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Abstract—The quaternary logic scheme used here is obtained
by extending Boolean algebra into quaternary domain. The
logic is capable of handling both quaternary and coupled-
binary inputs, where binary operands are coupled in pairs to
form quaternary entities. A set of operators capable of
handling both coupled-binary and ordinary inputs are used. To
demonstrate the functionality of this novel logic scheme, some
useful logic blocks such as decoder, multiplexer, demultiplexer
& encoder are derived mathematically and demonstrated
graphically using smulated timing.
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. INTRODUCTION

Multi-valued logic is an extension of binary logihere any
proposition can have more than 2 valuBsolean algebra in

binary logic system is established by defining some

fundamental operators which are fully analogousini@n,

intersection and compliment operations in set theor
Various researchers have been working on multiaglu

logic for a long time, but the lack of physicallijnplement
able and efficient circuit models has limited trevelopment
of this field severely. In this paper we have byieévisited
a new scheme faguaternary logic system which is closely
related to binary system and was first proposefilj{2].
Multi-valued logic circuits are more complex in ng than
binary logic circuits; it is often difficult to deg a large

system from the scratch. Besides, these schemesaire

suitable for coupled-binary inputs. That is why ewnlogic
scheme is required to overcome these problems.oédth
multi-valued logic scheme can be a solution for deenand
of increasing data storage capability and fastenprding
[3].[4], limitations imposed by VLSI technology tesin the
usage of too many levels in logic systems. Thudegoary
logic seems to be a perfect choice in this regardthis
paper, we have defined the basic operators of oywgsed
quaternary logic system. The system has evolven faad
closely related to binary logic system. We haveivéer
several theorems and properties to facilitate theebpment

of a fully functional algebra. We proposed a novel

guaternary logic close to Boolean algebra. It ed$ebinary
functions in quaternary, at the same time incorf@srgaome
new functions of its own. Extending Boolean algetmakes
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this logic system ideal for replacing binary logis its logic
blocks are compatible with their binary counterpart

In this paper we have shown the design of some iitapb
logic blocks such as multiplexer, demultiplexercater and
decoder.

II.  QUATERNARY ALGEBRA

Quaternary states (0, 1, 2, 3) can be imaginedtastnary
equivalents 00, 01, 10, 11. If the bits of the bjnequivalent
interchange their positions and still the quateynatate
remains unchanged, then it is said to hawvary symmetry;
otherwise it isasymmetrical. Thus 0, 3 are symmetrical and
1, 2 are asymmetrical. When expressed as a numlsaergle
guaternary digit is called a qudit.

The algebra we have developed so far in [1] hastypes of
operators — basic operators and special operaibesbasic
quaternary operators (Fig. 1) are very similar foaty
operators and they are obtained from Boolean atgéiitey
operate asbitwise binary operators working on 2-bit
operands, as shown in Table I. The basic operai@®R,
AND, BASIC INVERTER and XOR. Their derivatives are
BASIC NOR, BASIC NAND andBASIC XNOR. The inverter
is named as basic inverter since there are othecialp
inverters orcompound inverters in quaternary system to
facilitate complex logic design.

The special operators are all unary operators. ahey

(a) Outward Inverter or Full Inverter

(b) Inward Inverter or Half Inverter

(c) Binary Bitswap

1> 1> - 1>
> 1> 1 15
1= & o3> 1o
I

Figure 1. . Circuit symbols for the quaternary operators.afa]; (b) or; (c)
xor; (d) basic NOT; (e) basic nand; (t) basic rfg},basic xnor; (h) Inward
Inverter; (i) Inward nand; (j) Inward nor; (k) Inweh xnor; (1)Outward
Inverter; (m)Outward nand; (n) Outward nor; (0) Waitd xnot; (p) Binary
Bitswap; (q) Bitswap and; (r) Bitswap or; (s) Bitmpuxor.



The outward inverter (Fig. 1(1)) changes 0, 1 &an8@ 2, 3 to

O. The inward inverter (Fig. I(h)) changes 0, 2tand 2,3

to 1. The binary bitswap (Fig. 1(p)) swaps the bits of the
binary-equivalent of the quaternary operand. lvésathe
symmetrical numbers unchanged but inverts (basic
inversion) the asymmetrical numbers. That is whyisit
classified as a special inverter-like operator. The
mathematical definitions of the special operataes given
below:

Inward Inverter, a’' = [ @2 a2
a+1 ;a=>1

Outward Inverter, & = J a+3ia<2
|@.0 ;a>1

Binary Bitswap, @ = a:.a asymmet_ric
a ; a symmetric
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Figure 2. Transfer functions of the quaternary inverters ametrter-like
operators: (a) Basic Inverter; (b) Inward or Hatfvérter; (c) Binary
Bitswap;(d) Outward or Full Inverter.

Table | Quaternary Single-input Operators

BASIC [INWARD| OUTWARD | BINARY
Al NOT | NoOT NOT | BITSWAP

wno|=alo

O =Moo | 2|
el G N1 Y
Ololw|ecs | >
w22

Table Il Basic Quaternary Multi-input Operators

A|B|AND| OR | XOR|BASIC | BASIC | BASIC

NAND | NOR |XNOR
0l0 0 0 0 3 3 3
0]1 0 1 1 3 2 2
012 0 2 2 3 1 1
013 0 3 3 3 (1] 0
1]1 1 1 0 2 2 3
1{2 0 3 3 3 1] 0
1(3 1 3 2 2 4] 1
212 2 2 0 1 1 3
213 2 3 1 1 1] 2
313 3 3 0 0 4] 3

Like binary Boolean algebra, the proposed quatgriagic
scheme has its own algebra. Since it has evolveth fr
Boolean algebra, the properties and axioms of Buoole
algebra are applicable for basic quaternary opeyaithese
include commutativity, associativity, distributiyjtetc.
Apart from the basic properties, the special opesahave
many other important properties of their own [1]T.hese
properties are indispensable in designing quateriagic
circuits. Some of these properties are as follows:
@=a, 3=a, a''#a, G+a
;'» =Jatl;a<2

al;a>1
F4a= 3;a#0

0;a=0
3;a=3
O;a+#3
ida =[3 ;a asynnnet}ic
0 ; a symmetric

ra= 0; a>1

2;a<2

a'+a= 1; a>1
3;a<2

a.a=

i~

A N A “
(a+b)=a.b and (a.b)=a+b
~ ~ ~ ~
(a+b)=%+b and (a.b) =3d.b
(a+b) #a'b', (a’.b')#a'+b'
(a+b) #a'+b', (a’.b'y#a'.b'

G=3, (@)@, () =(@)
F=3, a#4d, (a)+(3)
ied=(aob)



.  THEEQUALITY OPERATOR

The equality operator compares two values and nst8rif
they are identical and O if they are different. Tireuit can
be built in several ways.
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Figure 3. (a) - (c) Quaternary equality operator, (d) citcsymbol for
equality operator, (e) compact circuit symbol fquality operator

IV. ELEMENTARY QUATERNARY ALGEBRA

Combinational circuit is the vital element for adjgital
system. Our proposed quaternary operators cantégrated
efficiently for designing some conventional circuitMany
researches have been done for quantum realizatitmese
blocks [6]. We have found a useful way to definesth
blocks making them analogous to their binary coynatds.

A. Quaternary Decoder

A quaternary 1-to-4 decoder has one input and éotputs.
If the outputs are active-high (absolute high, 13) the input
selects any one of the four lines at a time, thendutputs
are defined by

Li=si;i=0,1,2,3

Here, Li is output line number i, s is input.

In general, for n-to- 4" decoder

I I I, :
=88 Sn 5 dpseeniny=0,1,2,3

Like binary decoders, hierarchical design is algssjble in
guaternary decoders. The expression for the decedeals
that

1-to-4 decoder can be used as a building block for
constructing larger decoders.

Figure 4. A quaternary 1-to-4 decoder using equality operafbne
equality block can be designed as shown in Fig. 5(a

B. Quaternary Demultiplexer

A 1-to-4 demultiplexer is same as 1-to-4 decodett, ib
passes a particular data through a particulardaiected by
the selector input. So, if the input datadsthen using
equation for demultiplexer with n selectors is

C=ds s iy =0,1,2,3
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Figure 5. A quaternary 1-to-4 demultiplexer using a 1-toetabler. If the
equality operator as shown in Fig. 4(a) is usee ftbien the AND gates can
be used to couple the data D with the equalityksadirectly. The external
AND gates shown here will be unnecessary in thseg¢.ca

Selector Decoder Demultiplexer
Lo/Ly[L,|L3| Data [Lg[Ly|L; (L5
0 |3/ofofo]| D |D|ojO]|O
1 [o0]3]ojo] D |ojD|o]C
2 ojo(3(o0 D ololD|o
3 |ojofo|3| D |ofo|o]|D

Figure 6. Truth table for quaternary 1-to-4 demultiplexerd ashecoder.
From this table, it is clear that both devices\agy similar. The data input
D makes the only difference between them



C. Quaternary Multiplexer

A multiplexer has n selectors and 4n inputs; the
selectors select a single line and pass its value t
the output. So, it is possible to use a decoder to
build a multiplexer by combining each output
terminal with a data terminal through an AND
gate and merging all results using an OR gate.
Hence the multiplexer has an expression of SOP
form.

] iy i

. 1n= 1 el ety piutpeania=0,152,3
The output of the multiplexer:
MH=ZL:', ..... 2% i (
Where i, i,=0,1,2,3

Here, Z means OR operation.
Forn=1, M1= do..?0+d].A‘]‘FdZ.SQ‘i’dS.S]
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Figure 7. A quaternary 4-to-1 multiplexer using a 1-to-4
decoder. Like the case of demultiplexer, the egualrcuit
as shown in Fig. 4(a) can be used to couple tha lias
without using the external AND gates shown here.
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D. Quaternary Encoder

A quaternary 4-to-1 encoder has four inputs and
one output. The inputs are active high and the
output shows one of the five possible states
including a high impedance state if none of the
inputs is high. It is also possible to construct
priority encoders in quaternary logic system.
Priority encoder is more practical than ordinary
encoder since it can handle the common problem
of having more than one input high at a time. In
Fig. 8 and 9, the final stage of the encoder is a
tri-state buffer. If at least one of the inputs is
absolute high, the enable pin of the tri-state
buffer will turn it on due to the operation of OR
gate right before it. The buffer will produce a
high impedance state if all inputs are absolute
low.

I;

Figure 8. Quaternary 4-to-1 encoder with activehhigput
and output. At a time, one of the input terminalsigh (3)
and the output F encodes the line number. If natirgphigh,
then the buffer is turned off and the output wi At high
impedance state.
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Figure 9. Quaternary 4-to-1 priority encoder. Thighbr

order line has higher priority, so the priorityds> 2 > 1 > 0.
The input and output lines are active high. Ifreelof higher
priority is high (3), all lines of lower priorityra ignored and
that line is encoded at output. If none of the tsps high,
then the buffer is turned off and the output ishagh

impedance state.

Priority Encoder ~ Encoder  Multiplexer
LT Tl L F [ Lo 1y | Ta| 5| F | [Selector| F
3lojofofoff3fofofofo|l o |Dg
X|3[ojof1]{o|3]ofo]1|| 1 |[Dy
X(x[3]of[2][o]o|3]o]2]] 2 |D,
X|X|X]|3]3][0]0]0]|3]3]| 3 |D3

(a) (b) (c)

Figure 10. Truth tables: (a) Quaternary 4-to-1 fitsio
encoder with priority 3> 2 > 1 > 0. (b) Quaterndrio-1
ordinary encoder that can handle only one inptiigis at a
time. (c) Quaternary 4-to-1 multiplexer

V. CONCLUSION

In this paper we have proposed a new quaternary
logic system. A set of operators are defined,;
some of which are closely related to Boolean
operators, others are chosen for special pufposes.



Many properties of these operators are presented
here and a functional quaternary algebra is
developed. This new quaternary system is
capable of handling ordinary quaternary inputs
as well as coupled-binary inputs. we have

designed some very useful combinational logic
blocks such as decoder, multiplexer,

demultiplexer, encoders.
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