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Abdgtract : A general method for designing ternary circuits using double pass-transistor logic is investigated. The
logical relation of each MOS transistor is formulated by using the transmission operation in order to make effec-
tive and practical use of the circuits. A way to generate ternary complementary and dual circuits by applying the
complementarity and duality principles is presented. This new static ternary double pass-transistor logic scheme has
some favorable properties:the use of standard CMOS process without any modification of the thresholds,a per-
fectly symmetrical structure,a full logic swing,the maximum possible noise margins,a less complex structure,and
no static power consumption. HSPICE simulations using TSMC 0. 231 m CMOS technology and a 3V power supply

demonstrate the eff ectiveness of the proposed design.
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1 Introduction

The need for multiple-valued logic(MVL) has
been pointed out by researchers. Implementation of
MVL usng CMOS technology follows two major
lines:current-mode and voltage-mode circuits. Al-
though the current-mode approach has some bene
fits,it also has the obvious disadvantage of high
power consumption due to the constant current
flow. Voltage-mode MVL circuits have the advan-
tage of low power consumption ,but at the expense
of complex fabrication and high cost'* ®'. Ternary
logic has received more attention than the other
types of MVL because of its low interconnection
cost estimation and smple electronic circuit imple
mentation method® . Several static"** and dy-
namic”” ° voltage-mode CMOS circuits for ternary
logic have been proposed in recent years,but poss-
ble circuit realizations are still under investigation
because the many schemes proposed are,for vari-
ous reasons ,far from optimum'® . Static MVL cir-
cuit schemes require a complex process to obtain
both depletion and enhancement devices' * or
multi-threshold voltages*®'. The dynamic MVL
circuit proposed by Wu et al."! hasa smple struc
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ture. However it has a low noise margin ,uses four
power supplies,and al o requires a complex process
technology to obtain thresholdadjusted devices.
The dynamic approach proposed by Herrfeld et
al.® uses standard CMOS technology and has a
high noise margin. However ,the circuits are quite
complex and must be buffered between two succes
Sve stages to avoid incorrect discharging in the e
valuation phase. The last reported dynamic ternary
circuit was developed by Toto et al.'  ,which al-
lows the realization of ternary circuits with a
standard CMOS process ,three supply voltages ,and
high noise margins. However ,the floating output
affects the circuit performance when theinput is at
logic 1’ . While the dynamic approaches have some
benefits,they also have known problems such as
clock race and charge redistribution.

Double passtransstor logic (DPL)™ has a
balanced input capacitance. This reduces the de-
pendence of the delay on the input data. The sym-
metrical circuit configuration results in high logic
functionality. The DPL is used to attain afull rail-
to-rail swing,and is very attractive for high speed
and low power applications™. In Ref.[12] ,a Kar-
naugh map-based method for syntheszing binary
DPL circuits is developed. The DPL isfirst intro-
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duced to design MVL circuits by Hang'™ and Park
et al."™ . In Ref.[14] ,a neuror-MOS transistor is
used to dedsgn literal functions.

In this paper, a new static voltage-mode
CMOScircuit scheme usng DPL to readlize ternary
logic and a general method for synthesizing ternary
logic gates are proposed. Guided by the theory of
transmisson switches,the logical relation of each
MOS trandg stor is formulated by usng the trans
misson operation. A way to generate ternary com-
plementary and dual circuits by applying the com-
plementarity and duality principles is presented. It
is smple and intuitive and can be extended to gen-
erate larger logic functions. The circuit scheme
condgsts of complementary inputs outputs and is
thus a dual rail ternary logic. The most sgnificant
features are the use of standard CMOS processes
without any modification of the thresholds,and a
less complex structure. The ease of fabrication a so
makes MVL circuits more practical .

2 Theory of transmission switchesfor
a double passtransistor

Based on the theory of transmisson swit-
ches” the following two kinds of variables arein-
troduced in multiple-valued circuits usng a double
passtrand stor.

(1) Assume thata B, are switching varia
bles. Their values are taken to be T or F,only re
presenting two states of MOS trangstors,ON and
OFF. The basc operations related to switching
variablesare AND (- ) ,OR (+) ,and NOT( ),

which are expressed asa - 3,0 +f3,anda , respec-
tively ,and are used to describe three physical situa
tions:connections of element in serial ,parallel ,and
switching state inverse.

(2) Assumethat x,y, are sgnal variables.
Taking aternary sgnal as an example ,itslogic val-
ue istakenas0,1 ,and 2 ,which correspond to three
different voltage sgnals,such as 0,1 5,and 3V.
They have a clear meaning of magnitude and can be
identified by comparing their magnitude with a de-
tection threshold t,t {0 5,1 5}. For example ,the
two corresponding detection threshold voltages
may be 0. 75 and 2 25V ,respectively. The basic op-
erations related to sgna variables are minimum
(n),maximum ( ) ,complement (- ), litera
('x') operations ,etc.

In order to describe the interaction between
the orroff statesof switching elementsand sgnal's,
the following four basc operations can be intro-
duced.

L ow-threshold comparison operation:

T, x<t

t
1
X F, x>t (1)
High-threshold compari son operation:
¢ T, x>t
2
X F, x<t 2)

These two equations represent the low-acting
switching characteristic of a pMOS trans stor and
the high-acting switching characteristic of an
nMOS trans stor ,respectively.

Transmission operation:

s, a =T

SPU e o= F 3
Here sis the transmitted source signal ,andd re-
presents the switching state of a transmisson
switch network. If & = T ,the signal sis transmitted
to the output. If a = F,the switch network is off
and itsoutput isin the high-impedance state ,which
is denoted by the symbol ¢. To express the joining
of theoutputsof two (or more) transmission bran-
ches, the following operation can be further de
fined:

Union operation:

ST O B : F (4)
S DB, a=F

In Eg. (4) ,the transmission operation > takes pri-
ority over the union operation #. Al ,if s # =
anda =B = T,a voltage conflict arises between
sources s and . This condition is not allowed.

Based on Egs. (1) and (2) ,thefollowing prop-
erties can be easly derived:

s1 DO # s D

— (5)
X

Equation (5) indicates that the two threshold com-
parison operations can be trandormed by comple-
menting the signal variable.

The above theory of transmisson switches
lays afoundation for realizing the design technique
of multiple-valued circuits udng a double pass
trangstor at the switch level.

3  Circuit design of ternary unary
functions

A literal circuit is the fundamenta element in



1568

27

MVL circuits. Taking ternary logic as an example,
the truth table of ternary literalsis shownin Table
1 ,and the following transmission operations can be
obtained.

°x’ = x>x*T#OD> " x _(6)
2 =0 P HXD P x = 0 PO x# x> X
(7)
Table 1 Truth table of the ternary literal functions
0 2 0 0 2
1 0 2 0 2
2 0 2 2 0

To attain afull logic swing ,a source voltage of
0 and a high level must be transmitted by nMOS
and pMOS transstors, respectively. By usng Eq.
(5) ,the last item of ?x* can be easly derived. In
the above two equations ,low-threshold operationis
realized by pMOS ,while the high-threshold opera
tion isrealized by nMOS. Usng the complementar-
ity principle,the complementary logic function in
ternary double-passlogic can be generated after the
following modifications are made to the true func-
tion:

(1) Swap pMOS and nMOS trans stors;

(2) Invert al pass and gate signals.

According to the above transmisson opera
tions and following the complementarity principle,
the ternary literal gates can be desgned as shown
in Fig. 1. Their behavior is straightforward. The
circuit realization of °x’ is also caled a negative
ternary inverter (N T1) ,and the circuit realization of
’x* is awo caled a postive ternary inverter
(PTI 7,

X 2 x x 2 x
= =
x X X x
0,0 00 2.2 2.2
X X X A

Fig.1 Circuit redizations of ternary literal functions

Table 2 gives some ternary unary functions,
where x @1 and x @2 are called the ternary cycling
function and the inverse cycling function respec-
tively,and x + land x - 1arecaledtheopera
tions of ternary truncated sum 1 and truncated
difference 1 ,respectively. Their transmission func-
tions are expressed as:

1x*°#2p% % X2 # x>0 x
A" x#2>x° XM # x> x (8)
X ©2 = x>x**#0D>* x- x"°#1>"x

= xDxX*THOD* x- O x#L1>X"° (9)
X +1=1>x""#2p%x = 1" x#2p>x"°

x

®

H
I

. (10
X - 1=0x"°#1>"°x = 0" x#1p>x"°
(11)
Table 2 Truth table of the ternary unary functions
X X @1 X @2 x + 1 X - 1
0 1 2 1 0
1 2 0 2
2 0 1 2 1

The last item in every expression is derived by
usng Eq. (5) to meet the demand that the low lev-
el 0 and the high level 2 must be transmitted by
nMOS and pMOS trang stors, regectively. Notice
that the mediate source 1 may be transmitted by
NnMOS or pMOS trandgstors; thus the conflict be-
tween two sources0 and 1 or 1 and 2 should be &
voided. From Egs. (8) and (9) ,it can be seen that
the connections of two pMOS in serial and two
NnMOSin seria are used to transmit 2 and O,re
sectively. Their complementary logic functions
can be realized by the complementarity principle.
The circuit realizations corresponding to the above
equations and their complementary functions are
shownin Fig. 2.

X

X 12 ox
xd-g B X
x— x

P2 @2

1 2 1 1 2 1
A Al b

x<pl x <1 x{->1 x{=>1

xP1

Fig.2 Circuit realizationsof ternary unary functions

4 Circuit design of ternary twovaria-
ble functions

The above proposed ternary unary gates can
be used to construct complex gates. For example,
Figures 3(a) and (b) show the Karnaugh map for a
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2-variable ternary AND function and OR function,
resgpectively. According to the coverage shown in
Figs.3(a) and (b) ,the following transmisson op-
erations can be obtained:
XNy=0D>x"3#x]|x=12D"°y#y|y=01>(y"*- %%x)
= 0 S x# X| x=1,2 l>:/0'5 #Y|y=01 >(°'5_y-°'5x)
(12)
215X # X | x=01 DY T # Y| y=12 D (XEP - OBy)

x
<
1

21> x5 # X | x=0.1 l>1'5:/# Y] y=12>(x"2- _y1_5)
_ (13)
In Eq. (12) ,0 >"° x means that the nMOS
turnson and the source signal 0 is transmitted to
the output only when x=0(i.e. x=2). Thus,it can
be rewritten as0 >"°x=0>"°(°x") =0>"°(°x").
Smilarly , x| x=12 >y>° means that the pMOSison
and x =1 or 2 is transmitted to the output only
when y =2(i.e. y =0). Thus, x| x=12 > y*® = x
[ x=1.2 >(Cy)%°. The last item in Eq. (12) ,y| y=0.1
>(*®y - % x) stands for the connection of two
nMOS transstorsin serial to transmit signal y =0
or 1only when y=0or 1and x=1or 2. Thus,y
| y=0.1 > _( 0.5 y_ . 0.5 X ) —
Yl y=01 >[*°CVy) - **(°x°) ]. Then Equation (12)
can be rewritten asfollows: o
x Ny =00"Cx% #x|x1.>Cy)"°
# yl y=0.1 [>[0.5 (2 y2) . 0.5 (O XO) ]
(14)
In the same way ,Equation (13) can be rewritten as
follows: .
X y = ZD(ZXZ)O'S#X| -0.1 D0.5(oyo)
#yly-12 D[(2X2)0.5_ (oyo)a5]
(15)
The circuit realizations corresponding to the above
two equations are shown in Figs.3(c) and (d) re-
spectively ,where someinput literal sgnalsare pro-
duced from the circuits shown in Fig. 1,and the
ternary NAND and NOR gates are generated from
their true functions by the complementarity princi-
ple. Ascan be seen from Fig. 3 ,it isperfectly sym-
metrical. This results in a balanced input capaci-
tance and reduces the dependence of the delay time
on data. It isalso worth noting that only two exter-
nal supply voltages (Voo and GND) are needed,
while the proposed circuit only acts as a middle
block in the ternary system. The symmetrical
structure makes it easy to realize other ternary
complex functions.
In fact , because AND-OR is the dua logic
function ,ternary OR circuits can be formed from
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Fig.3 (a) K-map for ternary AND operation; (b) K-

map for ternary OR operation; (c) Ternary AND/
NAND gate; (d) Ternary OR/ NOR gate

ternary AND circuits by usng the duality princi-
ple. The dual logic function in ternary double-pass
logic can be generated after the following modifica
tions:

(1) Swap pMOS and nMOS transstors;

(2) Swap logic 2 and logic 0 ,while logic 1 re-
mai ns unchanged;

(3) Swap 'x' and ' x' ('x'),'y' and 'y ('y') |

The above duality principle can a 0 be used to
verify the circuit realizations of ternary unary func-
tions shownin Fig. 2. For example ,x ®1 and x @2,
x + land x - 1aredua logic functions.

From the above discusson ,it can be seen that
the synthes s efficiency is enhanced by the comple-
mentarity and duality principles. Usng these prin-
ciples for example starting from the realization of a
ternary AND circuit with smple trandormations,
one can obtain complementary and dual functions
(ternary NAND ,OR/ NOR) using the same circuit
structure improving the library versatility. As an-
other example, Figure 4 (a) gives the Karnaugh
map for ternary mod-3 multiplication. According to
the coverage shown in Fig. 4 (a) , the following
transmisson operations can be obtained:

X @Oy =0["°Cy) +2°Cx°) 1 # x| x=1.2 >
[CY)*° - Cy)* 1 #y]y-2 >
[ (O XO)O.S . Xl.S] #1 [>(l.5 X - 1.5y)
(16)
Based on Eg. (16) ,the logic function x @y is first
mapped into circuit realization. Then, usng the
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same circuit structure,swapping pMOS and nMOS
transistors ,and inverting all pass and gate signal's,
its complementary function x ®y can be easly ob-
tained as shownin Fig.4(b).

¥y 1 x 22x1y

¥ ** |>§1-“
N0 1 2 ¥ F o
S R IS =y
()xll Ux()

11: 0 1 2 o 0_4 [ LH | —
y _I | 04,0

21i0 2,12 J—
....... by i I[ 22

vy
x®y x®y

(a) (b)

Fig.4 (& K-map for ternary mod-3 multiplication;
(b) Circuit realization of ternary mod-3 multiplication

The proposed circuits have been smulated u-
sng HSPICE and the model parametersof a TSMC
0. 2% m CMOS process. Taking the ternary AND/
NAND gate shown in Fig.3(c) as an example,the
transent smulation results with a 0. 1pF load at
each output node,are given in Fig. 5(a). In the
simulation ,the voltages [0,1 5V ,3V] are taken to

30
-
% 1.5t
0

50 700 150 200 250
tms

(@

—Fig.3(c)

w
=)
T

(=)

- 1 L i
50 100 150 200 250

<

Energy consumption/pl
W

Fig.5 (a Smulated transient characteristics of terna
ry AND/ NAND gate; (b) Energy consumption curve

represent the logic values [0,1,2]. The smulation
results demonstrate that the full logic swing and
the maximum possble noise margins are attained
due to the usage of both pMOS and nMOS pass
transistors. The energy dissipation curveisgivenin
Fig. 5 (b). For contrast, the energy disspation
curve of the ternary NAND gate reported in Ref.
[4] isaso givenin Fig.5(b) under the same smu-
lation conditions except for modified thresholds. A
detailed comparison between the proposed ternary
AND/NAND gate here and the ternary NAND
gate reported by Wu et al. '™ is summarized in Ta
ble 3. It can be concluded that the proposed circuits
disspate less power and they are improved,when
both the transstor counts and the operation rates
are consdered. Moreover ,a sgnificant feature of
the proposed circuits is the use of a standard
CMOS process without any modification of the
thresholds,while in the circuits proposed in Ref.
[4] two pairs of trandstors with modified thresh-
olds are needed.

Table 3 Comparisons between Fig. 3(c) and ternary
NAND gate!”

Subject for comparison Proposed AND/ NAND NANDI!
Trand stor count 16 (includes AND and NAND) 16
Number of Vin 1 2
Propagation delay/ ns 1.91/1.45 2.36
(worst case) 0. 1pF load 0. 1pF load
Power consumption/g W 8.9 12.1

5 Conclusion

Based on the theory of transmisson switches,
a new kind of static circuit schemefor ternary logic
and a general method for syntheszing ternary logic
gates have been developed. A way to generate com-
plementary and dual circuits was presented. By u-
sng the complementarity and duality principles,
the versatility of circuits is enhanced. In the pro-
posed circuit scheme literal functions are a s0 real-
ized by udng traditional MOS trang stors,while in
Ref. [14] ,they are designed usng neurorrMOS
transistors. As compared to some reported static
ternary circuits,this new scheme uses a standard
CMOS process. Furthermore, it has a perfectly
symmetrical structure and attains the full logic
swing and the maximum poss ble noise margins. As
compared to some dynamic ternary circuits,it does
not suffer from known problems such as clock race
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and charge redistribution. In binary DPL ,for any
input combination, there are always two current
paths driving the output ,whilein TDPL ,this char-
acteristic does not always exist. The circuit verifi-
cation of these proposed ternary logic circuits are
verified by HSPICE dmulation with a TSMC
0. 2% m CMOS device parameter. Furthermore ,the
proposed method can be extended to generate lar-
ger ternary logic functions and to synthesze quar
ternary logic circuits.
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