormngs of these approaches
regarding practv.cal@I/reahzatlon. It ¢oncludes that a more pract:.cal '
approach to modularitycould lead to an optlmurn overall design. This' . N

approach is referred to a5 'functwn realization'. M

i}

Chapter 4 contams a model forﬁogxc systems and a discussion
Aof h5h sp;:ed czrcuxt conS1derat1ons. also conta.ms the develop{rénent .
of a new cu'cmt structure, referred. to a METLL. The. development
of the structure was orlglna.ted a.t the University of Otta.wa by Professor
‘P. M. Thompson and the author and was first reported in October 1971 [4] .
' The mtegrated form was reahzed at Hewlett-Pa.cha.rd Company, Palo
A.l'to, Cahforma by Skokan and Shinn [6_] Part of the material - of tHis

chapter has been published E?-M] .

Chapter 5 contains logm des1g'§techn1ques which are used in "~ -

’ reahzatmg logic functions. These tec:.hmques were developed from the '

general techniques of Curtis {2] by the author. Examples are given to
demonstrate their usefulness. The example of the full-adder was sug“gested
by a member of the dxgltal circuit research group at the- Umvers1ty of Otta.wa

Mr. P, Okuhch , . : ) . :

Ay
Y]
]
T



- In cﬁapter~6,- some a.dva.ntages of Log1c—m Merrory (LIM) arrays -
are 1nd1q.ated. The a.pphcatlon of ME'ILL structures in LIM" arrays
-is presented and‘/1t is 1arge1y the a.uthor s ong nal work[lﬂ]
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CHAPTER 2

COMPUTER ARCHITECTURE
TOR HIGH—SPEED PROCLSSING
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S COMPUTER ARCHITECTURE * . . . .= - o =
FQR HIGH~SPEED PROCESSING

3

In ca‘mpuﬁers, the specd of processmg mformatlon is a

iunctlon of both the system orga.mza.tmn and the ha.rdware

realization [1] Thc system orgamzanon can increase the speed

cffcctwcly by adoptmg one, or a. combination of ‘three main |

approaches.

. o . S -
(1) 'The First approach is to subdlvz.de the data to be pro=~
CQSSEd among - many identically constructed subsystems. .- _
This is commonly referred to' as parallelism [2 ~-1C| _ _Q!!
(2) Lhe second lS to overlan the operations OF - -the dlfferent )
parts of the s"stem, and is commonly ‘called pipelining
[5 121 |
(3) The thlrd approach is to handle blocks of information in °
similar cells whlch can perform both logic and memory

»functlons, and thls lS commonly called loglc 1n-memory

.
13-18]. o LT P
In this clapteg:a_brief survey of the *above three. o
approaches is presented to demomstrate the relationship

between LSI and computer organizations for high-speed process-
: .\.ing - . .
’ - . ’ . . . " i ' o

2.1 THE PARALLEL ORGANIZATION

Figure 2.1 shows a block dlag%am of ﬁrstand

second generation computers [lj. The memory is central and it

o
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-matuon to output dev1ces. The contrql subsystem obtaf

ns the
program from memory and a381gns tasks, one —=t"ga’ the,.to the -

\
recelve% 1nformat10n from 1nput dev1ces and furnlshes 1nfor- e

other subsystems. The Drocessor receives data from the memory

‘under the dlrectlon of the g,ntral subsystem and. it returns'
procesded data to the memory Flgure 2.2 shows a block ,
dlagram of ﬁﬁlrd generatlon computer.. The’ maln dlfference
lS that the“dewlces, whether lQDut or output do not. report
'dlrectly to the memory. but are reached thrOugh a channel
controller. . ' :

~

'”V”  For the executlon of a oartlcular lnstructlon, the
;ollowxng sequence of operatlons is undértaken'
- (1) ‘The control requests and fetches from the memorv the

next 1nstructlon £o be executed. YL E

r..;:‘

(2} The contrdl decodes the 1nstruct10n and elfﬁb_

(a) An operand is fetched from the memory, stored in
a reglster of the processor and control is glven
o the latter in order\to perform an ooeration' or
< (R) ‘*An operand is stored, from-a registér of the
'gﬁf processor, in the memory; or ,
(ci, A request LS made to, the 1nout to accept a word
IR rfrom the ept51de world or
(d)m A request lstmade to the ou%put to transmlt a word

to the outvlde world.

a‘ ' . V S

»

in Darallel by sxmllar&unlts. Since the control unit may be

Some oraall of the above ooeratlons can be performed

soohrstlcated and exoen51ve, a con51derable amount of money is

saved by hav1ng only a single control un;ttln charge of W
{Fdentlcal DPOCESSlng unlts. '?1gure 2. 3 shows the Darallel

processor- secuence ‘of act1v1t1es in W procéssing elements. TS

is the time taken for a spscifzc computation step to be-

-
-

» -
LR S P
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'oerformed " N oomputatlon steps are sul able for Darallel
compueatlon and fqrm_a Darallel stage if: : Coe .
(T) No step dependz\abon the result ¢f any other in the suage.
(2" All steps require the same opeaaglon to beqoerformedf:

() The onerands are properl y dlstr‘bhtcd anong the arloh-

»

meelc unit m.morles. S f
For

a*seage ‘of N steps the time reoulred for execution by a
parallel machlne is o

L s femey
_ A
- where E } indicates the integer part of.

A tynlcal example of a Darallel System 1s the ILLIAC IV whlchhas
been developed by thé University® of Illinois and Burroughs Corps . z/-
Figure 2. U shows the general . arrangement of the systemn whlcn
is organized umfour subarravs ¢ach containing 64. proce551ng .
eelemen ts (PZ) under the direct control of a subarraygoontrol -+

-s

unit. Data is- transferred between the memory units of the "

processing elements of the subarrays and a large scale disk
file buf fer memory viaa highly parallé:r lnpuL/outDut buss’
:Such 1nou‘t/output uransfers arg controlled by an’ exte“nal
rene’/l purpose computer which also supervises the ILLIAC Iv
_gram rUnSs.. ;he general purpose computer iZ/Erovnded w1th'- R

11 lted set of connectlons to the ubarray ccht¥pl units-for ‘ |
this purDose. Each PE is provided with three Bl— blt arith- ' BRI
metlo reglsters and hlgh speed adders for full S&4- blt opera— ’
tlon. . TFb processor is also provided with 2K 64 blt words

of memory.

The batch processing of LSI makes Darallel computers
onomlcally avtractive FlJ 5 sSI memory prices are annroachlrg
the D“lce per bit of mEgnetic memorles and the .cost/bit incr ases-

-

almost 11ncarly from a small memory to 2 large memory. This means

that a small memory for each PE.is economically feasible.



' Moweover the reduced physwcal 31ze and the hlgher Dacklng

density ofrered by bSI technology has ellmlnated many practical

'.Droblems assoc;ated with the lmplementatlon of parallel

" machines. ngher rellablllty of LSL comoonents also reflects

*

itself on the total cost of ¢the parallel machlne[ MJ

-~
¥

2.2 THE PIPELINE ORGANTZATION

The Dloellne organlzatﬁon, shown schematically in

‘Fig. 2. 5,.ga1ns its speed advantage’ by starting +the retrieval

of a second set of operands, each ocated kn memory. adjacent
to the first, beforeé the first resq#

has been retunned Lo.the'

' menony The arlthmetlc unlt is aﬁox\bullt as a pipeline. It

can receive and start worklng on a agcond set of ooerands

n..

betone tlnishlng the calculatlon for@efie first set. To com—

plete the memory- to-memory DlDEllng;_the arithmetic unlt must - - Qa

~deliver the_results back into meméry at the same rate that

it.receiues new pairs of operands from the megory.. , p!
* TN . ‘ . -

Flgure 2.6, shows tne sequence of activities forjsa-
Dloellne Drocessor where t is ‘the cycle time and TPL is the
time reou%;ed for a complete operation. The tlne “eOnlred

for the ploe71ne comouter to execute a stage/of/N steDs lS

1\§ . typp G TPL +T (N 1) e . 5 ©

‘Generally, N computlng steDs are sultable for ploellne compu- -

tation and form 2 Dlnellne stage if ‘

(1) No step depends upon the result of any othen in the stage.

{2) All steps-require the same operation /to be performed.. k\

(3) The members of each operand strlng are packed in sudgeac
 sive memory locations. '

A tynlcal éhamole of a Dlpellne computer is the STAR

which is unden develooment at the Control Data Corp. The

.

——

.
1

i
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hardware of this machine is realized ‘using LSI technology

. One main reason for this is the economlc reallzatlon offered
" by LSI. . Moreover, ‘the hardwere reculred "to make the arith-
metlc and memory unlts work .as a ploellne is generally expen-
SIJ;: so that if the Dloellne processor is to be economical,

the pipe-must be keDt full a substantial part of the lee.

'Hls requmres a hlgh speed memory w1th hlgh speed output rate,'

WPlCh 1s agaln offered by LSI.

2.3 THE‘LOGIC~IN—MEMORY ORGANIZATION

2

A logic-in-memory computer is organized around a
. logic-enhanced high-speed "cache" memory array. Used as a
\“_/ - . N

cdche, a logic-in-memory array.performs as & high-speed buffer

betwéen a convenulonal CPU and'a conventional mEemoxry . The -

— Bty

fe + on the comouter system of tne cache and its- contro¢

mcchamsm is to increase the speed of processing information by

reducing the retrieval time.

.soced memory function of a comouter was made possible by Lhe
advenccs of LSI. In LSI- technology, the cost of a oackage is
on1v partly 1nrluenced by the number-of gates or the number

Thls aooroach Oa lntegratlng *he loglc and the high-

of devices per package. "As a result a module-of high complex-

ity is desirable to be chosen as modular building block. . The

computer memory is 1nnerently modular by hature and if control

1oglc is‘included, the result\ls a loglc 1n—memory cell whlch
is suitable for LSI. These cel“s are organlzed in regular
errays (LIM arrays) to Derformf)he basic functions in a com-
guter system ‘e.g. transfer and sorting. In chapter 6, the
‘érganization of‘{hese arrays 1s explained further and their
reéliiation,uSing advanced high-speed LSI, is presented. '

-

: - . ST R
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- One, or a combmnatlon, of the above organizations

can be lmnlemented in a computer system to increase the speed
of E”OCESSlngﬁdata and hence the throughput.

The reallzatlon

of such a system using LST ¢an orfer a hardware operatlng at

subnanosecond delays as will be.shown in *he ;ollowzng‘chaptérs.

[ . A
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MODULAR LOGIC DESIGN
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~MODULAR LOGIC DESIGN

. 0
In the- reallzatlon of dlgltal systems u51ng LSI

the ¢ollow1ng phases of the de51gn ¢an be 1dentlfled [1-4]:

1 -'Sysfem Study
The system is defined

nd partitiohed into subsystems. -
Tlmlng and interface rel tlons among parts of the system
are snecmfled _ - . o

- 2 - Technoldgy Study & - | : L
A Large-Scale~ Integratlon technology is chosen for the . system .
realization, e. g leolar, dynamlc N~ channelaMOS Complementawy-
MOS or static P—channel-MOS

3 - Subsystem Par*ltlonlng

Each. subsystem is parnhoned 1nto functlonal blocks, where

each block is reallzable on a smngle LST chlp Such partition

is a functlon of desxgn factors-including size of chips, power
d1531oatlon per Cth and the total number of ch*os.

y - Loglc Design -

'*ach functlonal block (chip) is tﬁanslated lnto loglcal blocks_
“e. g. logic gates, flip-flops,. _counters, decoders, ete. In
this phase, a logic SLmulator is. usually used to verify the

des:.gn with-respect to race condxtwns, total delays and correct
oneratlon. '

S.- Circuit Design

A circuit design for,each chip is done using the basic elements
for the LSI technology'chosen;-e.g. in bipolar LSI technology
fhe'mosf commonly used elements aré,théwnpn transistor and the
diffused resistor. A computer.aided circuit analysis program
may be used to analyze the cifcuité. It ié#@ossible to reduce
the design effort if a singlé circuit structure is used to

- realize logicallblocks on all the chips.

e

P2
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'é‘- Layout and Digitization ' . TR Wi vse
A layo&t of the chlp is made for each mask levcl and the fﬁ%'~

dif fe“ewt dlmenslons aré‘ ed into a computer- -controlled
mask cuttlng machine for cuttlng the. mask. Here & great. :
use 45 made of the similarity between the dlfferent parts
of the Chlp For example, step,. repeat flip, rotate ;
;etatements are frequently used 1n the computer progaam to
lay out samllar sections of the ¢hip.

7 - Photoreduotlon

For each mask ayel, a ohotograbhlc plate is made LO be
used in.the progcessing of ‘a.wafer which contains some
numbew of chips. A siab-and -repeat camera is used to

- reoroduce a number of CODleS of the same Cth on a single

plate.
g - Proce551ng

Usang the photographlc plates, the wafer 1s Drocessed

acoordlng to the technology used.
"-‘\ -

S - Testing and\Packaglng

In this final phase, testing tﬁe,indtvidualdchips before_and

" after packaging is done. Here also similarities between
different chips simplifies the procesé oI generating test
sequences_aﬁd detecting-faulty functions. v

Thfocghout these design phases, modularity'o? the
dﬁaignli e. using smmllar modules to build different blocks,
greatly reduces the total des;gn effort and hefice the total
cost[ u].‘.' _ T . —_

Because of this modularity reguirement, a great deal
of research has been done in modular apoﬂoaches for LSI logic
design. There have been two main approaches
{1) The universal logic module agproach 5, 6,'7],’andxa
(2) The cellular getwobk apppoaoh'[s, g’-lol-l

™
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In the universal logic. module aporoach the problem’

is to elnd an n-variable universal module which can realize
all functlons of m variables’ (m<.n) In will be shown that
,,as-ﬂ 1noreases, the éomplexlty of the module incréases

’orastlcally and it becomes uneconomical o realize functions®
of M vawlables (Méin) . For. celluTar né%works the problem 1s
different. The bum’dlng block is usually specified and- for

T.a specific cost function the 1nterconneotlon pattern is to be

detewmlned and, in most cases, it 15 not simple [10}

The above approaches are not based entirely on'
'meetlng the LSI technology requirements and limitations. fFor
example, the power dlSSlDatlon and the silicon area for a
glven legic function should be con51dered 1n de51gn1ng ‘such
~modules. In section 3.3 of this chapter we shall lntroduce
-such an approach, where a'“nearly optimum” module 1s de51gned
to meet ASI High- speed syste&ureoulrements

~ - N -
) . . . N A
In section 3.1 and 3.2 we review the universal

logic module and cellular Structure approaches indicating
the fea51blllty of 1"eallz:.ng each block u51ng today's LSI
‘Lechnology.

’ N

3.1 UNIVERSAL LOGIC MODULES

3.1 Definitions

——

——— 3 B
I

@efinition'l
<

A logic.funqtion ULz, » Z2 s e Z ) is unlversal\

in n variablgﬁ-xl,, Xg 5 eee X if reolacement of each Z

by some member of a set S {set of source varlables) produceS'
3] (Zl ,.22 s ses Zm) = f'(xl s e 3n1,

for every. function f (xi > «e- x ) , n2 1.
‘- - ]

y
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For example,Afhe fuﬁétion
.U_(zl.’ Gy » =+0 Zg) =

- oy n .
218 * BpEay |

is universal in. 2 variébles_sinée it caﬁgrealize all fﬁnctioﬁs
of 2 Qg;iables ] -

- . M ’

Definition 2

L}

'k - -
v . A universal logic module (ULM) is a network which
" realizes a universal logic function (ULF).

iy ‘ T

- -For the above exémple, fig.~3r1 shows an’ ULM

realization using AND/OR gates.

P e
» b 1\
%a

Fig. 3.1 UEM for U = 2. .2, +-Z. 2

Definition 3

-
e,

g One criterion for ¢omparing different ULF's is the

. number m of its input variables. We introduce here a figure
A LE m-n
the extra inputs required to realize all functions of n vari-

-/gfles. ‘ - )

‘
i

For. the above example, m = 3, n = 2, M = 2. . . p

. of merit (M) for a ULF which is defined as It indicates

3.1.2 The Set S" 0f The Source Variables | ' .
- a8

Design methods for ULM's and theéir reali{gtion depend -

upon the choice of the set of the source variables éxfrdm which
. replacements for Zi are obtained. Three cases are distinquished

>
-



in the literature;
-Case 1 = -

-

™

~

..'7. . S :{Q-’\l:.xi, :‘ng,.--o an, l, —2, . En}

1. e.~each varlable is aVallable in comnlenented and uncom-

ﬂﬂemented form and, in this case, S has 2 (1 -+ n) elements. o

L
-

-

{0, i, xl, 35, .a x;:} ' .

where xg denotes either. xj or EB i. e. each varlable is @vall—

ableﬂln only one Form and in this case S has (n + 2) elements.
Case:3 ' . i '

- .
= . -~ .. . -

xl, “es l’ j+l’ ne Xn’ xj,‘aj} .

in. whlch only one variable is avallable both ih the uncomnle-

5 = {o, 1,

r_:. s

neneed and the compTemented form and xﬁ—tnls case S has ¢

(n + 3) elements. o —

".u

Case l above reoresents,& practical 51tuatlon, ‘wheref
1og:.c operations &re performed dlrectly from a- memory system
or a chaln of flip-~ flons, where each ggnlable and 1its comple-
ment are avallable. As. lndﬂcated later, this cdse has the

“ highest flgure of. merl which is obtained at the expense of
making the varlables and thelr complements available at rhe

g

-

‘input of ULM's. - ' : S , o -

!1

Case 2 represents another practical s;tuatlon where
logic operatlons are~Derformed and designed to use a variable
‘or its complement but not both. This’ s;mpllfles the inter-~ .

connection patterns, .but it has the lowest M.

-

[

Case 3 represents intermediate situation between Case

1 and Case 2 and is only of theoretidal interest.

~

Ml
-



,3;1.3 The Universal Logic Hodule

\..l. | — R - - ) \

- There has been research in the area of unlversgﬁ
: 'modules recently dlrected towards .the follo&gng problems:’
(1) ‘Given a set contalnlng Vv functlons, each of which
is a functlon of not more than n. variables, flnd a
unlversal module with m inputs whlch can produke .
éach of the V functiens. ﬁ.

-

(2) Find the upper and lower bounds on the number” of inputs
.‘ m.,‘, C . AR Yo
(3) " Find algorlthms to synthe51s unlversal functlons and
op;lmlze such algorithms:

. Forsulund and Waxman. [llJ and ?lsnas et al |12
have studled ULM's but no algonlthms for thelr syntheSLS are
ﬁrlve;J ‘The results of Meo [13] and Waxman [14] contain such
algorithms, but no opt‘mlzatlon -procedure is given. The“work
of Yan and Tang | 6 | includes some optimization procedure for
rzz.;. Theoretlcal work develoned in this area: due to |

Drenarata and Muller [5 ]wzll be rev1ewed in thls chanter and
compared with Yan and Tangs' results.

by

-

"3.1.% The‘Universal,Logic Functions - . “ede - .f

LA loglc ¢unctlon ofﬁn vanzables can be expanded

. P
canonlcally, - : : . : _
* - ‘. o
£ (xl, Xy ....xn) _.foxl 2 v ¥t IgX 1 o s Xy
4.+ XeRaie X
: | 2 -l 1 2 ] n
where ﬂi may be 0 or 1. o o

Sncn 1og:.c functlons can be real*zed by a unlversal function U

: U = zn+lzlzz L) Zn + %n"’zzl LI ] zn _".’- :ov + Z'rl+2nzl 2 ---A Zn )
where Zy = X1 925 T Xy 5 enn 2, = ¥y and 204 F £,

w !

This uniVversal funetion has m = n + 20 variables and therefore

&
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12 /log.

: .- hl ! .t .' © -
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Lol N -

‘ oy . : . L T' L
" is uneconomlcal comoared w1th the lower bound é\\ai by Elspas

17 L .The lower bound 1s [2n/log2(2n + 2)]because there

are onlv (2n + 2) o0551b1e a531?nments of the Z 's (case 1.above).
n

' .._f"
" Because each of 2'2 10p1ca1 functlons of'n varlables musx have

aodlfferent assignment, m will be at least as large as

g5 (2n + 2)} Thus, the - Droblem reduces to achieving
a ULF wlth m as clese as DOSSlble to the lower bound

o "\'

A ' .o n . s . :
- Let us partition the 2 mirnterms in the canonical .-

S
(1) if Si

i,-expansionhof a, general fx.mc*t:ion-"f(':/::L s ean Z‘) into mﬁtually‘

exflusive blocks Rl °5R2 3 e Rt' Lach R is a union of

mlPterms, such that for, each nonempty subset S of R there LT

is at least one varlabIe x . €S (the set of source varlables)
such that”%a appears uncomolementee—(or comolemenued) in only

the minterims of S >

e

* N
. ~
Pl N 4 B

The ULF can be constructed as follows:
U = Z R "+ Z ‘R, + ... + 2 R

n+l . n+2 2 n+t 't
__In using ‘this ULF to reallze £lxq R xﬁ?, the first n -1;'
‘ ) v s _ At
varlables xl, seee X ‘are a551gned to Zl, -ee 2, i.e.

.= A =/ 2 «ew ... . 1 : ’ .
25 xj or ;,//‘Y N -n . The gss;gnment of 245 can
follow this Yle: - ’ ‘

“s Let S; = R. N¥

P (empty set), then zﬁ+1 Q

14

(2) if S; = R, ""fthen Zoe; =1 0

it

1

(3) - if §; is a oroper nonempty subset of R;; then there is
o - a varlable xje S which aopears in the sama.form in S~ .

‘and in,only the mlnterms of S and we assign Zq+, = xj
< . .
Seleculng all Z_.; in this manner (1 =-1, 2, ... t) realizes
‘(xl ,‘... x ) diere m=n+ t. P '
: 5
¢ ’ =} .
A

s
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Example
v ——— e, .
o . _ N -

/

Gy

For the case whe“e 'S (0'

us con51der f(Zi, Z ) Wlth L m*nterms. Z

NI,

(A let ;he nartltldh be = @

s R) = (2, z ?125> '
R, # (leé Z,Z 2 o

"fof'le It has two subsets S

- -complemented only in’ 812

1

l:
2,

-.. s '
where 22 aDDears uncomolemented Oﬁlv 1n

ot It has two subsets S21 = (Z. 2 } -and S&-‘

9:‘
. o
l’ X X, )y hlé
lZé, 2122 ‘and
. w D
f 2122) o
Sll and -- ©
152 = (232))
51 and

where Z appears uncomplemented only in

comnlemented only in 822

s .

Therefore Rl and . R, satlsﬁles the_paffitionucondition, and

_the ULF, U can besexpressed 'as . .
. , ﬁb-. . _. .

-

2. (2.2, +7%

23 (2,2, + 7,7, + 2,

u
F 230y ¢ !
“i.e. 3. 1nputs are PEGUIWEd

(1).'To reallze the function f. = x

. let Zl = 1, ‘22 = x2

(a)ﬁ_?i’é R f)_ = xlxz;-theﬁ Z

(b? 82‘— R2f\f =" %.x% ,‘the?‘zg‘

172

(2) to readize £, = «
let Zl‘z x
(a) s ‘=.3 X%y then Z

(b) s, =R Nf =14g , then. Z,

- .

O N

".

>
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. | T GRICYR
fB] Another possible Dartltlon is " 1 SR T 7 K
ST Rl f (3122’ z Z.) > ll‘:-zlzzf -Sl?a= 242, &/_'
L S _ , _ e | ._;2: P }

-

(z Z,, Z,2,),

= Z = 7 . e 2o
Ro T (By2g 08005 Sy =20 7ps Sy = T2y - o
In'Rl(i 21 and 22 appear uncomolemented only in.S. 17 and
' appear comnlemented only in §,,. - '

~In R): [ Z) appears uncomnlemented only in. S

21 and comple-
mented only in 8§ ’

' : . N R 1
22° Voo .
22 appears uncomplemented only in. 822 and comple-

| mented only in Syq- )
Therefore ﬁi and R, satisfies the partition condition and

= 2.(2.2 + 2, (2.7 7,2
9; 3( 12, * >+ L, ( 149 * 7142)
l.e. h‘iﬁputs ar *réquirgd. t : _ ‘
T v T = -7 . 7 . . . . o
To realize f2 X%, . . . ‘ T Es
. . . _ ) ) N ‘ N —"j » “»_; ' ‘
(a) Sy = le\f2 § %yX,, then Z, = x,.or xi) R
2 = RN = : " = .
(b) S2 R2 nf2 @ ,‘theﬁ 2y q i

. In- order to minimize t and hence m, it is desirable
) make the -number of mmnterms in the blocks as-large as
'p0551ble and the problem reduces to forming such partitions of

mgpterms. The algorithm given by Preﬁarata and Muller,;fbr

. § =iL03 l xl’ xl: LRC I Y xnn xn} . g -

-allows the de51gne” to minimize m and it is shown.that m can

E

approacn the_lower“bound as-'n approaches infinity. Table 3.1
- compareSethe'résults'of.Preparata and Muller (P and M) and"
Yan and Tang (Y ang T) to*the lower bolnd. As shown, m

v

increases rapidly as n increases, e.g. for a ULF of 5 variables, ’

at least 15 inputs are needed.

-

L
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. ) \
i . ‘ - '
TABLE 3.1
RESULTS OF MULLER & PREPARATA (M ¢ P)
- AND YAN & TANG (Y § T) = - -
on 2 3 4 57§ 7 g g
20 i - Sy 8 16 32 64 128 256 512
. Lower Bound of m o

‘ .- o7 - _ : - 7 3

Case 27 — 2. 2w g 16 22 . 81 77 1us

-7 77 1n: (n+2 Ty : :

Case 3: T (re3 . 2 4 8 11 21 3¢ 75 143

mof {M & P): Case I 3 .5 8 15 26 - -  _

m of (Y & T): Case 1 - -, - - - - - -

m of (M & P): Case 2 4 712 20 °3% 61 107 198
mof (Y & T): Case 2 4 7 12 20 34, 51 84 149

m-of (M § P): Case 3 y 6-'10 . 19 32. -55 89 186

m of (Y € T): Case 3 .s+3 5 9 .19 37 70- 135 264

DR T ' ~ I s -

' :
[
LK :
! ’ .
{ .
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3 1. 5 Multlreallzatlon U31ng ULM'

o

~

. ~ The larze number'oF lnnuts m of a ULM is a bractlcal
timitation. In’ thls case,ULM' ;aw*th small numbers of varlables

can be used as bulldlng blocks to 1mp1ement any logic functlon‘
in a tree structure.  The method of Yan and Tang is indicated.
below. - - . ' ’

; - . . ) X .
_Any logic functlon'f(xl, fee Xp ) can be expanded with -
"esoect to any 89-1) of the n varlables as. follows

. N -2n_l l -. . - L . ‘ ~ (l)l N
- - - 1 i . .
f (xl, ‘e xn) ié:d' xll x22 ...xnnll f(l | > 1y e ln_;? xn)

where the superscripts i,, 1

1 or =er 1.4 ferm the binary repre-

sentaqion_of i and , ‘
e‘(_-; . : -.- . -
,;_f\xo cw L o o a=q g e | 2
30% 0 T Ty o T S TR -

The residue functlon<f(1l, -ee 190 % } o

Ay

is a function of a single- variable X and hence can, assume one.
iijthe four yalues- X, x s 0 or 1.- ‘It is seen from (1) that‘
Y loglc circuit that reallzes the functlon U of-the variables_
Ccy> P cn-l’ aﬂ’;alf ‘e azn l i can be used to construct a
ULM of n variables where. '

2n—l_

s W SR O S -
c, ¢© C_ 5 1. ' ‘ (3)
3 1 2 n-1 R 7 . -
~ where il’ iz, - in—l form the binary representatiqp of 1 an@z
. .' Vs ' . . - | .‘-._r_a
cg = Ej , c% = e 3 =21, 2, <.. 5, n-1 o . (4)

The simplest NAND realization .of (3)'apd its symbol is shown in
Figi 3.3 where C and AJ corresuond to c; and aj. To implement
f(xl, .o xn) C must be connected to’ xs and A] to the residue

i

. . . . .
;unctlon_f(jl, 32,_... 3,-10 xn).

-~
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It is seen that the module has a NAND gate Wlth a fan—ln g
(number or-aﬁnut at that cate) of 2n -l e, 5. for n=5, fan-ip=Ys.
" The ;otal number .of 1nnuts is 2 -1y n-1 (for n=5, the nutber
" of inputs=20). , .
. . Iﬁ ) ~
_ ULM's cf n varlables can be used to lmplement fuhe-
tions of m variables (m > m) in a tree structure. As a result, .
2he fan-in number reduces, whlle the numbe“ of pates and the total.’
delav 1ncﬂease. The total numbe“ of lnputs remains the same.
This can be illustrated by uding ULM's of 3-variables to 1mn1e—-
ment functions of 5-var1ab1es. . - . ' )
i = -
| Cpe1 $Xq.1
LA i _ .
- T o A ;f(0,0,;.,O,‘:C)
- &n—J ‘ 0 S - ol ‘
-—Ij_‘ N Al ;E(O’D";...,l’}:\ ),
A ] \ S
-0 .. “- . . ) -
I . | ?n"-l JE(2,1, ,l,xn) .
= .
1=
b X
' " B ‘\ : -
{ l(. - ) ' ‘\ '_"_L.{__-
e . / _‘ %
i 3 C 4
A1 i . 123
: ) : “ iz
-I ' -
¢, = 0 Cn-1 €1 -
\ ) \ I
~%n T ' ; 0
‘ .. y : ‘ by F
' _ 1
- n_-l——-—-{:) : | AT L *
27 -1 R 27 -1

Fig. 3.3 NAND Gate Realization of General ULM



.ox

‘The functlon f(xl, Kps wom X ) QS'firstfexpanded with respect
to the varzables Xy and x,- as'follows o

\

fsz xlxz (o, U,Vx3, Xy 35) +'§ix2 ffo,‘l,-ka; X, xs)

X, X, f(l 0, %g, X, x5)<+lxlx2 £(1, 1, x5, %X, xS) - (5)

Sinde each residue function in (5) is a function.of three
variables, they can be realized using ULM's of 3-variables,
as shown in Fig. 3.%. -The method can be extended to implement '

any logic functlon of n variables by us;ng ULM's of k varlables‘
(kx < n).

LY s

——
—
2

‘\//\
’
g d'u

wr HO
o 2
o]

=}
T

N
rd

P, F o
: i | T
. — a : C
P » 2 ~
.t .
S
.12 L3
P ' Aq
Py |
-Figf 3.4 Multirealization of S-variable funetions - :
' using ULM of 3-variable.
’ » ] 3 P .P &
Ay 51, A,, Ay are the -ggldue.fgnctlons and Po=P1s are Xg, .
g? 0 or 1. '



'3.1.6.Pragtical Limitations Of Realizihg ULM's

.-' 31 -

(1) Fan-in Number ‘ C - :3

-

"The high fan “in number (F ) requlred by ULM's, — )
where m is its uoner ‘bound, llmlts the Derformance of the

" LST realization in terms of speed, power d1551oatlon, 5111con
area and particularly the comnlexlty and rellablllty of the .

1nterconnectlon system. These limitations increase as the

number,m of the unlversal lnputs 1ncreases ?nd there is a

-‘Dractlcal fan- -in number, applylng current- technologyflt lSl .
"between 5-10. i.e. only ULM'¢ of up to 5 varlables are econom-

ically realizable. To overcome such problems,-the multireali-
ration approach can be used to reduce the fan-in. number. How-

ever, this increases the.overall number of interconnections

“and decreases the reliability. As a result, 2 compromise is

'00551ble to make full use of the Eggic complexity in;ali the

.module to perform a simple invertion function. The‘underuti}-

~ compromise and a functlon of- the technology avallable [15].

- a simple inverter, if required, in .a system.

-

required to select a ULM of near optimum complexity.

-

-

(2) System Cost. | " . -

When designing a system using ULM's it is usually not

modules. Sometimes it may be neéessaﬁy to use‘a-faiﬁ%y complex

ization of the modules 1ncreases the sysxem cost Thus, the;
c0molex1ty of ULM chosen for any system is the result of a

[N R R T |

-

,

(3) Logic Flexibility

The realization of a digital éystem using ULM's
imposes a restriction on the logic de31gner only one type of N
bu(iglng block is available. For example,_lf a ULM of 3 veria-
bles is.used as abuilding block, it will also be used to reellze

,
e
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(4} Power Dissipation®

‘The- total power d1351oat1on on a-LSI 5111con Cth- . -
_lS llmlted and the selection of ULM's Jmust meet this limit. = - = | ?
'-As the number of variables of.a ULM 1ncreases its complex1ty
'and hence its power dlSSlpatlon 1ncreases. At the limit,
special cooling systems must bejusged or the ULM's must bé
"realized on- several silicon eh DS. & ThlS w1ll result in a low—j

ering of production yields. G

- v

"

o

(5) Moduiarity of Circuit Structures
The desmgn of a system of ULM s must be con51dered
in relation to the reallzatlon of separate modules. ~-If the
module is realized 1n terms of 51mple gaxes {6; 7} ; there
will be unused gates in the underutilized. modules, and the full
advantage of the LSI’ technology will not be galned. However,
there is an alternative approach where the fun%tlon chosen for
fhe-module is dependent on what may be simply performed within .
the contraints of the‘technology employed. Such an approach
will be indicated in section 3.3.

21

3.2 CELLULAR ARRAYS

In section 3.1, if\was indicated that the high com-"
plexity of the universal logdfc modules presents a serious
limitation.for‘their LSI realization. 'In‘this section we shall

reyiew.an alternative approach towards modularity, napelfﬁ the
cellular arrays; In this approach, the complexity of the
building block’ is reduced ‘at the expense of lncreas1ng the ¥
complexity of lntercgnnectlonqpatterns. The Dractlcal reali-
zation of such ararys is: dlscussed related to current LSI ‘ ~

tECh lo ; > " ¢ - . v '
nology. . . \\5/’;‘ . . K
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3.2,1 Cellular Logic P .
. N . N 13;’
Cellular loglc is Hased on select*np a :
sxmnle cell or module and 1nterconnect1np a number of such
cells, in an array form to reallze a particular loglc '
' .*unctlon. Two types of arrays can be defined [18]
(1) Eixed_Cell—Fungtion Arreys" s
) In these arrays, the logic function D“oduced by each M- .
cell is fixed,and the" modification of the 1ntertonnectlon . d
structure of these ‘cells results in leferent loglc Functlons.
. . A“- . . '\_-’. ’
(2) Varlable_CellffunctIon Arrays g

-

In these arrays, the modlflcatlon of the intercon-.,
nection structure as Well as the function oroduced by eac _%

cell 15 Dermltted resulting in a greater flexlblllty

.‘,‘; L]

(1) -Fixed Cell-Function Arrays

In the.study of fixed cell.functidn arrays theR most -
used function has been one of the followxng'
(1> NOR or NAND gate of ‘two-egight variable,

(2) Three-input majorlty gate, or

" (3) Exclusive-OR gate with- AND gate P §€%§
~The above cells can be used . 1n arrays with dlfferent inter- - % E '%
cennection_patterns. Some .arrays arg indicated below.l - ? {
(A) The Eight-Neighbor Array L . L ¥
. ' . \‘ & ' .
Fach cell in this array; is the 8- inpthNOR gate [17},
while the cells are lnterconnected 1nto an array. . Such an array
. could take the form of a tetrahedral net based, on the cell shown
in Fig. 3.5S. . : | R ' g
. ‘ : - ] o
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#

Fig. 3.5 ‘Eight-Neighbor Array Cell

-

doglc de51gn procedures to use thls array are glven {16 181
The array requlres 2(n+l) (2 +1) cells to realize an n-varlable
Functlon.' “e array growth rate, which is the .number of cells
.required és n" increases, is n 2 l. As a result a function of f
5 varlables may requlﬂe 320 ceélls, each has a fan -in and a fan-

out of 5.

-
- .

(B) Majority-Gaf; Arrays

These arrays have been conSLdered in the llterature
519 20, 21], where each cell is a 3- 1nDut majority gate. Such
an array is due to Short [16 21] which. has a growth rate of t

3n 20 A 5-var1able functlon may require 480 cells with a fanh
in of 3 and.a. fan-out of 2. ‘ i S .
' rJ, i ’ ) R -~
- ° . IT/
- ¢ .
- %
- - ‘ L
-~ ! .\ —
e z - | ]
[ v s - . . ”
3 vy 4 o
. _k M ‘
¢ };‘ i )
| * ! - = . 2 .
' I - v,
. : ) l a
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() Adder-Array§
The 51mnlest form' of these arrays [21] is .shown in
Fig. 3 6 which con515t3~of two-lnnuta two output cells that
produce the Exclusmve OR horlzontally and the AND vertlcally
'.Such arrays Droduce all the mlnterms!§5,-Pl, . e v-l of the
set o? varlables X5 xz,'i.;‘gﬁxn where v = 2, This is called
~a decoder array. = By collectlng'a subset of these\mlnterms in

& second tyne of cell that Droduces the OR at the Bottom of the
decoder array, 1t 1e~Rossible to synthe51ze arbltrapy.comblna-.

tional functions. The 'second type of array is _calldd a collec-
tor array. : ‘ . '

= 2 - .
L P ] ' 9 B
%_. ” o L
/ L Xy . , _/- ~ L, Z,
— . ‘ .;5 i', I 3
g I ! |
. . -..“ ‘ -
. o [
¢ ¢ {
» Xn_.. - ._-.'_. '_._ ‘Zn
| - P } P }' . P *
- . Lv=1 - v-2 Xo
o %
Fig. 3.6 Two-dimensional Decodeg\Array
. \ _ \
~— .
L h .

-




"varlable functlon-may require 160 cells, .

L ] ".- 3.6 - o
- B . . . . .

. v ) ' . - . : Lo . )
. »

- Another type of adder array is the folded adder array
which is formed by the combination of a decoder and a collectop

array of the same dimensidns and has n2" cells [21] e;g.-a 5=
S S

£
-

. (2) .Variable Cell-Function Afreys - co B

-»

A one~d1mensmonsl array, Wthh is con51de“ed to be &

‘ba51c variable cell- 1’unct:Lon array, was, studxed by Maltra [22]

ta

and lS shown in Flg 3.7 and 15 referred to as Malt“a Cascade.

r -
H

t} €

Lo
Q
o]
y—
a3 ]
’_.l
F
&t
2
“:'<
!
I
t

Tig. 3.7 The Maitra Castade

‘Each cell can be -any of the 18 functions of two or fewer var-

'.ﬂables. It was shown [231 that only 6 of the 16 functlons

4
are necessary. The cascade reallzes a, f%actlon (x) of functlons

of n variables. If certaln variables are repeated, the fraction

"% increases and some ~design D”ocedures have beeQ suggested [24J

TA two dlmenSlon array, Whlch con51sts of arways of such cascades

feeding a single collector cascade of AND or OR cells, can be
used to realize any n-variable functlon as shown in- Flg -3.8.-

An optimal design procedure has been ‘given [24} .

s ‘ -
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cascades redlIzation. ' F

the fuhction [25]-:

Yy

]

(x., x%
J.,

23

g?i:

X

33

1

L xs)

T1g~t3. S shows an ontlmal realization of”

i
|
1

Z'm’(ozus78101112131u1619

t

OthE“Wlse, 1t is cal1ed a “edundanL

2,,30} using 17 cells.
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- 'Fig. 3.8 An array of cascades feedi ing’
) a common collector cascades
a h - v :
T ) ’ P
If for every l"xij # k jrk then the a”ray is ‘an 1rredundant
cascades re ation of F(x).
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Several cellular arrays have- been reported in the'_ --/)'.._ P )
llterature based on the Maitra Cascade |26, 27]-. ‘They have T

a growth rate which can be expressed as K n2 where K is a
eonstant deoends on the tybe of the array and is 1ndenendant
oF n. T*‘oz:* example, the cutD01nt array [21} has a growth rate

of n 2" Thus a 5-var1able functlon may reou1re 40 cells using
theucutD01nt array '

[

.‘ -. l - -. - - . - . . H
- 3.2.,2 Practical Limitations of Realizing Cellular Arravs

5
RN .

It has been shown that the building cell is usually
s*mole although the lnterconnectlon Datte“n is comolex for today's
LSI 1nterconnectlon technology, and .high nuwbcrsofcrossowers

may be reoulred whlch presents a serious llmltatlon. The'

—
-

- regularity -0of the 1nterconnectlon pattern does not reoresent a

great advantage, since this is achleved at the exbense of 1arge

u .
numbers of cells with high fan-in and fan out numbers..As a result, the

cellular array may .not be. the ootlmum aoproach,for loglc design
for LSI. Alternatlvely, If the baszc bulwdlng block is baseo

on a cell designed according to LSI reoulrements and 11m1tat10ns,
‘an .optimum deszgn may result. ' '
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. .%.3 FUNCTION REALIZATiON SR o D

-

- In the last two sectlons, we have rev1ewed the
Unlversal and. Cellular loglc desmgn -approaches and have
indicated the dlfflCultleS in their LSI realization:. We
have also shown that the ppglmal approach: to make full
use of LSI technology is'tq take: a modular function approach _
i.e.y an approdbﬁ based on the following: - . : W
(a) "To design a circuit structure to meet LSI requirements _ /
- and llmltatlons. ‘ - r ' . L
(b) To use the structure modularly in the reéllaatlon of.
logic functions, flip-flops, memory cells, ...etc.
.(e) To develop logic technlques to use the structpre effi-
ciently in logic.realization. ' .. ¥
(@) To demonstrate the .flexibitity of the structure in the

N -

realization of functlon cells,'adders, multlnllers,...-' -
. s eto, ' - '

THe above apprecach was taken in this reSea*ch work and
“esulted in a- c1rcu1t structure for hlgh soeed LSI arlth-
metic and loglc operatiorns. lhe Followlng chapte“~w1ll

dlscuss this circuit structure. -

L=

-

L%
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METLL STRUCTURES—
A HIGH-SPEED LSI LOGIC SYSTEM

v

.o

In this chapter the Multl-_mltter Two Level LOglC
(MleL) circuit structure is Presented. Its functlon,'lts
use in the -realization of logic gates and flip- flons and 1its
de and trans;ent characterlstlcs along with Dract*cal results

"*awc given. ‘A comparlson rs made between the METLL structures

and some available ‘high-speed Iogic famllles. "The METLL
structures in logic realization is sometimes referred to as

EFL logic family (Emitter-Functicn-ﬁogicﬂ Pq 2, 3}.’

Before we Dresent the METL? structure, desmgn para-
meter snec1f1catlon of logic systems is’ introduced in section

" 4.1 while section 4.2 deals with high-speed circuit design:
_consideratiorns and the basic operagion of Emitter-Coupled

Logic (ECL).

4.1 SYSTEM MODEL FOR. LOGIC CIRCUITS | . ' i

System suects of logic c;rcults have been descrlbed
in the literature P-ll] In thls sectlon, a system model 1s_
used to deflne system parameters.

In a logic System, one of the basic loglc operations
1s transferring a 1og1c signal from a 1og1c block (logic
source) t¢ the input of another loglc.plock (loglc.detector)
through A transmission system (Fig. 4.1). A logic block has

usuai}y more than éne input and each output 1s used as an

inpu ariable for a number of ;other' logic¢ blocks.. The number

of inputs is called the fan-in and the number of blocks driven

" by one output is called the fan-out. TYor simplicity only

/

I4

-

'%ingle-input-single-Output logic blocks are considered.

.
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The output s1gn.a.1 is at’ one of 1ts bma.ry , B ;;.f.' ;
.Alevels, representlng a blt of lnformatlon, '0\'or }l':
These two-levels can be voltage, cur“ent or 1mDedehce." LT
Howeaver, in Dresent day lntegrated circuits voltage levels, :rﬁ
VO and Vl are used. ‘The’ logic system used here is a DOSltmve .
logic system where the loglcal ryr level is D051t1ve with

respect tc the . logical '0'. _ B , _ : S

.\ At the innut"the voltage signal is detected with
respect to a threshold voltage V In non-inverting logic

blocks, if the lnput voltage- is greater than V, £ the output "
voltage will be at ld@*Zal "1/ and. if the lnnut voltage is -
‘less-than Vt the output voltage will be at loglcal 'p'.

4.1.1 Noise Margins

!

Slgnal dlstortlon, due to attenuatlcn or system e g!
n01se, causes a reduction of system rellablllty Since
distortion is Drlmarlly introduced by the noise in the system,
it is conventlonal to refer to margins allowed for distortion
of . the logic levels as noise margins. Two noise marglns are
deflnec (Fig. 4.1):

S

. = . ) - \; - . 1 -' = .. _
(NM)O z noise macgln for logical '0 Ve 1in ,VO mas
and . L - T
. . .' '. - ’ ' ' : . _ -
(NM) 4 s Dolse margin for a logical 'l \Vl min ~ "t ‘max

4.1.2 DC Transfer “haracteristic

-

Signal and ‘noise margin definitions have been stated

’
e

by consideping the transmission system, the input and the
;mtput pbrtsﬂ Alternatively the inpﬁt—output gate relation-

ship(the DC transfer chagecteristic) also provides information



~about the: system. In Fig. 4.2, ‘the’ unity gain line (with

. dv ‘ -
slope out .. unity) lnrersects .the transfer: character-
av. . : _ :
coin - S e .
1stlcs at three po;nts, ‘the loglcal '0', the logical '1' and
the threshold level 'th'. As the Darameters of a- a*tlcular

Hesmgn are varied over their tolerance ranges, the transFer
chardcteristic (of a non- lnvertlng gate) will be as Shown -

' -by the dotted curves A and B. The shaded reglon between the
llmrtenﬁdnpes A and B represents the reglon of possible
transfer character;stlcs Since the outDut does not reach its
static value at the sane 1rstant as the 1nmut a Tu“ther sp”eadlng
of the transfer characteristic results. ,Because of these

static and dynamic tolerances, each levellbecomes a zone as

- shown in Fig. 4.1 and Fig. %.2. The above defini;iene of

noise margins are shown It is-aléo'ehown thatr

B -
-

a)  when the input 1s in the ; V. ;“
( ‘ | | M_:-n -ﬂre.gz%on (V0 n< g_Vt m .)
. l.. ' ." | "?« ./- : - |
the output 1s in the region (V0 minsvgutévf min) ) o
T

._(b) when.the input is in the #eglon (Vt max"vfhs‘vl max)

_the oatpu‘t:.as in the region (yt max S Vouts- _V-l max)‘
l.e., the c1rcu1t w;ll recognize and maintain. two determined'

levels, a 'l' above V max and a '0' below V . . The region

min
(V: £V, &V ) r'epresen'ts an undetermmed output and the
t min™ "in =

t max
-logic signal lies in th;s-reglon only during_transitions from
cne level to the .other. ' '

4.1.3 Logic Swing And Delays . A
The difference between the two leve’s Vl and VO is
called the logic swing % . The time it takes the output smgral
; &

to transfer from one level to another through the undePermined



.

region is called,the transient time (T) and the -time between
the input 51gnal crosses the undetermlned region and the -
© output signal crosses the undetermlned,reglon_ls called the
‘delay time (t4). Propagation delay is sometimes used to refer
Y : o . i . .
+ t:). TR n ’ -
to (T td? oo R N

4.2 "HIGH-SPEED CIRCUIT CONSIDERATIONS

<

In today's LSI, there are two main technoldgies,
_bipolar and'MOS Blaolar ~technology. is based malnly on the
" npn an31stor and the diffused resmstor, both Iabrlcated in
a 51ngle 5111con crystal[}2] A Schottkv-dlode can be -added
to the technology to improve the sneed of operation of somé‘%
cults e.g. in Schottky- T“an51stom-Tran31sto“ Loglc(STTL)
70010 famlly[;Z] MOS technology. can be lelded inte
(a) 51ngle channel.technoldg;, N or P channel, where the
N.or P channel MOS transzstor 1s-the basxc device, &and -
(o)) Comolementary -M0S . (CMOS) technology, where a coleementary o 2
' pair (N and P channel MOS) is the basic, bulldlng device. _“!!
A'F‘tl'1<3ug1'1 MOS technology has the potential of operation at e =
qﬂvq speed, (for example by ooeratlng the devices in dynamlc
mode P31 and/or uszng silicon-on- dlelectrlc substrate
technology, e. g., Silicon-on- Sanphmre) it -is still limited to
hundreds ofnanoseconds oper&hon[lB Alternatlvely bipolar
technology offers the-possibllity of circuit operatibﬁ‘with

delays close to the nanosecond and subrmanosecond range. .

5.2.1 Saturating ind Non-saturating Bipolar Logic Circuits -///

BlDOla” c1rcu1ts used to implement logic ;unctlons
can be classified as saturatlng and non- saturatlng loglc
circuits[lul.

' i

R - )

R X

In saturated logic circuits, e.glz TTL, the two



*
S

states of operatlon are in the cutolf and saturation reglons..

*

t‘ﬁF?nu

: ._'- 7 -

In non- saturate Yoglhic q1rcu1ts,_e,g. STTL, the two states.
are in the cutoff and the:active region,-as shown in Fig. 4.3. .

In transzston operatlon, the excess stored charge,
-chh nesulte when one of the states” cf a transistor lies din
‘the saturatlon reglon, causes RO0F d lay[s]. For high-speed
cperation several circuit arrangeme s?‘whion pnohipdt satu-
ration of‘the{traneistor,‘h%ye'been developed and one way of
doing this is by.controlling ‘the collectorwcurrent -This can
be done by designing the olrcult SO that- the emltter current
determlned by the c1rcu1t elements and essentlallv

lndependent of the’ base drive. Circuits which use this design

. philcsophy are called current mode logic circuits and the:
. , L ST L : ‘ :
emitter-coupled logic 15 one form of this glass.

. . X
4.72.2 Emitter-Coupled Logic (ECL)

L

Figure u 4 shows a Slﬁpll-led ECL c1rcu1t contalnlngi

.cnly those elements necessany for the exnlanatlon of its .

operation. The logical 'L' and kogical '0' voltage values

are chosen.to be more and less positive than the rete“encejf

voltage V . Suppose that the input variable is '0°', Q1 w111
‘be cutof f and the current. Io will flow'into Q2 and the outnut

at the colledtor of Q2 s '0'. If the input variable ohange

to '1%,.I, will flow into Q and no curnent will flow in Q,

and as a result’ the output voltage changes to ‘'l'. This
behaVLOr is- summanlzed by Flg. 4.5,

In general the output loglc signal con51sts of

voltage levels which vary about a reference level different

r———

_from the input reference level Direct POuDllng,;the”efore,

" .cannot be employed unless a very low logic swmng 4s required;

1‘1,\
étherwise, coupling c1rcu1ts are used to translate the outout

gnal to the proper input level[}u] . This coupllng introduces

™~

.'
i
/

/
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T extrd del&y and power dlSSID T3 n, in addltlon to ‘omplicéting . '

="

the c1rcu1t and. uszng extra s1hébn area andtttsadva

Lageoqs to~ellm1nate 1t. Another element Whlch 1nt_oduces

cennecti ng the collectQE of Ql to ground
—_— . S

. s
‘u.3 MULTI-EMITTER'TWO—LEVEL LOGIC STRUCTURﬁS

In ﬁﬁ;wabove sectlon, we ‘have lndlcated that
non-saturated mltter—Couuled Loglc (ECL) c1rcu1t st uctuﬁes
o*;er the DOSSlblllty of oneratlng wwth subnanosecond delays.
'HeSL ce“ays are achleved with relatlvely high power dlSSlpathP
per loglc function Derformed [1u] In order to adopt EICL for
Wawge -scale-integration” it is necessary to reduce the total
power” dissipation on ‘the Cth as well as to 1ncweasethexnunbercﬁloglc'
‘functions perﬁnTnea Thls apnroach has led to the qevelonement

of the Multi- Emitter ,Two- Level Loglc (METLL), a c¢ircuit
st~ucture_based on ECL &nd suitable for LSI. g

. - -
- - - _ .
b . .

=] ' .

“
0
[F3]
»
(-

Repartitioning ECL To METLL . -

-

The follow;ng exalalns the development of METLL o
“uctures. Flgure 4.6 shows the h331c ECL gate, pers opm1ng
sfwe OR and the "NOR functions in DOSlthe logic. The g;rcult

m'A

[

has a curren; source I, and a reference transistor Q w;th _;' .

re;e*eﬁhe blas voltage V . The input variables are aDDIied

‘Lo tne bases of Ql tQ Q Ah émitter ‘ollower';tage lS S
¢ally 1"‘iv'icu:u:*e:cl at the output for dc and transient counllng

Since tne 1nverted output T is usually ‘delayed more than the /

non inverted ¥ due<to base width modulatlon and colWec;or feed

Dack canac1tance, only one outDut 1s used in the ECL c1ﬂcu1t e

O-_rlg 517, Anothef level o; logﬂc can be achleved by

o



SRR f“':ﬁ_ﬁp -Ffﬁf; ST _"'S'h"'f..fr’_.;ff, .

neplaclﬁé Q Wluh multl emltter twan81stor as shown in Flg .'8~

-

THe "unctlon realized in’ thls case is tne product Gk“sums.. By-
Qddlng a, second level of curreng sseerlng oev1ces, tne ane“Slon
function can be ”eéfgzed along w1€%\Lhree levels of loglc, - L
-shawn in Fig. u.9. The structure of Tig. 4.3 has two fixed '
siased transistors Q) and Q, with “efc“ehce voltage V 1;55@
respectively. Q : is a ﬂultl e?a;teﬁ transistor (OnTy two

\T

v

S

)

2}
H £

o

:wt rs are shown ln.Flg L, 3) whe“e each emlLter lS couoled
+o the ehltte“s of parallel input trans lstors (Q to Q” .and
Q1 to'Qi: in Fig %.3) and also to the cSllector of theorefer-
gnce t ransisior @ 2 Qr the collﬂctor‘:ﬁf ~+he lower level "

transistors (Q <1 T0 Q. The function performed in”Fig 4.9 is
I , /
Tz XY+ X2 : i .- b
where Xo=ox. tox, F ...+ ox_ o 5 ) LN
B n . o AN
Y:_y*+y2+_“+_m ‘ 5;,‘ . . )
: i
A + =z + ... + = -
. 1 "2/ ] ~f g -
! ) _
%inca tﬁu upper level input transistors (Qvl to Q and Qz1
to g ) hnave a commor: collector, they caane sssociated. w1th . :!
the: outpht in a mult -enltte“ transistor o:, ._n thig case } L T
the sL““cture reaﬁces to the ‘\rt"tloﬁea'_o“m ol Fig. 4.x0. R e
‘This is the simplest form of. the ME TLL st“ucLu“es‘éith'two Ea
input mitters and one base lnout at thé lower level. The h
-result of.fhzs'éa-L;Llon is a seving of silicon arsa'in;ﬁS§'
realization.: S o # - - : )
\dorecwcr, 1f v 3 is a Junchon volta e (V.) negative of
NV, Lhc 10”1C lcvcls of the output are compaublc : - . . -

wIth the thresnolds.ol both upper and loqer level_inputs.‘

his Is demonstrated in Fig. 4.1l and b4. !2f where a logic

2

Is

i
realization is shown for functions T and I both using Two-
™
i

2t LT}

. r .
. —pm a AT .| AP - ]
evel Multi-IEmitter ZLL and METLL.. It 1% seen that a saving | i
: C - T
|

@ - ’
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Fig‘. 4.10 . Repartitioned Two—Level Mulgi—=Emitter ECL
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cf_5111con area is DOSSlble and:alevelshdnnq‘ stage is not

“EGulTEd , a T o o ' -

~ . e g - .

4,3.2.Logic Performed By METLL‘Structufes

wlth reference to rlg h'iO tho loglc performed

iz F = XY +:%2Z wheﬂe X, Y and ‘Z are wired-0R functlons as
shown in Fig. 4.13. X w111 be referwed as the control: 1nDut
and Y and.z_as the direct /inputs. - The logic symbol of Fig.
4-.14 "is chosen for convenience Qgg;g each outnut em*tter is
represented by a senarate arrow’ ">" lndlcaglng that the
fan-out number lS eoual to the number of output emlbturs.

T  Although the structure.can be wsed.to v‘eall.,e a NOR
OR or AND gate, as shown ig Tig. 4.15; and cohventional loglc
design techniques can be adopted, this is the leést economical

way to use.the structure. luﬁrnaglvely, modular logic desxcn

1

cand’ loglc partition technlques ﬂfve~been develobea and will

be_dlscuosed in Chapter 5.

-~

. an S A Y A "
Similar silicon area and power dissipation can bé

\
1zed to realﬂze more complex lcglc Functlons, by addlng

+ters to the input t“an31stor Q and extra control inputs

di,uhe lower level. Flgure 4.16 sh0ws an (2n + 1) 1nDut METLL.

structure, where Al 5 e 1 ,_L.-an,

are. direct 1nDuts. The outDut function T is a loglcal

An are control 1nputs and a

1+l

,__.._.__...
tor,

LT3ty 1f both A and ai are logical '1°%, 1-1, eees noor if ‘all.
A, -are 10! and aé+l is-'1'.. Normally &nly one control input
(A.) is allowed to be. 'l' at a given time &#nd when more than

one A, is '17, the_outout'must'bé a "don't- Caﬂe“ case. If

F o= ') for he don —care cases, F can be exoressed as:

Tz Ala, +Aa, t ... +  + EE ... Ea: L
12 * A% FAR3n T ARy Snhel

where A. and aj, i= l;fl. n,'j = ;,‘;. , n+l

w
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_nputs Al, ;':B A are called ﬂcoﬁt;oi inputs'
" because thew can be reuavdec as contro_zlna tne-’ovic.
. oerfo*red by the s*ructure, whlle 1ﬂnuts 2 el an+;
o \xa:gmsflled ‘dm*ect ;nput;’, At any time, the current
" through the-l1dad is either zero (F = 717) or the full
current T C(F = ‘0‘) - If the load current is not ze“o
fé'_ or.IO, tne output is, andetermined and ‘o input comu*natlon
f? "+ should allow tbls state to occur.,

)

\\“
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Flgure L, 17 $hows three examoles to demonstrate the ,. N P
1ogﬂc capablllty of METLL structures, Exclu51ve OR Equallty
and Full-Adder . functlons. A 51ngle structure can reallze
the chlu51vo‘3% or t%e Equalzty functlons 1n a 81ngle ‘level '
of logic. ’‘Conventional reallzatlon uses 3 gates Ce.g. NAND
gates) in two Levels of logic. The example of the Full-Adder

emonstrates this‘advantage ;urther, where four METLL |
structures are used, compared with the convcntmnal realization -

| :
using a total of 9 gates for the sum-and the carry. : L

- g - f

4.3.3 Flip-Flop Reallzatlon

One of the useful D“opertles of the ME LL structure

.

is. ‘ts ‘ability tg¢ perform fllp flop ooeratlonswxmh nunuhunu

sd

interconnectlons.. Th_s can be achieved in two basic contlgu-

waticns: . : - SR _ " Ty

1) Configuration A, as shown in Fig.rh.ls,_where'onexof the —

-

output emitters, representing the output Q, is connected . 75!
to the céntrol input X. The logic symbol in Fig. 4 8’b) 2

is used for convenience. The Structure. has similay
. characteristic to°the RS fllD— lop, as can be seen from

the state table and ‘state dlagram shown in Elg 4.18 (c).

Thls realeatlon compares favourably with the convent*ona1

_cross-coupled 2 gate realization 5. _ -

2) Configuration B;'as'éhown in Fig. w.19 » where one of the_r"
output em*tte”s, reoresentldg the output Q. 15 connected .
to the direct input Z (or Y). As shown from Fig. 4739(e), -~

. the structure has the characterlstlc of a data latéh or
' D=type flip- £lop; where the input X is. the. clock input. -
1Thié METLL realization consumes less power and less s;licon
area than the conventlonal.reallzatton of L gates [?%

The. above two configurations can be used to design

Comore complok flip—flops. Two METLL strictures arq;use% o
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“

weallze a gateg‘RS flip- flop, as shown in’ Flg ujéd;‘as
'.comoared Wlfﬁmq gates used 1n oonventlonal reallzatlons 5
»lpure 4.21 ‘shows a master-slave reallzatlon ofan RS fllD—
’i;;f_ﬁlab METLL structlres are used to realize a master
~slave D flip- floo, as.shown in Fig. 4 22, 4as compared wwth
19 gates used in -conventional reallzatlons [5]. Three,
structures are used to. reallzesa master slave JK flip-flop, «
as shown 1n Flg 4, 23, as . compared w1th 9 gates used in
conventlonal reallzatlons. In reallzlng-the T. flip-flop of

Fig. 4.24, three struotures are used.
&, . :

-

AltnOugh sav1ng of SLIlcon area and power consumption
is o0551ble for 2ll commonly used fllp-LlOD configurations, -
Lhe most 51gnlf1cant sav1ng 1s for the master-slave-D- -type
’lwo -flop. For this reason- it i's used in Drererence to the’
others for the reallzatlon of functional blooks, as shown
in Chaoter 6. Table 4.1 gives the number of METLL and NAND
gates Fo“ logic gates and fllp ~flops. '

L.3.4 Circuit Characteristics f a ;.

If a oosmtlve power supply system is assumed Fig.
.25 shows the voltage levels and the resulting n01se marglns.f
A D 7 v 1s assumed across the current souroe where the current
source 1s_a transistor or a.diffused resistor. The rererenoe
voltage V 2 at the lower level transistor Q 2 15“1 4 v and
'Vrl = er + U 7= 2. l v. If.the base- oollector ]anctlon of
Q rl is: allowed to be forward biased by a maximum of V. /2 and
_lf the loglc sw1ng at the load is ,assumed to be Vj then the
mlnlmum power suooly is(V w1 T V /2) i.e. 2.45 V. Plg. quS
'(b) shows the" loglc 1evels and the noise narglns .of such a
circuit. A logic swzng of V] is obtalned_amo “the noise}margins

are eoual and is V./2. - . . e
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Although the p051elve power Sunply system cagéalwayS'
Se used in an‘pverall system with' METLL as its bulldlng block
the. system does not Drov1?e the Ilexlblllty oF lneerfac1ng

with ouner ECL hlgh-sneed logic families e.g." WECL 10,000 [15]

IS sucn 1nterfa01ng is requlﬂed ~a negatlve Dowe“.supmly system
can beﬁused w1th compatlble 10g1c levels as- shown in rlg 4.28.

It was ind ﬂﬂted above that a- lOglC sw1ng of V. is.

sum d across the., loa Many “1oad ° stﬂuctures ¢an Drov1de
F- 4

h a swing e.g. a resistor with' a clamolng diode. . The

) \prcblem of ch0051ng the load st”ucture is con51de“ed\1w greater

etail in ADDendle_ and"ﬁ[lo} where we conclude that a _

'//, ped tyDe 1oad st“ucture gives. ‘the ootlnum dec and transleht
-behaviqr; The temDerature comnensat‘on of WOglc le»els of

such oads is ereated en [2°J wher : t is . shown tnat 1t 1s

QLWﬂle“ to commensate for loglc level varlatlons as, comma”ee

.uan the case o; conventlonal 1;eused re51sto” loads._

Lhe basmc MLTLL SITUCuUPe can be de51ened over a o

wide range. of speed and Dower.. .The na*n Dower determlnlng. .

fecto“s aﬂe the. supblg/ﬁaﬁtage and the currgnt . used, whlch
is etermﬂned by the biasing circuit.” On the- lower ‘power

’f)

ide the fea51b111ty llmlt 1s the. h_gh value QF resistors

CPegquly ea in the b1a51iv c1“cule and 1n the load sgructure.

- Cn the nlgh Dowe“ S:Lcle.J dev1ces Wit hfgh fT nust be useéd
L .
and the- number of t”uctures on a ch i11’ be llmlted Dby the
total powe dlSSlDat’Dn on. the chip.. ”A T~ange o*'cawCths

m(l5 “sec delay, lOO/*W dlss13atlon and 1. 'S5 pd power- deTay

5

-,

product. to (1 nsec deTay, 5 mW - d15513at1qa, 5 pJ Dowe“—de7ay

produet) 1s consmde“ed p“aczzpal _--,2- -
ra

» - e

. i; SRS tor ~unctlon vewlfi etlon of Zhe cwrc 11t configura=
;fohs‘Shown' n_sectlons h 3. 2 L.u.3 and 4.3, u ' g c moau‘e:
. . " - " ” . B .
-, N . . . 2 -
-’ ) - ‘

3."
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A

input at X

d

© stagz using h brid mode’s of METLL structures. . 4 10
. y .
, .

§

. R e el _
w 3 B A R
' :» - 73 - -. .'. . . . ’.. o .' ;,‘ o
Dt e R T e
: L 1 . .
'zwas-bullt from dlscrete-commonents (Fig u;?7.a)l Lo e

rlg ure u“27 b shows the«MBTLL test c1rcu1t w1th 4~ i'_

ipp ut emltters and u-output emitters- ﬁt Q. w1 and Q whlch are -

reali ¢ ized fromvdLSCﬂete trans;stors with fi o? 300 ' MHz.. AR

-inpu ' nte“face circuit- is also shown to 1ntepfac= wlbh 50 Lo

19
t

put. impedepce Dulse generauors. CAn output, 1ntew1ace c1rcu1t

is used to interface wlth the measurlng equ1pmnnt e. g scome.

igﬁre .27.¢ shows the\gfaSLng circuit used to Drovﬁde the

=3 co voltages V a v e ‘The resistane:
- , R ov1des v 2 and the dlode D givas V 1L='V;9

,. 1\5 ) 3 A\i rid‘

ct
O
',
flr-
i1
1]
b1

l
Tdividen

a2l

he transistors pairs Ql and Q. -along wit +h R

the'reed back transzstor .Q stabilize any changns in'v .

r]

and. -
Plcu“e L, 27 d shows the t“dns;e“ characteﬂlst*é . Y

b4 ,_Yy, Xo’ X3‘; _are Q: '0” and. <1 at 'Tf) gnd thE

t.at‘fl “the transFeﬂ characteﬂlstlc (f ‘é'x J of thelf

1 N
(Y at '1' and X2 3 Xa"-YZ s YS , ‘T are at '¢")

and the outDut ‘at. f In both capes adeouato nOlSe margins

of gg;leasu 300 nV a%e demonstrated :

-

R

. - Ce e -
'hy rld models.of & s ngle stvucture_were built from °

discrete trans isto*s of f{ of; 5 MHz and :rém‘*nterwatﬁd tran-
zistors of,fT of” 306 MHz (Fig. 1, 28) in owdeﬂ,to ve“ ‘y logic
levels, power °uDDly “eculrements and Dowe“ dissipa ﬁp‘ of the

structures shown in Fig. 4.25 and rgg . 25-

Figu “e-h 29 snows-tne rea;lzaulon o*’divi

v:llable at ne OLLDLL and, correct ma

s
n is achieved. =+ = - - . T L a

. - e - P . r
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1.8 Gd?. With a Dower dlSs;Datlon of 16 ﬁ;wlt toggles -,‘\\"‘? 0t
500 an\whlle the area occuDLed by the c1rcu1t is MDO X uoor

1

'Y!a(

igures k.30-4.32 ‘show the circuit, 1tsthotom1crog\aDh anrd

_*“c clockfdﬁtbut waveforms. ‘The layout was de81gned accordlng

+o. Lne standard blpola* deSLgn rules of Santa Claﬂa Division .l-& T SRS
o} chlett Packard- Comnany\ Callkornla. In the layout of the

()

aﬁoad dlode-&oad strucuure 1n asooclatlon w1tn the input and

output thl emltter t“anSlStOPS, only the input transistor o s
Qs ‘ equ es a sema.ate isolation, tne diode. and the ocutput-
trangistor Q. sha“e an 1solatlon commow for the whole ‘chip
Fig. 4.3L.Db and Fig. u. 31.¢). The resistors ave formed by a
————— . . .
T

- . .' : . : - ‘N. - T T—e— - . . .
t.3.5- Comparison Between METLL and High-Speed Loglic Tamzies— ..
: - : T
L . ‘ : ' ‘ » TTe—

[ " ot

w;ﬁm;baég;dlffL51on. ' ) AR L

As indicadted .in sections 4.3.2'and 4.3.3 a single
METLL~structire can Derfofﬁ“the équivalént of SeveFaI a51c =
‘Boolean gates. Figure 4.33 shows the Dowermdelay Droduc; per
basic Boolean gate agalnst the numbe“ of Boolea functlons S

reall zed for a sfructure with a 5pJ Dower -delay Droduct ’ ’

v

In oiier to evalua;e the Dotentlal of METLL, a

© (2): Tables 4.2 - 4.8 comoares MST- i\“ieaenked Toclc of L : B

o some other ;amllnes with the De*formancéraf“”SI 1lee- :
. _mented METLL~and, where not avallable, with multxdatkagé\ ' - .,%

~ METLL. The circuits include Excluszve OR, Full-Adders ~ ‘jzzﬁ\;_ _
) \\\\""aﬁd JK Flip-Flop. . " ‘ - '.‘\\‘%\\Q\\ 
(“)\‘flnéllv, table 4.7 coﬂpaﬂes the performance ‘of METLL _ T

.. . LSI™xmeglization: Wl th ex*stlng LSI tecnnologles, Whlch _ -

include ©~M0S;. n -MOS Dynamic. n-MOS.. - ‘ . -




v L . »
] ‘. - : ) [3 ™~ L A}
Ly
) - - Y - I X
: S o 81 ) L
: H . -
* - o i
- - - .
e
L3 -y
. - t e & .
. -
. [N "1
. q .

——

i ) . —
A 1

5 )

;‘ -

1

s -

\

'

[ . - i —_—
'; o - . . _
{ - ~ ° e - ~ . /.. . :
- : . - —0 Vs
- Fig. 4.30 Simplified METLL circuit for o master—sitwe : ) - .
| ' SN
i
5y
A
E L

p =~

RN

n

. 7 o - . f _
_ Fig. 4.31.a Photomicrograph of 500 MHz Master-Slave METLL.
- ’ L . . -
D.Flip-Flop




Fig. 4.31.b Layout of Il';lp;rt—Oumut—Transistors and Load Structure :
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, Table 4.2

¢

Power-Speed Performance Comparison of

Separétely'Packagad>GatesA

S
-

ot T‘ 3 l
- ‘s - * -
. .

18

50

25

aric Tamilvy | Source Delay Power  ‘.quen X Comments ‘
ns mW . Delav pJ '

e AL/ 17 33 1 33

s/ 17 10 10 100 #
~TLUSs H/TWOH .17 6 - 23 138, !
sk S/74.S 17, 22 19 57 i

s, MECL IT 18 4 50 " 160 1w
R0L MECL IT 1/2 18 2 C80c | 120 S ih
SoL MECL ITI 18 1 60 60 _ R
oL MECL IV 18 1 15 is | 1

0.

Measured

NETLL , 10 0.5 5 3.5K
Load: Fig. 4.25 1 & 5.6 1K '
a resistor (Rz) with b
Current Source: descrite .
1 resistor (R,) | transistors ey T
: 1° 1, - b
Power Supply: (Philips . o
2.5V 3F2N) o
Fan-out = 2 £o= 300MHz | .
~ - T
a S/
“r /- R
. P ! e
“ ";:; ‘{'-' ) . '." .
o s @
e '.-“:
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K L ' Table 4,3 --”i‘ » - f_.f
DOweﬂ—S.peed Peﬁ*onmahce Compaﬂlson of '
. MST Logic (Product SF Two Sums) .
" Tafic Family Source o Delay%.?ower _ | Power x-7. Commenfs
. o | ' - ns | k""‘-;, o Delav ISJ SN -
TTL Satuhs MSI b o 22 . 1B i B 38 SR <
~m Schottky MSI| . 22 - 2.25 | ™ 13 9.9 D
. » 22 | 2.2 5.#‘_ 20.7 N
;;:: R 2?;?93%25- 4.3 0.5 | - 2.15 | R=R,= 3.5k
*zglsfor}(Rz) with
- Turreht Source: _deSc*ite-
ffésiétqf (Ry) tran51stors '_ C , ‘ . “ .
Sowen Supply: | (NE 1352) | oA
2.5V "L | £g= 300-MHZ| ) I e
Tan-gut.= 2 '
- S s . S T . -
. o ) . 4
- . ' M Table 4.4 . S .
\ ', ' { Powe”-Soeed Performance Comnawlson of ’
' 1f‘xc‘*usn.ve: OR Gates '
}mg}c.Famiiy Source ‘Pelay Power‘A Power X Comments
R ;;" 'né‘ . mW iﬂpelay =8) o -
L osus7s ] a7 12 . | 37.5 | wus '

TS MECL IT 18
oL MECL TIT |- ° 18

60 . | . ‘300
.5 Q0. 135

w
'_J
-

=

| 7 ‘R =Ry= 1K
Fig. 4.295 g Sample
Integrated = | - supplied by

b fo = 1.8 " ’ g SR | Hewlett

- T . . g : L
,,,,f””’f” GHzZ g o o ‘“fw' Packard

YITLL 3 . Measured -

N
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530" 34. - 4.37. . The Propagatlon delay is olotted versus oower

_oplw bipolar famllies a”e shown but also CMOS/{o denonstnate

_ , “ lgg - oo . N,

v . - ; ) i L . L o ) L ' . K ‘ '

TR e e B el L T - . . ’ - ‘ - ' - —
! . T AR - ’

¢ — L L] -

The delay oower comoarlsons are . summarlzed in Flg

AR ;1oaLlon where the dlagonal lines show constant power delay . T
pzoduct.. Figure 4,34 ghows a’ 20 pd. for METLL versus 200-439 , e
for ouher famllles, which Fig. 4.35 shows a 2 pJ for METLL S o b
versus 20 pJd for ouhe“s*’“"ﬁa—Ta*t'comDarlson shown .in r1g _ ) |
.37 la_for full adders.‘ The full adders speed usuaily A

ietermines -the Derformance of oomoutlng systems. r"he S S

= -

'OLble peints. 1nd1cate éhe oelays for carry and sum _Not

:that_a METLL adder. operating at 20 Mhz_shows the same delay- power.
' sroduct as the 20 times slowef CMOS at Y MHz..

the following features: : . ‘ ' ' - -

- . *
~

. . . . . . ‘J'"
i . . ) )

't Thus, we conclude that the hPTLL st*uotures have .

]
|

Lo="A low delay power Droduct ln comoarlson with available':
1og1c families, at least a factor of 2 lmnrovement is achleved.
2 - hlgh densxty layout in both logic and fllp-FlOD

.weallzatlon. . . : . -

~

(&9
|

.a nodulaﬂ design aoD“oach ¢an be easaly 1molemented because
only one .basic structure can be used to. reallze _any TOgic;‘
fiip-flop or memory functlon. B ‘

4 -'Comoatlblllty with HCL ;oglo families ean ‘be. easily achieved:
5 - Slmpllc1ty of. layout and lnteﬂconnectlon rLsults-ln aJhighén

yieéld and lower cost. .. _ . 3 e

(o3}
1

The Structure can be adooted dlrectly for more advanced
bloolar technology e. g. .Isoplamner II [2Q}and this results

in ;u“ther reduotlon of oowe“ dlSSlDatlon,_5111con area
and delays. R . . o o Co .
o~ . . .

. / .
‘ . ‘ .
' Because of these featur'es seveé.'—l' computer and semi—-
conductor. industries have shown 3.nterest in using the METLL
structures mcludmg Burroughs Corp., Hewlétt- Packard Company and

Fairchild-Semiconducters. S - o SO

—-—

6 0
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- LOGIC DESIGN USING METLL STRUCTURES . = :
¢ - ] . = T .

-The METLL structure 1n 1ts 51molest form wlth one

. base lnbut k-and two input emltters Y and 'z performs no“b

.logic than a 51mvle gate. The 1nout X is called control input

.because it can’ be regarded as-controlllng the logic Derformedu

v the structure; if X = 'L', the output ¥ = Y and if X = '0',

] S
_,the output F = Z. The two 1nDuts X and Y are qalled direct

nputs. This property of the structure, where.one lnDut
c0ﬁtrols the logic Derformed by other lnDuts, is useful 1n‘

logic ‘design. For_example,\lf the variable X is available

' be'o“e Y and"Z- a mimimum delay results at the dutbut becausé

X wwll control the state of the lower level tran51stows (O

©or Qa 1s-eonduct1ng in Fig. 4. 10). before Y -and Z define the

state of - the dpper level tranSLStor_(er onducr;gg,or not
conﬂuct*np in Fig. 4.18). This property is applicable to more
onolex METLL structures. wlth more than one control input and
more than two dlrect 1nouts, and‘ls used in develoolng the '

?oclc Dartltlon +technique glven 1n se*ectlom 5 L.

Because the simple METLL structure can realize NOR, j)

OR or AND gates conventional logic de91gn technlques can be
adontad. However, thils is the least economlcal way to use the
legilce canablllty of the structu“e. " Alternatively, logic deszzn
*achnlﬁues can be developed to use the structures, in thEI”

sxnnlosL form or in a more complex form, effectively and econom-

~ileally. Accqulngly, the follow1ng problems can be ;dent1$19d

(l) If *heisimnlesf stpructure is assumed to be the building
| - block of a logic system; o ' .
(a) what are the properties oF Qne-“eal&zable fanctions
-i.e. +the _unctlons which caﬁ be&reallzed u51nﬂ,one
- sipucture? - | S ‘ ' : s
(b) 'Based on such Droneﬁtles,._t is Doss*bWe to develop

a2 log*c d351gn ;echn"cue to “eallze an a“blt“ary

-




o£3 7
!

| logic function’ using one structure.’ o
'(c)‘va the functlon is not one-reallzable, what are B
r;:' the mlnlmum number of strucLures whlch can be u@ed
to reallze that function?
Qiﬁ IF the sznblest structure and any more complex ones are
assumed to be the bumldmng\E&gcks of a loglclsystem,
(a) If a fupctidﬁ is not one;reglizébie using the simplestl.

structure, whaf is_the next more complex structure
“which ‘can realize "it?. - ' . '
. (b)Y How is the realization (2a) compared with (lc)?
{3) In the realization of lopié'functioﬁs, how can the
property of control inputs controlllng the logic Derfo“med
by direct lnputs, be used in logmc design?

Problems (la), (1b) and (3) are treated in this chante

‘tqouwh D“Oblems (1le) ‘and (2) are not: formally treated,

f%lmpllClty of the dagign

tical examﬁles*are glven to show the
using complex structures and multlnle of simple structure, as
~showyn in Fig. 5.12 and Fig. 5.14. '

. In section 5. 1, some useful logic properties of the
'stuuctu?e are Dresented as results with Droofs. !'A structure}
always means a METLL structure with one control input X -and two
direct inputs Y and Z where X, ¥ and Z are FJ.“st o“der OR

funmetions i.e.

¥ X, + %, % ereae + X

et 2 n
¥ =9, %7, + oLl t YL
) 7= zl + 22 ol + Zy

and the output function r‘= ¥ + EZ , Based 6n theée properties
a’ loglc design technique is develooed in section 5.2 to be used
in- reallzlng a logic function. The apollcatlon of the tech-
nigue to songexamples are given in section 5.3. Finally, a

- - _.!fx.\r.
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. . i . {
op*c Dartltlon technloue, whlch allows a function to be .

sartitioned into logic blocks, sdch that a block contréls

+he logic Derfo“med bv another J is presented in section 5.4.

Y

hid artltlaﬂ\can be. based on any design criteria.

This
criteria is chqéen to be the time. of arrival of the innut -
varl bles and it is.demonstrated in section 5.5 that this . . .
rasult sh‘n a design wlth minimum- delavst , ‘ : N e
‘ | | . ,
5.1 LOGIC PROPERTIES
Definition 1 ) .
s . I
. We deflne the sets S ’ S§“~Sl gs "the set of literals"
- of the 1nDut X Y and Z of a structure. o v

. . 7 -
- - . . M

" Example: X = x, + X,

Y= g R )
7= x
. 3 .
+hen . ~
> 4/}sx = (x5 Xp) S F (x3) > S, = (X3
Definition 2 ‘ o AR |
g . A METLL structure is called 'a structure with

blased ﬂﬂout(s)‘ lf one (or more) of the 1nouts is at flxed
‘loglcal Q! or loglcal 1T, Accordlnply, the followlny cases
:“esul* : - _—_— S R SR

<

Iy



. Number

34

o]

<4

(]

11
12
13
14
15

o

16

b

18

Table 5.1 Structureés with biased inputs



. Result 1.

A structure w;th blased lnput srcan reallze
(a) & conventlonal OR gare (case 1, 2 u,f7;,8, 13,-17-and
18 in the above ‘table) ' B '
(b) a conventional . NOR gate (case 12 in the Qlove table)
(c) a two-level gating logic; OR- NOR/AND (case '3)," OR=OR/
" AND. (case 5, NbR OR/OR - (case 6). e

2esult 2 ¢ _
A“structure is a complete logic elemenf and can .
'réalize‘any'arbitrari'iogic funetion. !

P

" Proof

.

Since the structure can realize a NOR. gate, Whlch~‘
‘is a bomolete loglc element, then the structure is a comv‘ete .

’ loglc element.

Definition 3.

A logical function is called oﬁe-peélizable

(l-realizable) if ‘it can be realized using a single structure.

l
' Result 3

—

All logical—functions of 1 and. 2 variables are 'y
l-realizable. ' ' '
Proof )

-

An asszgnment table lS constructed to Drove this
“esult (Table 5. 2) -

' Resulé'u ‘ - o .

el

—

If f (a ....a ) .is l-realizable, then r'= b + I

is also 1- reallzable, where b is a flrst order OR functl n.
D“OOF

.u"

Since f .is l-realizable, it can be ekpressed as

-

£.= XY + XZ ; where X, Y, and Z -are flrst-order OR functions

n

- then




E V.

: e
r=b+ XY+ XZ =
7] = XY +:b) + X(Z + D)
ey, # XYl.f X2 | ; : _ o P .
where X, ¥, and Z, are figst—order OR functions., Then F is .

e

~-—s l-realizable. . . = L , >
LT Lt . : | T
.\:'"-" N i n - ' - :

|
o ‘
£ An Assignment . F = XY + XZ
- . |

./*; BN - . : .X Y - 2

,C .= 0 - B 0
E y <. 1. 1. 9
-a i ‘ a . gl
- . ; .
0;; 0" i 0
N 1. 18
L e |
: ‘g a ' 0 1 ‘
b N 1 b - g 1
: B- b 0. 'l. . :
é;b a+b '] 0 "
a+b - a+b - 1 0.
b o ED, 1 O o
- c@s @b, D .
J . ’ c ~ab . ’ . E+S ot .0 S . .
' ~ab - : a+b ] 1
o 3 avb 0. . 1
ab a+p : 0 1
,ab+tab . a b )
ab+ab a b b

Table 5.2. 1 and 2 variables’ l-realizable §unctions

_’J . (9 = don't care condition)



_‘-100‘ ?" , o L ) ' . '..

.o . . .
zasult 5 : B o y \ N -

If F\is‘l—reali;ableo~fhen rP (the dual function

F) is also l-realizable. >, o

}1,

Proof . . : }

) | Since T is 1~realizable, it. Gan be -expressed

Tz XY + XZ. Xy X and Z are flrst order. OR furctions. N | \
N -~

Pz (X wwzn\
= Xz + XY '+ YZ

.= XZ + XY - '4r;/,;/’<’ : L ' : ' R
wnere X, Y and Eyer first-order CR functions. ' -
fhen PP is l-vealizgble. ' - - L

RN

Regult 6 , - Lo 4

' If F is l-realizable, then F is at most 2-nealizable.
Proof . K e . '- . : '
( Slnce F is lnreallzable, T can be reailzed u51ng a

second “structure, by aleylng F as an X 1nput Y and Z are " -

1

'0' and '1' pespectively.

Result } ' . S [ —

If F is l-reaiizab1e, then Fp = ?D‘is,at most

7-realizable.
Proof - ’ . ‘ , _
This resultsvdirectly from Result. 5 and & above.

<

Result 8 | ' . - R
- A ;unctlon expressed as t = Fl + P2 + .. 0+ FM where

v
v
-

. are l-realizable, can be realized usxng

L M :

(2) at most M structures in two_logic 1 —EL-at, most . ;
(1 - 1y -ef—ie T Functions Fi, i ;71, ...,_M are
l-realizable with Z or ¥ = 1 =~ =7 .

(p) at rost (M + 1) structuﬂes in two ngzc levels, if all the
M functions’ Fs i'="1, ..., M are 1-ﬂeallzable w1th 7 or

FERY

Y = 1

<. On
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. b}
Since Fi, i

f:..'+_..'-
F. XlYl X.2

l,‘;;.,?ynis l-vealizable then.

._,

 (a) 1if at most CM - 1) of the M functions are 1- reallzable

with.Z sor Y

F..=XY‘+§ .
] 3.7 3

Yj and Zj_# '1'" then T can ﬁé’éxpressed as

} then there EXlStS F] where

Xj (Zj + ?l-+TF2'+ cee ¥ ijl +_Fj+l o HF)
.Then at most M structures are needéd as shown in Fig.
5.1 (a). L | |
(b} 1if all: the M functlons Fﬁ’ i= 1,’..., M ére l-realizable
with 2 or Y = l then T, is.in the form F; = Ei * Y, or

Xi + Z then T can not be expressed as in (a) and in this
-~

L= case &n extra structure is reoulred to act as an OR gate

as shown in Fig. 5.1 (b).

uaalee (a)-

F o= (XX, + XB,) + XX Xg = Fy + Ty it

Can be realized“uﬁgng 2 stractures' as shown in Fig. 5.2.

Txample (b) | _ - M
F

"
>
P
e
+
o<
>
>4

Can be realized using 3 .structures as shown in Fig. 5.3.
Result ¢ , :
A -unctlon exnﬁessed in the mlnﬂmal sum-of-products
form can be reallzed u51ng M st”uctures where M&N+1 , where

LA

% is the number of products. - | e




-20% -

. . . Y . . .. ‘-\( ) . ' b _.-"-.',", . . ;‘
. This results directly from Relult 8 above.. - =,
Result 10 {"'. o
‘ AN -
A functlon expwessed as F = X? + §F§ o - o
where: Fl and r2 are l-vealizable, X is a fnrsu-order OR * 5
*unctlon can be realized using at most 3 struqyures o
Proof . o : oL (_ o -

This results dlrectly from the deflnltlon oF
1-“r*eal:.zable functions. _ . .

- Def 1n1tlon 4 f' ' ' : ' . e

Given: a loglcal functlon F expressed as sum of pwdime
mplicants, a "row comncldence ‘table" of thls.functlon is a .
Léglg which contains. the. llterals of the fuﬁ;tion‘gnd the -~ 'fgg
" prime implicants (P1) where they apDear. ' ' '

t

v o _ If F is 1- reallzablg ?unctlon, then F can be expressedf -
as: M : . < - . T /
: F = XY + X2Z " | . L
- T =T = v _ - :
- L TR X (Y e ) j/// .
N V ) - I . >:*z )' -
¢
- T
o
‘> ‘
I R
-7 _;
XY XHY2}+;}f * X o 1_:
] %37, + ces X 7 4 ..+ (K., X2
+A(Xl .o Xﬁ)zl (Xl Xn)?2 1 2%
N - v . ) .
where Xi #'Yj°fg, 102 1y we.y Ny fj =_1, cees M
Y # Z

i.e. th@re is no common ll.eral ‘between, S S, and Sz. ‘Then,

Y

each productlsa.prune unphcant1.e”

~
wre
X
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- A
i

\a
M::!
: .Ma
18]
+
M

and its row-coincidence table ig written as shown:

Row Name" Li’tera  Pls

L . ) . N
A ] < ' 11

o . 7% Fa12 Fazo P
B xs\' S FPa12Paze v Pap

\:.‘ . o , . .
*n ; . Xn ‘nl? IJn2.’ Tt ?nm
o . b !
NS TN ) Pris Paxe o0 P

. -t
. o
8 e ! -

Hn+m+l oY _ Tl
mr2 L IS T
un"*’-m-*ﬁ' : ¢ . o
% mf+1 w X0 _Pf Py e
*n+m+'q'+2 Xy | 1’ . .

Y ' . o
—‘ i -'D

. o , . T P | ..
[ 7 Fnemeols o no T Far e

. o : g . ] ‘
/ : L . _ L.
. - - . A .
. . -
.

X
ww
L]
AY ]
~U e
Fa
Y



We define the o“der of a row in the row-co;nczdence .
‘the number of prime lmpllcants in that row. ’ ’ ’

_..-3; - N "

e . N

.'The orderlng sets among the rows,‘for a l-reallzable

function ade: . PR . y . - @

5i, A set of rows whose elements of order 1 e

Fl

S ,
= | , ot L. RN : - .
nt+m+l n+m+2 > nem+l) - ‘ - .
., o P - " ‘C" ) . ' )
S_ . A set,of rows whose elements of order m, =~ AR

n ,\‘ . . A - X “.
Ly e s ~ —
1 l). 2 3 ] ? n ) . S

| £-- N

+

- . s o . : H * ) . 2 -
S_, A set of rows whose elements qf-orgz; n . Y-S

- e

o o . e .
% , A set of rows whdse elemerits of order £ = . . _
| _ O L S o ] -

{un+mff+l" ';'f' ? un+m+2£} e " )

=i o, T S S ‘
i n+tl > @n¥2 * 77 7. n+m}_ . ' ‘ : -

’

_ N .
and - - ' : . . . e

&G

. . - ¢ -
~

U, The unity set which contalns all the rows of <he . -

[

c01nc1dence “table I A ' . L e

= ) ol ot ' A 3t ees -, ek
{.1 3%y s e B i) 2 g2t 2 Ynsm 2 Tnamel

. . - . ol . » . -
nem+? * 7 2 Fodmtl 0 Tntmtd+l 2 TnEmife2 n+m+2€-}
- - Q y
Definition § : . -\ LJ :
] We define a.set Sy &S the set with pqmncmvle element?
- . L . ’
X.. §_ -is a subset)of-U.which cqpfains ’
7. O(j . . : e - . . {
(l)-.all'elements ﬁh i=1, ..., M, where M is. fhe total :
number of elements in U such that . 003 f‘ﬂ ' |
wheﬂecx and e(j are two-sets- of PIs corresoondlnw to'
| he TOWS 041.and c(_,ﬁ.- . . S .
) B “7 -



IR ' ‘ o2 1.0'7'? oo - e
(z) all eleménts\\gg 8= 1, ... ; M¥ such that dgflq. £ 9 . -
. i ‘ . . . .‘:‘:‘;.-1‘ - i 1 ) . . .

o

ey,

. \ - O ) . . . .. . J’ -
ForLl-realizabiéTfunction3 in order to obtain'S:/ - L

- l L. -
we start with the prmnczble element X, which Qontalns Pll’ S L

p12w>_.;; 5 le and then find all the rows “which'contain P11 »
in this case it ms X 41 and then- all the rows which contain

‘PIQ;Cit”is ) ‘and then all the rows whlch contain Py (it
is O(n+m)' Thenustartlng wlth=xn+i ﬁ 11 .21 3 ess s P’lj
- ) ‘ n

ind all the rows which contain P,i le sra s Py oand in

this case they are.‘x1 s Xy 5 e 5ol irfe.

s =lot o C ' - : : |
bo( &l’ n+l agn+23°(n+3:--':socn+m:u2 30(3 PR :D‘:n}(f

. l . .
- s . ) . * B ' -l '
. a’. . | . , .-
~Similanly | L R . “ )
S-\ = iu( . +€+l) . CX( . +g+2 . , T ’
Mamtd+1) n+m > n+m 2 (n+m+2£)
) °L(l‘l.'?'m"'l) " u(n+in+2.) oo O((n"'m'*"f)} ‘ -
~ = 5, )

i.e. U can be partitioned into two sets wifh twojprinciple
elements and’ ' e L "

‘san Sy, = B =and S,V S, = U

Definition 7

- If each row of the row~c01nc1dence table is considered
to be a row in a matrix, then a matrix can be written corre-
e v ' T e
sponding to each sykset of U -

-

b

For  l-realizable function S can be Dartltlone to

T N
two sets §, and S (SuUS "s,) ,.such that 8= &% , whem\aoﬁ ﬁ - -

are tﬁ% maﬁrlces CO“PESDondlng to Sx and %e resoectlvely AN

\_/ . . ~



' “and T represents .the transpose

\

.too(‘

-

n+l

n+m]

.
S1r

Lplm

i08s

F12 :
P22 ...‘sz.
o)
Pn2'1" “nm
.
Pa1 \~Pnl
e
2
4 eee P
2m nm

mXn

-

where the set of literals corresponding foetand,G have no

“ common<literals.

S, and S
- 3

SUUS}, =

mat“lces corresnondlng to the sets

3 has n ldentlcal rOWS and‘l

i

2.

r ol
i~

ném+f+1 ]
n+m+€+2 L =

/.
dhfﬁf?+l'

[P

1

represents the first-column-of,

P2 .- %

%

contains the complements of the set of

3 X

1

» Xy 3 e X

. and

n

-

Similarly S. can be Dartltxpned to two

and 8

literals correésponding

*nXE o

" where the set of literals co”resoonding'tos'; Xy 0 Xy 5 e X

respectively, -

ets

S ), such tha't:‘G EZ}T\},/whero "S d any’ twé



ﬂ - . - 10'9 -— 3
- .‘ .-u . ’f
. . . I
n+m+l ?l I
.X = o ' : '[ T B
“ntm+2 | = =
y .n.mf2 P, | 3 } .
° , e
. !
I3 f
/
J['-
*nem+d B B
- L L,

5.2 LOGIC DESIGN TECHNIQUE
© ] . . ; : '
Given a function f as sum of M prime lmplicants

3

(RI), the—following presents a design procedure for its

- realization, based on defi ions 4 - 7'anq result 4. The
d and followéd at each step by T

design procedure is summar ﬁ
an example. : o ] y D
: ; ]
Step 1 . - ' - //5 ' s .§' ‘
. . : . . ‘ 9-
Test to find if f can be expressedas f =+ b, .
f>where b is a first-order OR{func;iBn,
. | | L ’
Example - . yd ) _
’ : {& - T // Yo o= 5 - . B 3
_ oz X, XKt XK =D+ \
“where .
//

b = Xi.

F = X,Xy + XXy = P # Py
Step 2

s

_ Write the "row~coincidence table™ for T where each
oW X o represents a literal and the prime implicants where

it appears. |- - _ . L ' ,




T—rXample

- ‘»'110 -

jExaleé“ ‘ ‘ .
o Row Name _ iiteral . PIs . :
- N - R ;-Pl . -
| 22 %3 o
™3 S T e
Step 3 K

Write the- orderlng sets among the table rows,

where the. order of a “ow lS the number of PIs in that row.
- .

[

= (o o o
Sl ( 1°* 22 3°? u)
has elements of the same order I~

Step 4 ’ " ' o 4' _
. Starting with 'any'O(J of the largest set, form the .“‘
set Sd w1th a Drlnc1nle element dﬁ; ) IR
. . ‘ . e -
-Example 7 : - )
- ok .
Sa, =5, =%, %) - icp ), (P )75
= (o =8 = A -
sy =l ] sley e )} ‘

. - - . ) . . ) Lo . | 9 -
oW ha) = U . .
where Sa(\Sb 8 apd SaUSb _

where P and Uare the empty set and the union set respectively

Step S ) T .

T If S =sa,s'ms“—m and 5,US, = U

check if Both condltlons (a) and (b) below are satlsfled.
(@) f= oF o '

wnere'u and ﬁare two matrices corresnondlng to a SLngle



';j:' . ;'.‘f:ili.f. o - -._ e.:-. S
A : S S L "\

partition df;Sé (or 8,) and S, u's, = de, T'ﬂeeﬁeseefs

a'tranSDose of a matrix, and the set of 11terals corre~

, snondlng ol and ﬁ have ne common element.

(5) %= ] L

) where { and 3 are two matrlces corresnondlng to a smngle -

partition of S (or S Y.and §, ') S, = Sy, arhas n identical

TOWS »- - [ ] represents first column of a matrix, the

set of literals corresoondlng'maa contalns the,comnlements_
of the same set corresoondlng toX. ¢

Example,

~
~
e -
o3

1

1] s M= '[Pﬂ . i
8 = «7T is satisfied 7 '
The ' set of llterals corresponding to X and ﬂ'have no common
element - S ' . . ) _
o _ .
-} . [
(b) ----- B - ‘ Pz] L] 3 : {.Pz} : . . ...

; T
X = [5 ] is satisfied; 3 has 1dent1cal rows.
The set of literals corresponding to J contains the comple-

" p

ments of the same set corresponding to %,

_—

SfeD B. .

A

1f s, is the set U of all Pls, check if only ome of
. the above condltlons (a) or (b) is satlsfled

-
L
- gy - . . -

- Example

_ " . : Py

\&gz\ippllcable. o ,
“ - : . Y
Step 7 ' -~ -

1£-¢3> and (6)\are not-satisfied, F is not l-realizable.
e, ! .
Is ~ -

xamole - .

Fig;‘S.u'showe 1-reaiizable lization of f.

-
M

i
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asH o
Xy .

> >
x 4 .

Fig. 5.4 Ethplg f =‘_x.| +x2x3; +x, %

5.3 GENERAL EXAMPLES
/

>

the realization cf,an-arbitraryzfunction and the usefulness

of +he technigue can be determined from its application to

general examples. ¢

- The above logic.design technigue can be adapted to



Txampie -1 Lo o - . I ‘ .

(1) Not appligable. - |

- (2) Rov:v Name . Literal : ‘PIs
S I' ) Py ;
o X, _/ _ Ps. ) _/]
=3 X3 F2 0 43 4 :
X, Xul Pl‘ *
g Xy 1. .
g X P
- 1
(338, = 1. %2 %% 0 %5 ] 7
h s, =_{o£3} : L ‘ |
(4) S“"a' = 5, = {"‘3 s %1 s °‘2~} = 1(?2 5 Py, (PO (P3)} g
Sy = %y > % 0 Xel [ s ey CRIE o

'whe'r'e. Saf'\Sb = 0 and SaU Sb = U

. . , . - : -
(5) "(a) S_ can'be partitioned to Sx and $, (Sdu‘_sﬁ = S5))

where S_ -=1°‘3} and S/S S {dl s “2} | -
and : ' :
x =,[°‘3]‘=_ [‘2 P3]

%3 Pal - '
B = %X, = Py|® ) ' "

Then condition (2) is {si‘gsfied.



- .- l'lli_ .
(b) S, can be partitioned to Sx‘ and '§ (Ss U %5 = Sb)
‘where S = { ok ﬂ~} and ° = Xy '
3 ';-\i u.’. S nd""'sl : % 8}
and ' -
- - | %1 .Pl.‘ i
- - 5
. o B : .
. ) - ! T
- = - -
“Phen condition (b) is satisfied.
L e P
(E)u=Not aprlicable. 2
(7) From'(5), F, is l-realizable in thé form
Pl (X] o+ XXy # (K F XX, . _
. i.e.. | . . lr -t
X = Xl + X2 . —_
1= Xy .
Z = XL{-
Example 2 X
F, = X XXy * xlx_zxL+ + anu \
(1) Not applicable. e
(2) Row Name | - Literal PIs .
ot )
1. xl Pg : -
5 o
b} o 2
‘ ’ P .
>3 X3 1
" P
e Xy Fp 0 73
g 'xl. P i
g %, Py
X P
%9 %3 3



[

;Hcpﬂ , (3

where Saf\Sb =9

and Sa\JSb = U i

(5 (a) No §ingle'paptitipn of S, satisfies condiﬁion (a).
' No single partition'of_sa satisfies condition (b).
(b) No single partigion of S satisfies condition (b?l

- b
. . R
. oo .
(6). Not applicable.
(7) From (8), F, is not l-realizable.- L
Example 3 : R : f
Fy = XXpXa¥, * Xy
(1) Fy = XF+RT XX = bt F e
< F = ERXX, =P, DX
A . | .
X
L] -‘—\’
/ ]
_ 9



RV

w0 - .= 118 =

.(2)_'Row'Nam?f1 ' theral‘- PIs
] / . -il' P 7
dz . 22 B -P- B
C:s(a . E3 P
g ):{L+ P
3y ¢ Aot ot ok .U
(3 7Sy S\ P10 T2 T3 S ASIE
=1k ‘ O{ R = u.
(1&) Sa 1 l b 2 .3 3 H] D<L':§ .
(s) Not épp;icable. . o8

-can be Dartltloned to S and S “7?\JS

S
a

S.)
<“a

o)
7@1 :
S %] 5| F -
o 3 L P ’.l

< -H-l

“Then céndition (b) is satisfied.

(7) From (8), F and Fq is, l-realizable in the form °

Footxy + X, ¥ X0 ¢ BERT R0,
i.e. ,
_XE X)Xy Py
Y=o ™
Z:=X% - '
| b
s



Y17 - I o

= + ' ._ ) ' - : — . . S
Fq | (X) + X, +9X3)_(0 X)) + Xy + X, + X)X, + an)'
. ioe-. -. } '.. 4 = . W -

5.4 LOGIC PARTITION TECHNIQUE
In the previous sectlon we have indicated tﬁat.not
ill logical functions are l;realizable. If a function is’
not-1- reallvéple or itvis l-rvealizable with a large number
of fan-in, 1t ls ‘possible to partition the input variables
‘such that | : . e e

I (x

A%y s e xn).= f(yl s ces Y

n

where ¥y = Fi(xy 5 -ee xj) > i =1, ...nm
. A logic partition technique is developed in this
section, using the Karnaugh map aQ} is based on the simple
disjoint decomp051tlon technlques given by Ashenhurst [l, %
and Curtils [3] } '
Let us consider a singie output combinational circuit
with n inputs (xl s eee k ). - The inﬁuﬁs'c&h be partitioned
into N groups or sub- lnput sets- (I ’ 12 g e IN) where the
sub-input I contains n. inputs as shown in Fig. 5.5.  The
Dartltlonlng can be done ‘on the. fan-in ‘capability of the o
METLL strueture. Alternatively, if the delay per logic operation
and the signal path can be estimated from the overall system
design, the partitioning can be on the basis of the time of
rarrival of thé”inputs and a minuﬂgn delay system can be designed.

)

N
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Awthough, 1n thlS case, the tlme sequence at the 1nput lS ' : ;ff'ﬁ:lf
‘assumed TO be- Il s Iy s .ce. Iy the operatlon of the cibeuit t;l';

.lunctlons. The deSLgn procedure_}s now summarlzed and followed

‘_llgﬂh\ : - - ' . R

4,-

'.;"fl’

fﬂ

is comblnatlonal and the flnal value of outDut is not affected 3

by the’ sequence.
—

-

. ' ' - L
;The outputs of a block are used ‘as input-control'

“functions for the next klock and are labelled Yi 5 s Y _. '

1P,
for the ith block where Q is the number of the control pl'

'paftition.(b): Ii/lz

- at each step by a general example. 3
N\ . Y
S _—
¥ Step T o
f Startlng with the truth table of the logic function, L

the Karnaugh-map (K-mao) is used to plot the function as-a.

' Dartltlon w1th two plocks accordlng to the tlme of arrival of

the lnouts. The sub- lnput sets Il and 12 can be assumed to be

(xl R x2 y aes xp) and (x s X . x ).resoectlvely and

p+l p+2 ? -
are Lndlcated on the 51de and across the top oF the K-map. The

partition of the 1nput varlables is indicated by I /12

r . - o v

Lﬁamole » 2

Figure 5.8 shows the truth table of a 4-variable = o
functiops - | ’ oo : : o - -
R X+t X E ot RLRFLE, F X ®sX + XX,
xRy *oXgRgXKy FoXpHgKy *oXpXpRg¥, FXpRg¥g¥, T X %%y
LY + X
Xy X%y

Two dlffeﬂent arbltrary Dartltlons are chosen for 1llust“atlon

and ave shown in Flg,‘s 7: :
kxl,xz) / (33,xg)] “'/,ﬁ“'

[y s ) /G )|

v ' /\ L ’
. . . - - -

-partition (a): Il(I2

bl

\lava

‘;'-‘3,\

'lt('
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Step .2 ) C - o “ . ‘ . ¢
s : A'ccntroi'funetion map (C-mep)\is generatedhfrom a
K-map by combining similar columns. Each column in the K-map
éepresenes a cube,with‘?“fp vertices and the values of the’
function for each column can be expressed as an (n-p)-tuple.
:Similar columns are defined as these with an identical-(n-ﬁj-

tuple.
¢

-

To construct the C-man, a551gn the left hand column.
of'the.K-map_a state S, and assign §,-to 21l similar coWumns
Then assign stafce-S2 to the next unassigned column angd repeat
entil all columns have assigned states. Each column in the
- C-Rap renresents a state an& each state is coded in an
assignment chosen to 51mollfy the control varlables Yi

as a function of the sub- 1nput I, fu] .

Example

Figure 5.8 shows the C-maps for the above ekampleh

-
4

Step 3
ettt e————

The cdntrel function (y) can be expressed, dccording

" toixhe a351gnment given, as functlon or (xl,xz, e Xy ) For
each state the output Z 1s expressed as function of (XD+1’ -
Example
. I % e
(a) . yll = Xy%, ) s
| Yi2 T *1%2 3 -

- ) ' . = —.+_ "- P
In state Sl HIVA KXy ¥ XXy ‘ﬂ .
In state Sé‘: Z = x3x4.+ xsxq : - ‘ >
- . _ I ‘
In state 83 Z = X3 ;
. . N -
(%) Y13 %1 T % -
ey . = + .
Yig T Xp¥g T XXy T XaXoXy

£

x

).
n



S, =123~

‘c‘lssignme_nt Q0. | Ol 10 ~

Y11 Y12 @)

S, S, Sz -S4
+ L
& HO - 11t
: .4
TN\Z Ot 0i0 . |
000 001 100 10!

o] © i 0 !

I 1 0 0 l
assignment I 10} Ol 00
Y41 ¥ . e ‘

11 -12 B (b) -

Fig. 5.3 ‘C~Maps for Partition (a) and (b}
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In s'ta'te';_sl e z'= xu 5 in Sté.te 32: z = -}?L} ) in s'tate g

7z 0, in qt#te'Sﬁ : 2.=7i.

3 . . - ‘

Figure 5.9 shows the realization of the above example
with two blocks, where the output is realized as function of
the direct and the_cdntrol functions:

(@) TF Y1919 0g%y * XgR ) vy (g £ RGED Yoy

(5 c'*-'-yllylz bt Y11Y10% 4 + yllyl2 T Lo

I

[

Step 4 ‘ . _
o "The above pfocedure yields a partition with two blocks.
Paptition of higler order can be obtained if the procedure is
repeated on the first of the two blocks,: consxqerlng one cont“ol
antlon at a time. ‘

- Example, : :

' Only case (b) is considered (Flg 5.10) since the first
block in case (a) has two 1nDuts and its partition will be ' .
trivial. Flgure 5.11 shows a 3’ block reallzatlon .0f the above .

exalee, where the functlon is exDressed in the form

Z= Yz‘(yzz 3 ¥ Yap¥3)¥y *‘yzlxu(yzz * xg) lxy, ¥ xaj"
} . '
' 321(y22 *x )(yzz txg)
Although the 2-block reallzatlon of Tig. 5. 9'(a) is
‘merely part of a general example used as an illustration of the
partition technlque, for the sake of comoleteness a MFTLL
reallzat;on of the two blocks is g}ven in Fig. S. 12

&

~a
o
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5.5 DESIGN EXAMPLES

partltlonlng steps. However, it becomes harder:to periorm

. the Dartmtlon for a large number of variables, wlthout a

- 129 -

¢ . . -

) ~ The partition procedure giégp above can be extended
+0 Functions of any number of variables using any number of

1

comDuter program. However the usefullness of the D”ocedure

can be determined from its appllcatlon to some well-known

re\amnles,rsuch as the desmgn of carry stages for hlgh soeed

ripple- through adders. The p“oblem of finding the time

_aecuence of the input varlables, in order. to UET;OTm the

appropriate partltlon, is discussed using anlteratﬁve multl—‘
pller module as dn example.

L]

5.5.1 High-Speed Full Adders . T

ER
.

The time taken by an arlthmetic eeeration depends

not only on the speed of the basie loglc cipcuit but also on

+he logic organization to suit that c1rcu1t e.g. there

are’ several ways of reducing the time requlred for addlelon

of two n-digit numbers.

1) The carry logitc can be separated from the sum lOng in
a ripple-through system/End the number of delays per
stage requmred for the prouagated carry reduced to a -
minimum’ [5] .

2) ‘Anticipated or "look ahead" carry technloues may be

' --applied [6] . However these .become cemplicated and
require large fan-ouiznnnbers1fthe1nnnbers of‘look-ahead'
stages.ls large. ’ ' o/ )

3) There are compromise "] ook-ahead" technioues in which'
the carry is bridéed'ove* small number of stages and.
large fan-out numbers are awi ded thh significant reductions

in adding time.
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- The two level METLL structure‘prov1a s a convenient
method of comblnlng techniques (1) and (3) onbe A typical
carry loglc for. bridging two stages is shown in Fig. §.13. .
s shown, the system is in the géneral form of Fig. 5.5 and
.- can be realized efficiently with METLL circuits. Figure 5.1%
gives the trgth table and a METLL realization for the carfy
logic of each stage. '

.

$.5.2 An Iterative Multiplier Module

In the above example, the sequence of arrival of

- the input variables is deterriined by inspection. A more
izgomplicafed system is chosen here to i1lustrate a method of

- eéstimating the total signal delay at each point. The example
'glven is an 1terat1ve multlbller, composed of similar modules
[ﬂ. Fig. 5.15 shows such multlp11er for multlbllng 3-digit
numbers; h hth and k k1k2 It is composed of 51m11ar moduTes
and in order to determlne the sequence of 1nputs at each
module, the overall system must be studled. In the multluller;
carries are propogated both horlzontally and vertically. It
can be shown that .the maximum delay tlme for the carry 5 to,

reach the output.is given by: . . <

N,
T = (2N-1)h + (N-1)v-

" where N is tife number of digifs‘in each number (3 in this
example), . - . . '
h is the horizontal delay for each module,
_ v is the vertical- delay  for each_modgleﬁ

Thus the horizontal delay is more critical than the vertical
one and. the full adder of each module should be designed for
fast horizontdl carry z,- The module now becomes &n YAND gate'_
with full adder. K The full adder has two control inputs’

(xl and x2) which are avaz%sble before the.direct input Xq _
(Figh 5.15). \\;/’"f" - : . . ’

-ﬂ-l-."
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In this chapter Weh@ & eg\ﬁ“\b\f-shed\\the‘\b;gls\. for lo-ga.c-- AL
RN
theory for METLL ‘by developxng 1o, Lo N

: . Ert*e53 ﬁ‘gﬂc de51gn "‘:-.;f
and . loglc partltlon technlque \: Fu are \\esearch wofk could : .fv% o
lnclude the following: = ** f\gL : \u.§\¢ e ;l‘:' s

(l) The logic Dropertles given a“e for the SlleeSt structure.i}
‘- Similar Dropertles could be e*tabllsH\Q for multl lnDut° CT N

structures and a logic deSLgn technlcue\could be deve1ODed

for multl input realization. e N

' (2)_ The'ldgie des;én technloue ls develoued to be usee‘for

'  functions expressed as the Sum of . Droducts Similar :
technlques could be developed if the funptlon Ads expressed ‘ -
as the product of sums. A computer program could he R | ~
written based on the technique glven and an ODtlleafth
procedure could be fncluded. : o Ce

&

(3) Functlons of n-variable could, be studied for lﬂreaWLvablllt§
| and the ratio of l-realizable functions to-the total
functions will ‘be es‘tabllshed. This' l-real*zablllty
might be for the 51mplest structure or' *o*'arnorcconuﬂex

one. ‘ oo .' : ‘ . o

1
. a e - L
-."‘\
{ i v

()" The criteria for d01ng the partition glven ln Sectlon 5 4
could be changed to adopt any de51gn requxrement. For e\.a.mple
the partition could be done to result in 1- reahza.ble Blocks. A

computer program could also be written to perform such pa.rtxtlomng )
- , Lo

with the minimuny number of blocks.
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METLL°STRUCTURES IN  ~ . . °
LOGIC-IN-MEMORY .ARRAYS o

Aé'indicafed‘;n-chaﬁter 2,-cﬁe approach to obtain
high=speed processing is to combine logic and memory functions
in basic bulldlng blocks. These blocks are arranged in hegular

Trays, commonly called Logic-in-Memory (LIM). arrays.[l U
These arrays may be. regarded elther as a logically enhanced
memory array or as a loglc array whose cells can be‘progbammed
to realize a desired loglcal funct%sn. The main advantqge'of
+hese arrays is their suitability for LSI, because of the
highly modular gtructure.of the arrdysland because digitel
" machines can be built using feﬁ types of these arrays T%l'.

Moreover, these arrays offer the follow1ng features:
Y

W) FUnction.%lexibiliiy
figure 6.1 shows a-gehecal form of a basic LIM array;

which can be -ugsed in. 1n;ormatlon +transfer and lnformatlon
processing operations. It coosist .of N columng and. M rows and
each cell is labeled, referrlng to the row a&}>the column.
~number respectiveiy. The cell has two sets of- 1nputs, control
inputs and informetion inputs. The control inputs- determlne
the node of operation of each cell and, the information innuts—
carry the data to bé&: proceesed The control input set is
Daﬂtltloned into two fets, named horlzontal and vertlcal
Similarly, for the 1nDut and outuutwlnfowmatLOn Two lnter-
. connections are assumed -for each of the surroundlng cells. The

7con§rol inputs of the boundary cells are connected to an '
instruction matrix and the information inputs to a boundary

fmatrix.

S

The ;unctlon of each cell, and, hence' the function of -

' +he" array, can be changed by changing the contents of the

>
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1nstructlon matrlx.

Thus, a cell that behaves as a full adder
in one ‘mode, may. act 1n other modes as a. counter stage o a
- shi £t reglster‘ stage.™

-

(2) Testability -~ ‘L

_Because of‘their‘regularistructure,'LIM arrays shouid
be substantially easlier to test for faults™—and to dlagnose'
than . constructured networks havmng the same Aumber of elements

. 1 . ,

{10, 11

J

(3) Fault Accommodation

N o
L

Because of the f1 exlblllty explained in (1), lsolated
faulty cells 1n an array may often be bvnassed by Drogrammlng

the adjacent cells %o ayo;d actlve connectlon o the faulty
cell-[ﬂ, 13]. - .

(4) Subarray Interconnectability — - : |

A cellular array may be realized as a,macrocelldlar

1nteﬂconnectlon of .cellular subarrays, each reallzed on an
LSI chip.

Slnce each ‘cell has only a small number of ccnnec-
tions to adjacent cells, "the interconnection pattern on the

h’D is. samnle. Moreover, the number of external: lnDuts-
cutputs that are, connected to the edges of an array or sub-

array 1s relatlvely small.

(5)  Low Power and High-Speed i,” .

Because of the low fan in and fan-out reculremenus,

the, cells can operate at low power levels without sacrificing
‘the high speed operation offered by

_tge.technology‘used for
cell realization. ’

—

A
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. A8) Insensitivity to-Improvoment in Technologyr

‘The future avalllblllty of more advanced technology

allow;ng hlgher c1rcu1t densmty per Chlp e.g.. Isoplanner II,
does not imply a .complete redesign of an array-organizéd

digital system but requires only that a smaller number of IE
subarrays (chips) be used in building up full arrays. | )

" (7) simplified Design.Effort - '
: ' L - e -

Because each subarray‘consists of an iteration of
a single, fe}atiyely simple cell, all design effortlmay be
focused on the gptimization of the circuitry othhié cell
with respect to speed,'sil&oon aroa, tolerance, etc..

A\ . .

The capability of METLL structures tO'roalize'logic'
and memory gunotions economically results.in its being suit-
able for LSI LEﬂfayrays. _In this chapter, two specific.exomples_.‘
are given; the METLL realization of an information transfer array

LY

and”a sorting épray [lH] .

§.1 METLL- REALIZATION OF TRANSFER ARRAYS

— ' An information transfer array can accept parallel or’
se}ialfinfonmation_and convert it from_one form to another.

Figure 6.2 shows a part of this érray and Fig. 6.3.shows METLL
realization of the basic cell. The cell has two data inputs;

a serial input data (SID) and a ‘paraltel input data (PID) and
+wo data outputs, a serlal output data (S0D) and a parallel

output data (POD). ALl PIDs and PODs of a column are wired-

OR to minimize the ‘total number of input - outputs. Each cell _
has three control 1nputs, Xy Y, and 7Z clocked with two phase- | =
‘clocks; Cl and C to allow a master-slave ooe“atlon. The METLL
reaﬁlzatwon allows two loglc ooerat;oQ§ to be performed at the - -
master and one logic ‘operation at the slave without increasing . '

the tdtal power dissipation and the.s%}lcon args . ) - ©

1 N - ‘ ' . Va
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Fig. 6.3 METLL C3il for Informotion Transfor Array



.2 METLL 'RBALIZATION\OF. SORTZfNG*ARRAYS? N

words that are read out are obtalned in order,of Slae; Nlth
‘the largest word first (or alternatlvely, w-tb smallect flnst‘ f‘ffg
as des;ned) The words are assumed -to be o- matlmum length nk;-..‘"
. This array can be used as a functional unlt 1th1n-the central

3rocesso;dsf a general- purpose comnuter, on- to e spec1al % ?: - é

purpose mputing system for which sorting eepabtl;t ?ls 1eeded. :

. o
N sl FD
-

- The sorting’ array "described here [1u1 is.attwo- ¢
dimensional iterative configuration of laentlca1 cells, each

»

-,o:_whlch is a simple sequential logic circuit. Each cell is- _
w_onnected only to its immediate neighbors and the cells around
the edges of the array are’ connected to ‘fixed 51gnals or to '
reglsters. Flgure 6.4 shows the array conflguratlon along
with an input-output reglster X and a word selected neglster_ ‘_ Y
W. All cell input termlnals on the right-hand sidé of the
_array are .connected to a logical 51gnal Z (normally flxed
at 1) and the outnuts 1abeled 7 from the left edge of tﬁe array.
serve as 1nnuts to the stages of . the W- reglster. fach cell
cojrtains one flip- flon, whose content is desxgnated Y, so that
the set of n fllp-tions in any one of the N rows of the array
' nay be emnloyed to store’one n- dlglt “word. This set of words -
is assumed to be encoded. A binary-coded dfcunal number system can

be used with t'r'e most significant digits at the left ends of the words. One's

or t®o's c:mplement rep.resentatwn can be used to encode negative .
numbers, with the minus sign encoded as a 0 at the left end of

the word. L e ;o : | $T>

-~ -~  An entire word is handled as a unit during the 1nnut,
cutput and sorting operations. One cycle of oneratlon of the

array consists of two .steps:
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(1) A comparison step, in which'the word'X‘in the X- .
‘reglster 1s szmultaneously compared with N words

stored in rows of the array; a M"1" is 1n3ected
into’ the W reglster in those rows whose words

(including blank words) are smaller than or eqﬁal

to the word X, and a ngn is 1djected into the, W-

register in those rows whoge words are larger than
‘the word X. _

(2) \An executlon step,. in which J—
(q) The set of all words that are stored in the sub- |
set or Tows hav1ng a "1". in the w-regzste“ are

: moved downward one row within the set, nlle the
word in the X- reglster is copled into the upper-
most such row and

(b)Y The loweérmost such word is copied into the X-

register. - Words, hav1ng a"0" in the w-reglster
are not moved

o~ Sorting with this array 1is accomolmshed by main-.
talnlng a sorted file of DreVLOusly eﬁtered‘WOrds with the
largest at. the top of the arﬂay and. the: smallest and any
. blank TOwWs at the bottom. 1=‘ach new word that is to be sorted
'is inserted lnto thls file 1n a 51ngle ooeﬁatlonal cycle. To
read out .in order the words in the flle, Wargest to smallest,
place a "l" in the uppermost stage of the W-register. Now
carry out $tep (2) of the c&cle repeatedly, shifting the "1"
downward in the W-register, one row with'each step. If. the
wordé are desired in the opposite order, a "1" may be started
at the bottom ofrthe‘W~regiéter and shifted upwéard.
i ‘ , v

Figure 6.5 shows the:array cell and its METLL reali-
zation, four structures are used compared with 2é'cqnventional.
gates. The majority gate at each cell forms part of a chain |
-of n such gates. The‘inputs x and y of this gate adlow it to
act as a size comparator; so that the leftmost Z-output in each
row takes on the value "1" .when and only,yhen the number repre-
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‘'sented on the set of x-lines entering this row ffz;ziléf than
or equal to the nqmber represented in the cascade of y-flip-
.floos in the same row. Normally, step (l) is carried out wzth:
the w-weglster lnltlally empty, so that the w busses in all '
POWS of the arrays carry the value "g". In thls case the %x-— . /

~output in each cell carries the same value as the x-input; :

y .
-
L]

Mrvar
ki

x = %, i.e. the .contents of X regxstew is bussed downward

to . all rows of the array. As result, the comnarlsons in o

(1) are made between the word X and every word Y- sitored in the B

- - - . ' . /

.

array.

. . . . N " \ . . B . . . -

N -During step (2), a row for which the W-register
coﬁtaids a "0™, we have w = "0", so that each cell in this
row behaves according to ' ’ i

”~

¥ .= = .
X s y Yoo ‘ ;{
i;e.é the row is static and behaves as if it were net even
present. A row for which the W- -register contains a "l" we  ' ‘ "
have w = "l", so each cell behaves accordlng to N ‘
-g?)o - .A - .- = . ] ," ! 1
"'ﬁ X =y .2 y- (CX)t 1.

T"1'1us the word stored in the “lib-flons in this row is‘trahs—
:1eﬁred onto the set of x- llmes that pass downward from this
row. For the array as a whole, all words in the subset of

. rows consmstlng of the X-register and those rows marked with
= "1" in the W-register shift down’ cycllcally one row 0051t10n‘
flthln the subset.. . The contents of the X-reglster IlllS the
top D051tlon and the contents of the lowest marked row Dasses
back into.the X-register.

The sorting array may, also be used for;the realization

:J'r an arbitrary logical function, as & pushdown memory -(last-

ln, first-out) or a buffer memory (first-in, first-out) or as

‘a content-addressed (assoclative) memory Pﬁ 18] In these
configurations, 81m;llar METLL realization could also prove
economical. B

™.
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Tl N 'I’l‘us thes:.s ha.s cove‘ed many aspects of dxgxta.l desrgn -fro
' computer archxtecture to the crrcuxt desrgn of high- -speed logic. - A.}.though
_each’ aspect has’been rewewed in some deta.11 the thesxs\zs concerned more
- with thesrelation between the \d1£ferent aspects than any sp c1f1c one.- Indeed,
it is 1mposs1b1e to, Euake a desxgn change to any aspect without aifectmg all.
the others. The the?zfs contributed to high- speed LSI logic by the development
of the METLL fa.rmly. It. was showu that a decision - to adop METLL T
.required. 'é@\ddes:.gn techniques’'to be developed for its most e f1c1ent |
use i : a logxc system. This wa.s related to ways in which mod anty could
A be ex-plorted at th‘e subsystem 1eve1 and its impact on system arch1tecture.
- 'I'he concept of modula.nty rs 1mportant ‘at all levels and ma.kes the system
- - particularly suitable for LSI realization. ‘On the silicon chvp, it permits . °
- a “a. reduct:.on of desxgn time and great sa.vmg in layout cost. At the subsystem
level it simphf:.es mterconnectron patterns and reduces the number of mput-
~output COIanCtIODSu - At th'e overall system level, it ac‘meve s de s:.gn economy,

h1gh performance and hlgh rehabxhty S - !

<
* Although the thesrs has been specxfxcaﬂy concerned \mth the ne‘ for

o-I an LSI h1gh speed system usmg convenhonal b1polar technology, the

odular a.pproa.ch ta.kekn is generally agplxcable and it is possrble to adapt
the approach to other technology, e.g. I L (Integrated Injection-Logic)
: e
- and MOS. ) B , S . ‘%

"J >

T fIt has been 1nd1ca.ted throughout this thesis that further research

I
-0

work is requxred 'I‘he main areas for future research are summarized.. .

hd ’

heroﬂa : : o .o E . :

(1) The logic d_estgn t‘elch:rid_ues given lead to the economical realization of
MSI functions (full adder, multip'.[iers). In order to adept tﬁe METLL
structures in fully LSI systems with a high degree of functional corn-
plexity, more{&-esearch work must be done, Alternatwe m1mm1zat1on

o

techniques, ba.sed on a cost’ functmn could be developed
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(2) It is poss1b1e to explore further the concept of pngme organtzat1;n. ‘.
LT as related to}@M a.rra.ys a.nd }éE:TLL At the t1rne of wntmg,
progress in that dtrec‘fnon has been reported by the digital: cxrcuxt
research group at the Umvers1ty of Ottawa. under the du-ectmn of 8
Professor P.M. Thompson. Sxm1la.r resea.rch work has been also |
reportedfl, 23. ' | '
(3) The loglc propertxes of the structures as presentcd in cha.pter 5
could be proved more forma.lly a.nd some of the log':.c problems o IR

. mdmated could be solved

Rccent advances in- technology will generate new farn.hes of
lomc mrcmts«and eventually a.ffect the over -all computer archxtﬁcturc .
of large systems. However, thhdut knowledge of how an a.dvance‘at
.. one 1evel aifects ‘the deszgn dec;smns at another, it is poss1ble that -~ .
- these a.dvances in- technology wﬂl not-be properly cxplmtcd c. g computer

-a.rch1tecture may be studLed on the ba.sm of. an.obsolete technology,and

\

logic circuits rng.y_be des1gned to meet the- rlequzrernents of obsolete

- T b

system-‘a'rcﬁite’Cturé. 'I'hus the proper explmtatxon of a. new a.dvance at =

any level of de51gn, .be it an adva.nce in log1c theory, sohd state
;____ technology or the design of la.rge systems requxres*knowleoae of mter- . .

) rcla.tronshlp of the va.rrous levels of dtg1ta.1 ‘system de.mgn.-

LTRN
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' c1rcu1ts employ diffused resistors as collector loads dnd

o

THE DESIGN OF ASLOAD stRucrure . . . o
FOR CURRENT—MODE SUBNANOSECOND Logrc . S

-
T -
- ) "

~ ' . = "
cu:.t
conft lguratlons have been applied where the highest oneratlng

Dneeds have been required. In their integrated’ form,. CML

For several years, cuprent—mode IO?lC (CML) c1r

»

“they are fabricated on the same Silicon cth as the other
elements { 21 . In dlscrete clrcults, advantawes have_been
cla*med for negatlve r351stance load st*uctures e.g2. tunnel
diodes and tunnel dlode-re51stor Dal“s_‘3 uI, but they have.
not been integrated onto a 5111con cth. It has not deen
proved that either thé tunnel dlode or the resistor provide
the optimum load characterlstlcs., When 1nteprated circuits ‘ S
are used, it should be possible to svnthe51ze an optimum load
-structure for any CML circuit” |

Here we descrlbe the deszgn of an optimum static
characteristic for a load structure o CML. A comouter
.aided ana1y31s is used to comua“e the tran51ent resuonse of
CML.c1rcults which use three specific: tyDes of load structure.

:_.I*‘ls shown that the load with the ovtimum statlc dha“acter-

1st1cs also anuears to. offer an optimum tﬂansaent resoonse.
Practical 1ntégpated c1rcu1t reallzatlons of the load structure
are- dlscussed and their ;easzbllltv demonsirated The. load is |
d*scussed Sneglflcal-y 1n terms of Multi-Emitter Two-Level’ Loglc—
structure | 5, 6, 71 because 'METLL has been demenstrated to give
.the lowest tlmewdelay power " D“oducts ( 2DJ for- cﬁhventlonal and. -

diffused n-D-n 1ntegrated c1rcu1ts)

- I



' ‘lOFlC circuit .is determlned by the follow1n9'

- _151@.-_-. B

- -

_$’
-

I LFFBCT OF LOAD STRUCTURE ON THE STATIC CHARACCZQISTICS OF
CML CIRCUITS

The 51mple OR gate shown in Flp 1 is chosen ‘for the : “
study of the effect of the: load structnre on ‘CML czrcults - -

The circuit performs the function, Z = A +-B. The. operation

of the c1rcu1t is as fdllows Innut transistors (O O ) and

the fixed bias tran51stor (Q ) control the flow of the cu“ﬂent

:b “through the load If the base of either Olor Q is Dos1t1ve .

of the referencefvoltage VR, no current will flow ln the col-

lector of QD and the outuut voltage will bh zero, l.e. a lov*cal

"1" in DOSltlve lagic e'ystem.. Only when both inputs A and B

| are nepatlve of V and I0 flows throu?h QO’ the outphut voltave

will be negatlve, i.e. a logical "0". The. output node is

connected to inputs of other stages which operate in the same

way. -, ‘ . :f: S - e 3
S ‘ i p

. . The transfer characterlstﬂc (V. in f-Vou;) af the‘above
' [ N .

.
-

(a) The relatlonsh1p~between the - input voltage (V ,) and the

*  load current (I ).

(b) ..The relatlonshlb between the load current (IL) and the

ogtput veltage (yout). ' - - 7 ~

The Vin - I relationship-is function of the current

source IO and the characteristics of the inout transistors

pair Ql’ Q2 and the fixed bias transistor Q0 -Assuminp iden- -
tlcal transistors and a constant-bur”ent sou*‘cenI0 ﬁ] the R
load cur rrent can be exnressed as

I, = 1./ 1 + m,exp (vin - VR)/V

. L 070 ~ d T
where o )
% ='common base ShO“t c1rcu1t current galn o

A
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FIG. 1 CURRENT MODE OR LOGIC
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1 1 : .
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FiG.2 CML INPUT CHARACTERISTIC



. a low- 1moedance at the logic: 1evels "0" .and "1" and high

* —— .

d number of drlven transzstors

< 3
Il It

thermal voltage—— T ~25 mV at room temperature

- The IL --vout relationship lS functlon of the

cHaracterlstlc of the load structure and the input cha“ac--

teristic’ of the next stage. Flpure 2. shows the 1nuut current

'1n0ut voltage characterlstlcs, where

T, = -0l ‘ - VN
Iin .;(1 0) lo/ 1l + exp(VR ‘mvin)/vT

"’.‘.' ’ . ’, - | s

If the combined 1muedance of the load structure and
the input of the next stage is hlgh small chanpes in current
will result in significant chanwes in tﬁé”&ﬁfout voltage and
~ill-defined logic levels. Since the input of CMD\ClPCUIuS
_presents a hlgh 1mpedance at logical "1" and lovloal mom
levels, the load Structure should present a low impedance at
*Hese two “levels. Moreover, since: the 1nout characteristic
has a mlnlmun impedance when‘vln :_ R’ the load structure
lshould have a hlgh impedance or a negatlve impedance to min-

1mlze the current through the load and allow the driiving

twan51stor QO to supoly the maximum input current to the . -
driven tran51stors of the follow1ng stages. As & result, the
"“load structure must satisfy confllctlng requlvements,’namely

impedance or negative 1mnedance when Vin = VR. If a linear
resistance load structure is used, its value must be 4" compro- T
mise between the two requirements. Alternatlvely, the con-

Fllctlng lmoedance “eoulrements can be met by non—llnear
.Structures.

L

" Figure 3 shows a styllzed collector characterlstlc
of transistor QO w1th three load llnes suDerlmDosed.
(2)- A linear dlffused re51stor.



"_.-_-'15'+ '-.-.5. o . ‘ o
- N S ' Tl o
() A non—llnear negatlve re31stance Wlth low‘oositive
wesmstance limits at the loglc levels Ton end my,
(e) A non-llnear lnflnlte res;stan e with low oositive'
o re51stance limits at the logic llevels WO"'end "it, .
'".The transfer cuabacteristicé of a CML circuit with
these load lines - is shown in Fig. 4 and the resul ant loglc
'aud threshold level system [9, 10] are shown in Fig. 5. For
case (a), the linear 1oad'liue, “the overall transfer charac-
teristic is that of the tran51§tor palr (O Q ). This results
in a wide thre§hold and low n01se margins. In case (b) the'.
noise marglnE‘EFE"EEEféased because the collector cu“rent of
QO ‘changes through almost its comolete ange, before the
_output voltage changes and the sum of the two nolse margins.
is greater than the logic swing (see dotted llne (b) in Fig. 4).
This 1ntroduces a blstable characterlstlc 1nto the logic c1rcu%t
‘which ecan no longen be regarded as. entlrely combinational. In.
case (e), the’hlgh 1mpedence section of the load llne,;ntroducee

a steep slope into the transfer characteristic and results into . -

- a harrow threshold region. Bothﬂnoise:margins are increased
-without the introduction of a-bistablé characteristic.

b

- The output characteristics (I out -'Vg t) fo“ the th“ee

loadﬂstfuctures;are compared in Sig. 6. Two-sets of curves are
d
and. the correct output is logioel "oM. The thick lines repre-

shown. -The thin lines represent the case where I of Q=

sent the case where Ié-of Q0 = 0 and the correct output is
logical M1".

The output current is defined as DOSltlve when it
flows into the output node. The outout voltage remains within
its correct. rénge of values for larger output cur:euts for the

1__nonllnear load lines cases (b) and (¢). However, in case {b)
,For _the negatlvé re51stance load lzne, a small outout current

" . . - - 9

S

o

L4 - [
1 .
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FIG. 5 COMPARISON OF LOGIC LEVELS AND NOlSE MARGINS FOR
LOAD STRUCTURES (a) {b}, (c)
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can Drevent the output voltage fﬁOm changing between loglc

"1" and "0" when I changes. Thus the preferred 1oad llne : -

for static Derformance 1s cise (e).

3 . V <
-—

'I1I- EFFECT OF. LOAD STRUCTUREfON THE TRANSIENT RESPONSE
Comnuter similation has been used to study the
-relatlonshlb between the transient response of CML and the s_‘ {
static 1oad line. *1gure 7 shows s;mplltled eau*valent '
c1tcu1ts fqr the three types of load structure evalqated
The dif fuse res:stor of Fig. 74 is assumed linear and the
tunnel dlodemcharacterlstlc of Fig. 7b is assumed to consist
of thﬂee-llnear sections. The juthion-diodes £ Fig. 7¢c are
: assumed to have exponential I/V characterlstlcs and a 500 mv
*hﬂeshold.a Fov reasons of convenlence, the logile swing is
'————aréltﬂarllv taken as 1 V and the loglc levels as +3.5V and
+2.5V. It 1s assumed that the CML circuit is required to "-‘
charge the bases o‘ the next stages and-varlous stray cépa- ' \\\
-citances. Also,, ‘the total csutput caoac1tance does not dlffe“ | |
between the types of loads and has a typical value of 0. 5 of.

1

The ccllector current - I is of the’ for a llnear rampL llj
. and” the dlf‘erence between.ﬁp and the :;::\bptreht'is available

to cha“we and dlscha“ge fhe output canac1tance.

[

f ' "he “esults, tor transient “esuonse 'of a nonfl4neaﬁ _
analv515 program [12] are shown in Fig. 8. ‘Tor. all *hfee tyoes ©o-
of load, the 1nlt1al delay is directly related to the noise -
margin derived in’ Section I. This delay is shortest for the ; : -
Ddsitive linear'diffused resistor and longestAfor the-negétive'

| stance. +In the case of the lineaﬁ resistance load, the

“outnut voltage has a rapld initial rlse, but is exponential
and aDDroacHes its final value slowlv. However ne rise time

is degendent on the definition oe the log:c.leve’s and can be

shortened.by 1ncree31ng theimarglns of the loglc_levels and
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. — . ) . T .
For the negatlve resxstance ‘load - ,
structure, the output voltage has a Slow 1n1t1a1 rlse before : -

Wit is accelerated by the negatlve resxs%ance characterlsggc.
; £ v

). . . . o *

* -

The lqad structure with t‘“‘lhfanlte Mes:.stance
section, Drov1des the fastest overall tran51ent resnonse.

The 1n1t1al delay 1s not very mucb l nger than that of the "
dlffused‘re51stor and the sw1tch1ng

linear.’ Thus this structure, whlch ha

' redu¢ing the noise margins.

ansient is essentially

the Dreferrnd statlc
characterlstlcs, also offers the best overall translent

o

characteristics. , S c
)

* {

t,_

ITT TNTEGRATED RT’ALIZATION OF THE INFINITZ RESISTANCE LOAD

STRUCTURE
The 1nf1n1te “e51stance load structure can be rca;: i?é §§
ized in a numbér of ways and some of these® are dlscussed in . T2

(a), (b)), and (c) below._

(a). Lateral p- n-p Trans:.stoh - Dlode CIPCUlt

-

If conventional diffused n-p-n technology is’assumed’

for theiBisic CﬁL circuit, the loac charécteriStic shown in

3 () caﬁ*be’realized-by a parallel connection of .a lareral
transistor'flz 13] and a junction or a Schottky diode

shown 1in Flg.[S (a) (b) The transistor is biased so that
ts col’ecto“ current in the dctive region, Ié /2.' Then )

the section abe of the characterlstlc of Fig. ¢ (b) is det e"-k;
mined bv” the transistor and cd'by the diode. If a-junct-on
dLode is used the - dlfference between the 1OFlC lavels defined_

.bv tnls Cl“cu‘t 15 550 mV, gna if Schottky dio
the difference is 3505mv It “is hormal to intf?

as Dart 'ot the basic CML stﬁucturp and to u a siﬁglé nultiple-
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-a tran31stor and” 1ts blas c1rcu1t ‘18 shown 1n ﬁﬁg 10 (a) S
b JAEY

(b) 0 deflnes & cuprent I -

'/ 0 as in the .basic CML circuits while ;-

the emltter couoled Dalr Qi," » amnllfles any difference
between I and the curren* |

_supplied . by two collectors of the -

o—n D tra szstor Q. to provide the ‘bdse drive at whlch each
'collectc“ current will be I /2.

- @
. ~ .
. . ._.- ) . . . . . ) . . . . ~ L e

N .

C - A Although thls Cl”CJlt Drov1des the correct static ar
. . ©
1oad llne, lt is not sultable for Sub—nanosecond logic S :

cip-t. |

cplts. When the tran31stor is" in the Yegion ab of Fww g (b);”
Wan“lty carrlers are stored in’ the base T*e;flcm at the '
ooundary of the collectors. When I ~of 0O in: Lhe CML c1“cuﬂ‘

‘10¢’c'”0" gic "l” untll Lhese excess car*zers have been l
-

SngChes from I. to O,-Lhe outout voltace can net chance ‘rOm
to l{f
col;ecued. _ . - . -_“, o S *

(b) Current Source with TwomDiodesn‘ “',' o ’

o K o cM T

) The mlnorlty ca“rler stbrave oroblem above can be
overcqme if the ono_ tran51stor is not allowed to ente" its .
saturation reglon ‘and this’ can be achﬂeved by usi ing. low capa-

citance Schottky dlodes to deFlne both rerlon ab and cd * See -

Cims
?-u
Iy

-

11’ (a) (b). here, the. Tateral *”answs*or defwned secelon
be only and Furct:.ons 2s a ¢constant current: souwce of I /2 at
al1 tﬂmes. " In some aoollcatlons a dle:used “e31scor can be'
used lnstead of the lateral D~n~D t“an51sco“ c1”cu t with scme j:

depgrad . of the statlc chaﬁaceer~s+1c. Thls-Lwo~d_ode"

3
ibcuit broves to be the most D“aCLlcél o_ .those discussed!
<) M Lo T

e
{ OS Clrcu1ts

.

n " . 1 ' . A .
{‘f -;“,-- With tgg develooment of \comoatlbWe MOS- bloola*-

4

L uechnology [;4] 1t will ‘become DOSS‘b1€ to 1"e.arl:.ze load P

Structures fo“ blbolar IOFlC Ci“CUltS lth MOS'Elemeﬂto. A _nf

s.mnle arﬂangemene would be Lo use a MOS curﬁent source wltb
Schottky dlodes.' An alt ernaelve c;*cult is sho 1y in Fig. 12
(a) (b). Botk deo7etlom and. enhancement elements are’used.
The deoletlon transzsto“ Ql def 1ne5 sectﬂon abe, whi e‘tne" :;

enhancement transzsto def;nes,sece;on cd.‘ R e e
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A

'Iv THE LOAD IN METLL STRUCTUR“S P
load (c) can- be reallzed u51ng

In METLL structures,
However 'on an

a current -source and two Schottkv dlodes.
COUDlln? is mlnlnum, Lhé.circuft"

LSI Eth where external nomse
tegratlon.

nOlSG marglns could be sacrlflced for the ease - of . 1n

.n this case the load structure -can be«“eallzed as dlf‘used
diode -

'"ealstor actlng as . g cu“rent source and a junctlon
ﬂesult“ng in a loglc sw1np of 700 mv and ﬁomse marplns of/%OD nve.,
_ 1 .

n

CONCLUSIONS. -

v
';;' o ‘The analySLS lndlcates that the hl?h resistance - _
dlodu limited non- llneaw load structure d“scussed above has R

acvantages over linear reszs*rve and non- linear negatlve
-In addition to ODt’anlnF the .

‘re51st;ve load structures.
counllng between czrculgs in terms of d @pd—translewt chaﬂa¢-. . '
‘ceﬂlstlcs, it has: been found to facil 1tate e | temoeratr..re 4 o S ‘N
e ME:T.LL circuit, . \é"-

compensation of loglc and\xhreshold levels of N

Wb -,
. - ”'
e . . . -
T ) . : . .
& $ C L - . _ .

I
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