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Implementation of Ternary Circuits with Binary Integrated

Circuits

DANIEL ETIEMBLEAND MICHEL ISRAEL

Abstract —A general method for implementing ternary cir cuits
with binary integrated circuits is described. The conditionsare
givenfor a particular technology to beabletoimplement ternary
circuits.For TTL,COSMOS, and ECL technologies,thenecessary
circuitsar edeveloped. For mulasar e provided to obtain themini-
mum cir cuit accor dingto the particular function required. Sim-
plification rulescorrespondingto each technology ar egiven. Some
examplesillustrate the method. Some dynamical characteristics
are shown. Extensionsof theseresultsto other technologiesand
ton-valuedcircuitsare possible.

Index Terms—Circuit realization of multivalued functions,
combinational circuits, COSMOS integrated cir cuits, ECL inte-
grated circuits, fundamental ter nary cir cuits, multivalued cir cuits,
ternary logicimplementation, TTL integrated cir cuits.

INTRODUCTION

OR several years, different papers have pro-

posedternary circuitsimplemented with binary inte-
grated circuits or compatible with existing integrated
circuit technologies[1]-[4].

For each technology, the authors have presented gate
circuitsableto implement the basic set of operations for
acomplete algebra and the expansion theorem to imple-
ment any arbitrary 3-valued function. But no general
method has been giventoimplement ternary circuits for
any technology.

In 1974, Birk and Farmer presented "An algebraic
method for designing multivalued logic circuits using
principally binary components” [5]. But they did not
provide technological data to demonstrate how their
method could be used in detail.

In this paper, we present a general method for imple-
menting ternary circuits with IC binary components. In
summary,

1) A method similar to Birk and Farmer's to realizethe
ternary to binary and binary to ternary conversions is
presented.

2) Theagorithmsaregiven toimplement any oned the
27 unary functionsor any n-ary functions, with examples
o TTL and COSMOS technologies provided. Thus, the
conditions to implement multivalued logic circuits with
typical IC binary circuits are defined.

Furthermore, the methods are provided for building
basic circuits. Some dynamic characteristics are given of
TTL and COSMOStechnologies.
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USING BINARY COMPONENTS

The difficulties met in implementing ternary logiccir-
cuits are due to technological factors. Ideally, physical
phenomena sel ected must have three equiprobable stable
states with the distances between each state and the other
two beingequal to givea uniform minimumswitchingtime.
Theused acyclic physical phenomenonwould allow one
to obtain an optimum system. But inthefield of electrical
phenomena, quantified cyclic onesapparently do not exist.
Furthermore, it is possibleto provethat using nonquan-
tified phenomena would make the circuits unserviceable
[6]. They would present all the defects o linear circuits:
noisetransmissionand additivity properties. Theresulting
circuits, adding and transmitting internal and external
noises, would be thereby be noniterative.

Thus, noncyclic physical phenomena must be used in
some way. A good way is then to use, and combinein a
special manner, binary integrated circuits.

Theternary logical circuitsresulting must answer to the
following requirements. speed, simplicity of circuits,
minimum costs, integrability.

METHOD USED

We adopt the following notational conventions.

E;=1{0,1,2} set of ternary values.

E;=10,2} set of binary values.

1) Let{Es,+,¢} beadistributivelattice, suchthat +, s,
be, respectively, the L.u.b. and g.1.b. among variables de-
finedin E3, corresponding to the MAX and MIN logic op-
erations.

2) Letz = f(x,y) bea3-valued function with x,y,z €
Es.

3) Letz; =f;(x,y) bea2-valued functionsuch that x,y
e Esandz; € Eq

2 =fixy)=2  Whenz=g
=0, otherwise
4) Let xi bea 2-valued function such that
xi=2  whenx =i,
=0, otherwise.

5) Let z = fijn(x) bethe unary 3-valued function such
that
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TABLE |
z z, 2 z, z, z, z, z) z, 3 oz z, z
0 0 0 0 2 0 0 0 2 2 g 2 [}
] 0 V] 2 1] 0 0 2
2 2 1] 0 2 0 0 0 0
x v
X 0 (] T F2 E cc
E %2 2- VALUED
¢ H— 2p
o Il F1 o o p—o0Z
2 ';I— CIRCUITS D z 5
7403 TTLIC
¥ 72 Fg
R R Vee

Fig. 1 Implementation of z = f(x,y).

z=] whenx =0,
z2=7], whenx =1,
z=h, whenx = 2.

6) Let ¢ bethenotational termfor aDONT CARE. The
general expression of the z function is

z2=2-29+1-2:+0-2

But the z function isdetermined by two of thethree z;
functions according to the relations defined in Table I.
Each of the 6 pairsz;,z; correspondsto a particular ordered
set: > j > h. Weshall choosethe particular pair z;,z; which
alows us to minimize the number of circuits. With the
DONT CARE’s, the usual covering algorithms may be used
to synthesize the z function. For example, if we want to
realize the unary function f120, the z;,2; functions are as
follows.

7) Withorderedset 0 <1<2

fo=x1.32
f1 = R'l.

8) Withorderedset0 <2<1
— 71

fi=%

(1may be considered asa DONT CARE.)

The implementation iseasier when using the pair /4,1
instead of the pair fo,f1. The general schemeto realizethe
z functionisgivenin Fig. 1

The method used issimilar to the method presented by
Birk and Farmer [5]. Theternary to binary conversionis
realized with threshold detectors (decoder circuit). For the
sum (maximum) of product terms, Birk and Farmer use
level restoring binary AND gates (atthe next tofinal level)
and finally a MAX gate at the output. We use a specia
circuit corresponding to the technology used (encoder
circuit).

Toimplementternary functionswith agiven technology,
we must specify

1) the encoder circuit, which has 2-valued inputs and

7460 TTL IC

Fig. 2. Ternary TTL inverter.

TABLE II
X X iD ZD z)
0 X <v, =0 High 2
1 ¥ >V £0 Low 0
2 X >y, £0 Low 0

a 3-valued output. This circuit defines the 3 different
output levels.

2) thedecoder circuit, which has 3-valued inputs and
a2-vauedoutput. Thiscircuit realizes2 separatethreshold
detectors. It implementsthe xi functions.

TTL TECHNOLOGY

The authors presented in [3] a TTL ternary inverter.
Another versionisshown in Fig. 2 The TTL ternary in-
verter hasone 7460 gate, one 7403 gate, one diode and one
resistor.

The7460 TTL IC[8] isadual 4-input expander. When
the output transistor emitter isgrounded, thiscircuitisa
dual 4-input positive NAND gates with open collector
outputs. The multiemitter transistor implementsthe MIN
function of the different inputs. The output transistor
implements the logical negation. The expander has an
input threshold of onediode drop. Thegate's operationis
shownin Table I1, where X and Z are the physical input
and output, x and z arethelogica input and output, ip is
the collector current of theoutput transistor, and Vp isthe
switchingthreshold corresponding to onediode drop. The
unused inputs are connected to the supply voltage. We use
the symbol shown in Fig. 3for the 7460 gate.

The 7403TTL IC [§] is a quadruple 2-input positive
NAND gate. |t hasa switching threshold of about two diode
drops. The 7403 gate's operation is shown in Table III,
whereigp isthe collector current of the output transistor,
and Vgp is the switching threshold corresponding to two
diodedrops. Unused i nputsare connected to supply volt-
age. We usethe symbol shownin Fig. 4for this gate.
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Fig. 3. 7460TTL IC symbol.

The ternary inverter function is shown in Table 1V,
where the operating signal levels are given in the fol-
lowing.

ngh = Ve
Middle = Vg (ON) T Vi (ON)
Low = Vcg (ON).

The 3levelsarerespectively5V,09V, 0.1V, for Ve =
Sv.

With the version presented in [3], the operating levels
arel6V,09V,and0.1V.

The TTL encoder and decoder use 7403 gates and 7460
gates. Theencoder isshown in Fig. 5. Itsoperationisshown
in Table V. Wemay use either 7403 or 7460 gates. Table
VI summarizes thelogical function of the encoder. Table
| and Table VI alow usto determine the rel ations between
aand b (encoder inputs) and the 6 pairsz;,z; asgivenin
Table VII.

The decoder implements the x¢ functions. The x!
functionisimplemented by the 7460 gate (Fig. 6) and the
x2function isimplemented by the 7403 gate (Fig. 6) with
the unused inputs connected to the supply voltage.

The following relations are available with xi func-
tions.

xl(x1) = xl(x) (1)

TH(x2) = x%(x) (2)
x2(x1) = x(x) (3)
T2x?2) = 7%x). (4)

These relations are demonstrated by Table VIII.

The MIN functions needed to synthesizethe z; functions
may berealized either using the multiemitter inputsor by
the wdll-known wired-ANDcapabilities of open collector
gates. The 2-valued circuits used are either 7460 or 7403
gateswith wired-ANDrapabilitiesor any T TL gate without
wired-ANDcapabilities. Awarenessd these remarkswill
dlow ussomesimplificationin implementations o ternary
functions.

COSMOSTECHNOLOGY

Mouftah and Jordan presented in [4] the COSMOS
ternary inverter whichisshownin Fig. 7.

Theoperation o theternary COSMOSinverter isgiven
in TableIX, where V, and V, arethethreshold levelsfor
the p and n channel transistors. When Vss = — Vpp, the
operating levelsare Vpp, 0, and —~Vpp. Thisinverter is
realized with one CD 4007 IC [9] and two resistors.

The COSMOS encoder isshown in Fig. 8. It usesthe
samel C with separated a and b inputs. Itsphysical oper-
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TABLE III
¥ X i2p Zyp 22
0 X <V =0 High 2
1 X < Vop =0 High 2
2 X = "PZD #£0 Low 0
Yec
]
I ] o— [+]
"' 1 7403 p——0
2 10—
7403 TTL IC
Fig. 4. 7403TTL IC symbol.
TABLE IV
X X ip iED i z
0 X <y =0 =0 High 2
1 Vp<X<Volso =0 [middie 1
2 X ¥, £0 £0 Low 0

BO—— 7403 <| 0——3 7460
Fig. 5. Ternary TTL encoder.
TABLE V
a b iy isp z z
0 0| =0 =0 H 2
0 2]=0 £0 M 1
2 o] #0 =0 L 0
2 2 | #£0 #0 L 0

TABLE VI

a b 2z
0 0 2
0 2 1
2 |4 0

ationisshowninTable | X and itslogical function isgiven
in Table X. The ? notation indicates that the corre-
sponding output isunspecified. Therelation between the
aand binputs (TableXl) and the6 pairsz;,z; aregivenin
Table XII. They aredifferent from the correspondingT'TL
ones. The COSMOSdecoder isshown in Fig. 9.

To synthesize the z; functions, we use MAX and MIN
functionsinherent in simple connectionsof MOSdevices
(Figs.10 and 11).Theinput o asingle p (or n) channel
transistor produces the same output asthe MAX (or MIN})
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TABLE vII
Z2 Zl 22- _ZO Z1 Zz Zl ZO Zo 22 ZO Z1
4 7_2 -Z-i- _2-2' ZO 'Z—] -2—2 EI ZO ZO Zo
b %2 2 2y 1 % 5
xo—] reso [T o«
7403 i_’ 7480 X2
L 7400 = 7400°
Fig. 6. TTL threshold detectors.
TABLE VIH
x! x2 ;l(x) ;l(xl) il(xz) F[x) x{xl) x{xz)
0o |o 2 2 2 2 2 2
0 0 0 2 2 0 2 Fig.8. QOOMICSencoder.
2 0 0 0 0 0 0
TABLE X
a b Tp Tn P N z z
0 0 on off v 2
- Vop ? DD
on on 1
o Vss [YoodVss
2 0 off off ? ? 7 ?
2 2 of f on ? VSS VSS 0
TABLE XI
a b z
0 o2
o 2|1
2 2 1o
Fig. 7. COSMOSternary inverter.
TABLE XII
TABLE IX 2ol oy ply |z oz | 2,
X X T ™| e N z z ‘ : 2. 0 R w5 2% % ‘0 o
Zz z Z2:s + Z 2, + Z ?1- 2
0 X<V tf ? V 2 4 2 1 2]%1” "0 | %" |t h
s$*¥n on 0 Voo oD l
1 | Veeta<Xx <V -Vp | on  on v Vee |y i . . .
s o oo A The two ECL encoders are given in Figs. 14 and 15.
2 JX> vy vp | off on )7 ¥ss | Y%ss | o | Their physical workingisshownin Tables XV and XVI.

o inputs of seria p (or n) channel transistors, or asthe
MIN (or MAX) of inputs of parallel p (or n) channel tran-
sistors.

ECL TECHNOLOGY

Dunderdale presented in [2] the ECL ternary inverter
and the ECL ternary Post cycling gate. Thesecircuitsare
showninFigs 12and 13. Their operating isshownin Table
XIII (inverter) and Table XIV (cyclinggate). There are
twowaystorealizethe ECL encoder. Thefirst one usestwo
I-current generators. The second one uses one | -current
generator and one 2I-current generator.

Their logica functionsaregivenin TablesXVIl and XVIII
with thesimplificationillustrated in Fig. 16. Asaresult of
the equivalence of thecircuitsshownin Fig. 16, therela-
tions for a and b inputs according to the z;,z; may be
simplified by using a and b' input (Tables XIX and
XX).

The ECL decoder isshownin Fig. 17.

IMPLEMENTATION OF TERNARY FUNCTIONS

We will give some examples of the implementation of
ternary functions with TTL and COSMOS technol ogies.
Included are some examples of simplification methods
with one unary function (Post cyclingfunction) and one
binary function (comparator).
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4:1

+

Fig.9. COSMOSthreshold decoder.

i
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1
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[

ASB4+C =S D.E

Fig. 10. p channel MOS equivalence.

AS B+C = D.E

DL

‘°—|:‘ “*-ITI—?’ i

Yss:

Fig.11. n channel MOSequivalence.

Fig.12. ECL ternary inverter.

Example 1—Post Function:

Consider thef 9 function. The possible pairs are

z1=%x! zo=x?

29=%% zo=xl

With TTL implementation, the pair z¢,z1 leads to a

minimum circuit

Zo=x2

21 =x!

21=E1

2o = x2.

o

"]

Fig.13. ECL Post cycling gate.

TABLE XIII
X X 'i] ie i 7 z z
0 -2,1v 0 0 0 oy -0.7v | 2
1 -1,4V 0 1 1 =0.7v -1.4Y 1
2 ~0.7V 1 1 21 | -1,4v 2.1V | O
TABLE XIV
X X 1'l 'iz i Z! z z
0 -2.1v 0 1 1 -0.7v  -1.4v 1
1 -1.4V 0 0 ov =0.7v 2
2 0.7V 21 0 21 =1.4Y -2.1v 0

[+]

v

Fig.14. ECL symmetrical encoder.

a=20=fl

b=21=x2.

Thecircuit beforesimplificationisshownin Fig. 18. The
relationsx1(x2) = x%(x) (3) dlowsthesimplificationshown

in Fig. 19.

With COSMOS implementation, we may also use the
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0,

Fig. 15. ECL nonsymmetrical encoder.

TABLE XV
a b i3 14 1'5 16 1'1 ‘i2 Za Ib Ia Zh
0 0 0 I o I [¢] 21 -0.7v -2.1v r 0
0 2 o 1 I 0 I I -1.4v -l.4v 1 1
2 0 1 0 0 I 1 1 -l.4v -1.4v 1 1
2 2 1 0 1 0 21 0 -2.1v -0.7v 0 2

TABLE XVI
a b iy i is ig 11 iy Za Zy z, zy
0 0 0 21 O 1 0 31 |-0.7v -2.8v 2 7
0 2 4] 21 1 0 I 21 |-1.4v -2.1v 1 0
g 0|21 0 0 1 21 I |-2.1v  -l.4vy 0 1
2 2 |21 0 1 .0 31 0 [-2.8Bv -0.7v ? 2
TABLE XVII
a b z, zZy
1] 0 2 0
0 2 1 1
2 2 0 2
TABLE XVIII
a b zZ, a b =
0 0 2 0 2 i]
0 2 1 2 0 1
? 0 0 2 2 4
Oy
X
z REF REF
1 I

Fig.16. ECL circuitsequivalence.
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v
cc

X 7403 7460 7460.

7460 7460

Fig.18. Nonsimplified Post cycling gate.

% Vee
X o 7403 o

z

7460 7460

Fig.19. TTL Post cycling gate.

[y

Fig. 2. COSMOS Post cycling gate.

pair zo,z1. According to TableXI1, Example2— Comparator Function:

a=zy=x2 Let z =f(x,y) bedefined such that
b=zt 2z =x2tF%L z2=2 whenx >y
Figs. 10 and 11.show the COSMOSMAX and MIN realiza- z=1 whenx=y TableXXIl
tions. z2=0 when x <.

Fig. 20 showsthe COSMOS Post cycling gate. |t needs
7MOStransistorsand 3 resistors. Mouftah's cycling gate The pair 20,21 givesthe (5) and (6), with the choice of
[7] needs 14 MOS transistorsand 10 resistors. minterms shown in Table XXI1.
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TABLE XIX
z, 2, 2 z, 2y z z, zZy z, z4 z, zg 7
a z, + 7y Zy + Ea z)+ 2 z) ¢+ EE zy zZy
at |t 3y | [t T |tz | [t T
b 5 2 2+ I z Ltz | gtz
b! z, z,
B | T2 A 2 % S B v p % ¥
a z, 2,
a' '2_1 2_12 zy + :1_2 7+ 7 zg 4 % 3pH+ 7
b zl + z, Z, + EE Z + zZ, zl + % ‘25 'za
b zy zy
TABLE XX

z, z, 2, z, 2y z z, z zg 24 2, z, z, ]
2 2ty |t g ) 2y
A |ty |tz 1tz |+ T £ K
b z1 7y
b' Z; + 7, z, + I 2 zZy [t 7, Znt oz
2 z, z 2, 2y z, 7y 7 2y z, z, zy z
a 2, + 7, 2, + Iy 71+ 2 z) + 'Ea z zy
al
b 2, + 2 z, + 1z z,+ 1z )+ 1z 9+ 27y 79+ 7
bl

20—_-351}'1 +E2y2 (5) TABLE XXI

21 =T+ y2 + X2yl (6) y\x

0 1 2

TTL implementation using the pair zo,z1, (TableVI) 0 1 2 2
and De Morgan's lawsleads to the following equations. 1 0 1 2
2 0 0 1

a=xly'-x%7 The simplified schemeis shown in Fig. 22.

b=xl.52.%2y1, COSMOS implementation may usethe pair z9z1.
Beforesimplificationthe correspondingschemeisshown a=22.z! (TableXIl)
in Fig. 21. Wired-AND capabilitiesalow usto minimizethe b=7z2 '
number of 7460 gates by synthesizinga' =a@and b’ =6 at 2o = 2151 + x 292 _
the output of the encoder. s =y a2t iy withzg <z;.
a"m=xl. yl.giy* %y = X0l . 5T e
2 y Y withz; <z,

b’:xl_y2,52yl_ §1=y1.f2,xly2
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x A 'y z
7460 7460 T480 7480 p—0Q

Ed

7403 7480

‘7460

7403 7480 21 7480
x 0—f

Fig. 21. Nonsimplified TTL comparator.

*
iz 'y
—'E — TABLE XXII

amN

<

7460 m 0 1 2 2 1 Tﬁl yl

-2 2

72 1 0 1 2 2 xz y
7403 -1
sanee 12 2 04/ 0 1 30X
4 }’2

- L 3 1.2 %5 4 5 %y

Fig. 22. Simplified TTL comparator. = :

Voo

— 2 — =2
__Ip* . Y F*F*I X
—l

HW —
~— - :j
— -—
V2 Y‘ — x1
—ve—
l——ll
.—1
—— be-
—
Y
o——¢ Z
o
ot
= vl |
i
= ——
1 o
—
! ——
o il
— —t—

Fig. 23. COSMOS comparator.
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TTL POST CYCLING GATE TTL POST CYCLING GATE
Input " Input
+ 'S
4 2 5
t.: 0 - EL
¢ Output
2
i
1 ! i
N Y O Y | |
£ 0 0 L
| > e
I: 0~ 2 0: 0~ 1 s & % 2 - 0: 02
¥V = 500 mv/cm t = 50 ns/cm V = 500 mv/cm t = 50 ns/cm
TTL POST CYCL{NG GATE
v Input
_l Fik, 4t ) ol T $fus NE
1A | | ! x : 5 i ; e
A '\ L .f'";’ e F—‘)\ = QS
¥ 55 B 529 s el
BESEEE EE NN ARl S EEE R
i | ] H I ¥
l e LE e dnnt i
ik output ' B 0 M s
Loy B : i D.u ! : ; | i ! | 1'
— . s T ,_Il S I_ ~+ TR ._._E_ i i 2y izl e j
_'" 7 _i--_ - o s — I 5 o e |
| B Fiipahs i oo (feg ' A4 s B9 et i
Fs !. {;_f;i: TR
[5ae! | S iR
.4 ; )
BEEEEEED ) e
I i i x84 £ E"!E :
[N A R ) g 81
=01 0=1>2
V = 500 mv/cm t = 50 ns/cm
Fig.24. Dynamical characteristicsof TTL Post cyclinggate.
a=Z1-23=Z;=yl.%2.x1y?2 CONCLUSION
S O T T B~ N . : . . .
PATERXT PR Y This paper hasdefined the conditions required to im-
b=zy=xlyl.x2.52 plement ternary circuits with binary technologies. For a

given technology, we must have two different threshold
levels and then combine the components to get 3 stable
states. When these two requirementsarefound, it iseasy
a=ylxl + y?x? to realizethethreshold detector (decoder) and the output

b= (! +%). (2472 binary to ternary conversion circuit (encoder). Our method
g dlowsonetoimplement any 3-valued function assoon as

The complete COSMOS comparator isshownin Fig. 23.  the decoder and the encoder are defined for a given tech-
Figs. 24 and 25 show thedynamic characteristicsof the  nology. Used with simplificationrules, the general method
TTL and COSMOScycling gates described. leadsto minimum circuits. Thiswork will beextended with

with theinequalitiesz! < x2and y! > y?2
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CMOS POST CYCLING GATE CMOS POST CYCLING GATE
v Input
A 2
—
( Input
v
- L 1 3 i
1'————1 -
i Bk .
A Output A Output i B ]
2 2
1
=0 .t
t
1= 1 =+ 2 0: 0+ 2 I: 0 =+1 0: 2:’]
V=2 v/cm bt =1 ps/em V=2 viem t =1 ps/cm

QMO8 POST CYCLING GATE

Input
\
4
I
l |
i | i
! :
! I I
i
Lo
A Output
1
0
t
1: 0 =+2 0: 0 =1
V=2 v/cm t =1 ps/em

Fig. 25. Dynamical characteristicsof COSMOS Post cyclinggate.
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further investigationinto other technologies (12L)and with
the generalization to n-valued circuits.
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Multivalued Integrated Injection Logic

T. TICH DAO, seNIoR MEMBER, IEEE, EDWARD J. MCCLUSKEY, FELLOW, |IEEE, AND LEWIS K. RUSSELL

Abstract —A family of circuits for multivalued, in particular
quaternary,integrated injection logic isdescribed. The basic ele-
mentsarethe 12l current mirror and 12L threshold gates.

Index Terms—Multilevel 12, multivalued logic, Post logic,
quater nary logic, quaternary ROM, quater nar yflip-flops, radix-4
arithmetic. threshold 12L.

ULTIVALUED digital circuits make feasible

very compact computers becausesuch circuits have

high logic density, reduced interconnection area, and high
production yields. The type of multivalued logic system
to be implemented is determined mainly by the basic
function which can berealized reliably in a modern tech-
nology. This paper describes a circuit family which uses
12L to implement a four-valued logic system which can
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easily be modified to realize either a three-valued or a
higher valued system.

Past attempts at developing multivalued circuits have
concentrated on three-valued logic. Our choice of four-
valued logic (apower of 2) isbased onthe belief that easy
convertibility between binary systems and multivalued
systemswill bevery important. Theability tocombinethe
multivalued circuits with binary circuitsin the same sys-
tem is believed to be anecessity for the foreseeablefuture.
Also usinga higher radix (four rather than three) improves
the gain (density, area, yield) from using multilevel cir-
cuits.

In any digital system signal levels can vary from their
nominal levelsand must berestored or requantized before
the variation becomes so large that the signalslose their
information content. In most practical situations the
electrical level corresponding to a logic value might be
deteriorated to a point where it must be restored to its
normalized level, especialy inside a feedback loop.
Therefore, reliable means of |level-detection threshold
gates must be provided. It turns out that broad use of



