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Abstract : A general met hod f or designing te rnary circuits using double p ass2t ransist or logic is investigated. The

logical relation of each MOS t ransist or is f ormulated by using t he t ransmission operation in order t o make eff ec2
tive and p ractical use of t he circuits . A way t o generate ternary complementary and dual circuits by applying t he

complementarity and duality p rinciples is p resented. This new static ternary double p ass2t ransist or logic scheme has

some f avorable p roperties : t he use of standard CMOS p rocess wit hout any modif ication of t he t hresholds , a per2
f ectly symmet rical st ructure , a f ull logic swing , t he maximum p ossible noise margins , a less complex st ructure , and

no static p ower consump tion. HSPIC E simulations using TSMC 0125μm CMOS technology and a 3V p ower supply

demonst rate t he eff ectiveness of t he p rop osed design.
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1 　Introduction

The need for multiple2valued logic (MVL) has
been pointed out by researchers. Implementation of
MVL using CMOS technology follows two major
lines : current2mode and voltage2mode circuit s. Al2
t hough t he current2mode approach has some bene2
fit s , it also has the obvious disadvantage of high
power consumption due to t he constant current
flow. Voltage2mode MVL circuit s have t he advan2
tage of low power consumption ,but at t he expense
of complex fabrication and high cost [1～5 ] . Ternary
logic has received more at tention t han the ot her
types of MVL because of it s low interconnection
cost estimation and simple elect ronic circuit imple2
mentation met hod[6 ] . Several static[1 ,3 ,4 ] and dy2
namic[7～9 ] voltage2mode CMOS circuit s for ternary
logic have been proposed in recent years ,but possi2
ble circuit realizations are still under investigation
because t he many schemes proposed are ,for vari2
ous reasons ,far f rom optimum[9 ] . Static MVL cir2
cuit schemes require a complex process to obtain
both depletion and enhancement devices[1～3 ] or
multi2t hreshold voltages[ 4 ,5 ] . The dynamic MVL
circuit p roposed by Wu et al . [7 ] has a simple st ruc2

t ure. However ,it has a low noise margin ,uses four
power supplies ,and also requires a complex process
technology to obtain t hreshold2adjusted devices.
The dynamic app roach proposed by Herrfeld et

al . [8 ] uses standard CMOS technology and has a
high noise margin. However , t he circuit s are quite
complex and must be buffered between two succes2
sive stages to avoid incorrect discharging in t he e2
valuation p hase. The last reported dynamic ternary
circuit was developed by Toto et al . [9 ] , which al2
lows the realization of ternary circuit s wit h a
standard CMOS process ,t hree supply voltages ,and
high noise margins. However , t he floating outp ut
affect s t he circuit performance when t he inp ut is at
logic‘1’. While t he dynamic approaches have some
benefit s , t hey also have known p roblems such as
clock race and charge redist ribution.

Double pass2t ransistor logic ( DPL ) [10 ] has a
balanced inp ut capacitance. This reduces t he de2
pendence of t he delay on t he inp ut data. The sym2
met rical circuit configuration result s in high logic
f unctionality. The DPL is used to at tain a f ull rail2
to2rail swing ,and is very at t ractive for high speed
and low power applications[ 11 ] . In Ref . [ 12 ] ,a Kar2
naugh map2based met hod for synt hesizing binary
DPL circuit s is developed. The DPL is first int ro2
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duced to design MVL circuit s by Hang[ 13 ] and Park
et al . [14 ] . In Ref . [ 14 ] ,a neuron2MOS t ransistor is
used to design literal f unctions.

In t his paper , a new static voltage2mode
CMOS circuit scheme using DPL to realize ternary
logic and a general met hod for synt hesizing ternary
logic gates are p roposed. Guided by t he t heory of
t ransmission switches , t he logical relation of each
MOS transistor is formulated by using t he t rans2
mission operation. A way to generate ternary com2
plementary and dual circuit s by applying the com2
plementarity and duality p rinciples is p resented. It
is simple and int uitive and can be extended to gen2
erate larger logic f unctions. The circuit scheme
consist s of complementary inp ut s/ outp ut s and is
t hus a dual rail ternary logic. The most significant
feat ures are t he use of standard CMOS processes
without any modification of t he t hresholds , and a
less complex st ruct ure. The ease of fabrication also
makes MVL circuit s more practical .

2 　Theory of transmission switches for
a double pass2transistor

　　Based on t he t heory of t ransmission swit2
ches[4 ] ,t he following two kinds of variables are in2
t roduced in multiple2valued circuit s using a double
pass2t ransistor .

(1) Assume t hat α,β, ⋯ are switching varia2
bles. Their values are taken to be T or F ,only re2
presenting two states of MOS t ransistors ,ON and
OFF. The basic operations related to switching
variables are AND ( ·) ,OR ( + ) ,and NO T (～) ,

which are expressed as α·β,α+β, and α, respec2
tively ,and are used to describe t hree p hysical sit ua2
tions :connections of element in serial ,parallel ,and
switching state inverse.

(2) Assume that x , y , ⋯are signal variables.
Taking a ternary signal as an example ,it s logic val2
ue is taken as 0 ,1 ,and 2 ,which correspond to t hree
different voltage signals , such as 0 , 115 , and 3V.
They have a clear meaning of magnitude and can be
identified by comparing t heir magnitude wit h a de2
tection threshold t , t ∈{015 ,115}. For example ,t he
two corresponding detection t hreshold voltages
may be 0175 and 2125V ,respectively. The basic op2
erations related to signal variables are minimum
( ∩) , maximum ( ∪) , complement ( - ) , literal
( i x i ) operations ,etc.

In order to describe t he interaction between
t he on2off states of switching element s and signals ,
t he following four basic operations can be int ro2
duced.

Low2t hreshold comparison operation :

x t > T , 　x < t

F , 　x > t
(1)

　　High2t hreshold comparison operation :

t x > T , 　x > t

F , 　x < t
(2)

　　These two equations rep resent t he low2acting
switching characteristic of a pMOS t ransistor and
t he high2acting switching characteristic of an
nMOS t ransistor ,respectively.

Transmission operation :

s þα > s , 　α = T

<, 　α = F
(3)

Here s is t he t ransmit ted source signal , and α re2
present s the switching state of a t ransmission
switch network. Ifα= T ,t he signal s is t ransmit ted
to t he outp ut . If α= F , t he switch network is off
and it s outp ut is in t he high2impedance state ,which
is denoted by the symbol <. To express t he joining
of t he outp ut s of two (or more) t ransmission bran2
ches , t he following operation can be f urt her de2
fined :

U nion operation :

s1 þα# s2 þβ > s1 þα, 　β= F

s2 þβ, 　α = F
(4)

In Eq. (4) ,t he t ransmission operation þ takes p ri2
ority over t he union operation # . Also , if s1 ≠s2

and α=β= T , a voltage conflict arises between
sources s1 and s2 . This condition is not allowed.

Based on Eqs. (1) and (2) ,t he following prop2
erties can be easily derived :

x t =
t
x

t x = x
t (5)

Equation (5) indicates t hat the two t hreshold com2
parison operations can be t ransformed by comple2
menting t he signal variable.

The above t heory of t ransmission switches
lays a foundation for realizing t he design technique
of multiple2valued circuit s using a double pass2
t ransistor at t he switch level .

3 　Circuit design of ternary unary
f unctions

　　A literal circuit is t he f undamental element in
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MVL circuit s. Taking ternary logic as an example ,
t he t rut h table of ternary literals is shown in Table
1 ,and the following t ransmission operations can be
obtained.

0 x0 = x þ x015 # 0 þ 015 x (6)
2 x2 = 0 þ x115 # x þ 115 x = 0 þ 015 x # x þ x015

(7)

Table 1 　Truth table of the ternary literal functions

x 0 x0 0 x0 2 x2 2 x2

0 2 0 0 2

1 0 2 0 2

2 0 2 2 0

To at tain a f ull logic swing ,a source voltage of
0 and a high level must be t ransmit ted by nMOS
and pMOS t ransistors , respectively. By using Eq.
(5) , t he last item of 2 x2 can be easily derived. In
t he above two equations ,low2t hreshold operation is
realized by pMOS ,while t he high2t hreshold opera2
tion is realized by nMOS. U sing t he complementar2
ity p rinciple , t he complementary logic f unction in
ternary double2pass logic can be generated after the
following modifications are made to t he t rue f unc2
tion :

(1) Swap pMOS and nMOS transistors ;
(2) Invert all pass and gate signals.
According to t he above t ransmission opera2

tions and following t he complementarity p rinciple ,
t he ternary literal gates can be designed as shown
in Fig. 1. Their behavior is st raightforward. The
circuit realization of 0 x0 is also called a negative
ternary inverter (N TI) ,and the circuit realization of
2 x2 is also called a positive ternary inverter
( P TI) [1 ,7 ] .

Fig. 1 　Circuit realizations of ternary literal functions

Table 2 gives some ternary unary f unctions ,
where x Ý 1 and x Ý 2 are called t he ternary cycling
f unction and the inverse cycling f unction respec2
tively ,and x〈 + 〉1 and x〈 - 〉1 are called t he opera2
tions of ternary t runcated sum 1 and t runcated
difference 1 , respectively. Their t ransmission f unc2
tions are expressed as :

x Ý 1 = 1 þ x015 # 2 þ 015 x ·x1 . 5 # x þ 1 . 5 x

= 1 þ 1 . 5 x # 2 þ x1 . 5 ·x1 . 5 # x þ 115 x (8)

x Ý 2 = x þ x015 # 0 þ 015 x ·x1 . 5 # 1 þ 1 . 5 x

= x þ x0 . 5 # 0 þ 0 . 5 x ·0 . 5 x # 1 þ x015 (9)

x〈+〉1 = 1 þ x0 . 5 # 2 þ 0 . 5 x = 1 þ 1 . 5 x # 2 þ x1 . 5

(10)

x〈- 〉1 = 0 þ x1 . 5 # 1 þ 1 . 5 x = 0 þ 0 . 5 x # 1 þ x0 . 5

(11)

Table 2 　Truth table of the ternary unary functions

x x Ý 1 x Ý 2 x〈 + 〉1 x〈 - 〉1

0 1 2 1 0

1 2 0 2 0

2 0 1 2 1

The last item in every expression is derived by
using Eq. (5) to meet t he demand that t he low lev2
el 0 and t he high level 2 must be t ransmit ted by
nMOS and pMOS t ransistors , respectively. Notice
t hat t he mediate source 1 may be t ransmit ted by
nMOS or pMOS t ransistors ; t hus t he conflict be2
tween two sources 0 and 1 or 1 and 2 should be a2
voided. From Eqs. (8) and (9) ,it can be seen t hat
t he connections of two pMOS in serial and two
nMOS in serial are used to t ransmit 2 and 0 , re2
spectively. Their complementary logic f unctions
can be realized by t he complementarity p rinciple.
The circuit realizations corresponding to t he above
equations and t heir complementary f unctions are
shown in Fig. 2.

Fig. 2 　Circuit realizations of ternary unary functions

4 　Circuit design of ternary t wo2varia2
ble f unctions

　　The above proposed ternary unary gates can
be used to const ruct complex gates. For example ,
Figures 3 (a) and (b) show t he Karnaugh map for a
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22variable ternary AND f unction and OR f unction ,
respectively. According to t he coverage shown in
Figs. 3 (a) and ( b) ,t he following t ransmission op2
erations can be obtained :

x ∩ y = 0 þ x0. 5 # x | x = 1 ,2 þ 1. 5 y # y | y = 0 ,1 þ ( y1. 5 ·0. 5 x)

= 0 þ 1. 5 x # x | x = 1 ,2 þ y0. 5 # y | y = 0 ,1 þ (0. 5 y ·0. 5 x)

(12)
x ∪ y = 2 þ 1. 5 x # x | x = 0 ,1 þ y0. 5 # y | y = 1 ,2 þ ( x1. 5 ·0. 5 y)

= 2 þ x0. 5 # x | x = 0 ,1 þ 1. 5 y # y | y = 1 ,2 þ ( x1. 5 ·y1. 5 )

(13)

　　In Eq. ( 12) , 0 þ 1. 5 x means t hat t he nMOS
t urns on and t he source signal 0 is t ransmit ted to
t he outp ut only when x = 0 (i . e. x = 2) . Thus ,it can
be rewrit ten as 0 þ 1. 5 x = 0 þ 1. 5 (0 x0 ) = 0 þ 0. 5 (0 x0 ) .
Similarly , x| x = 1 ,2 þ y0 . 5 means t hat t he pMOS is on
and x = 1 or 2 is t ransmit ted to the outp ut only
when y = 2 (i . e. y = 0) . Thus , x| x = 1 ,2 þ y0 . 5 = x

| x = 1 ,2 þ (2 y2 ) 0 . 5 . The last item in Eq. (12) , y | y = 0 ,1

þ ( 0 . 5 y ·0 . 5 x ) stands for the connection of two
nMOS t ransistors in serial to t ransmit signal y = 0
or 1 only when y = 0 or 1 and x = 1 or 2. Thus , y

| y = 0 ,1 þ ( 0 . 5 y · 0 . 5 x ) =

y| y = 0 ,1 þ [0 . 5 (2 y2 ) ·0 . 5 (0 x0 ) ]. Then Equation (12)

can be rewrit ten as follows :
x ∩ y = 0 þ 0 . 5 (0 x0 ) # x | x = 1 ,2 þ (2 y2 ) 0 . 5

# y | y = 0 ,1 þ [ 0 . 5 (2 y2 ) ·0 . 5 (0 x0 ) ]

(14)

In t he same way ,Equation (13) can be rewrit ten as
follows :

x ∪ y = 2 þ (2 x2 ) 0 . 5 # x | x = 0 ,1 þ 0 . 5 (0 y0 )

# y | y = 1 ,2 þ [ (2 x2 ) 0 . 5 ·(0 y0 ) 0 . 5 ]

(15)

The circuit realizations corresponding to the above
two equations are shown in Figs. 3 (c) and ( d) re2
spectively ,where some inp ut literal signals are p ro2
duced f rom t he circuit s shown in Fig. 1 , and the
ternary NAND and NOR gates are generated f rom
t heir t rue f unctions by the complementarity p rinci2
ple. As can be seen f rom Fig. 3 ,it is perfectly sym2
met rical . This result s in a balanced inp ut capaci2
tance and reduces the dependence of t he delay time
on data. It is also wort h noting t hat only two exter2
nal supply voltages ( V DD and GND) are needed ,
while t he p roposed circuit only act s as a middle
block in t he ternary system. The symmet rical
st ruct ure makes it easy to realize ot her ternary
complex f unctions.

In fact , because AND2OR is t he dual logic
f unction , ternary OR circuit s can be formed f rom

Fig. 3 　(a) K2map for ternary AND operation ; (b) K2
map for ternary OR operation ; ( c ) Ternary AND/

NAND gate ; (d) Ternary OR/ NOR gate

ternary AND circuit s by using t he duality p rinci2
ple. The dual logic f unction in ternary double2pass
logic can be generated after t he following modifica2
tions :

(1) Swap p MOS and nMOS transistors ;
(2) Swap logic 2 and logic 0 ,while logic 1 re2

mains unchanged ;

(3) Swap i x i and i x i ( i x i ) , i y i and i y i ( i y i ) ,
⋯.

The above duality p rinciple can also be used to
verify t he circuit realizations of ternary unary f unc2
tions shown in Fig. 2. For example , x Ý 1 and x Ý 2 ,
x〈 + 〉1 and x〈 - 〉1 are dual logic f unctions.

From t he above discussion ,it can be seen t hat
t he synt hesis efficiency is enhanced by t he comple2
mentarity and duality p rinciples. U sing these p rin2
ciples ,for example starting f rom the realization of a
ternary AND circuit wit h simple t ransformations ,
one can obtain complementary and dual f unctions
(ternary NAND ,OR/ NOR) using the same circuit
st ruct ure ,improving t he library versatility. As an2
ot her example , Figure 4 ( a ) gives t he Karnaugh
map for ternary mod23 multiplication. According to
t he coverage shown in Fig. 4 ( a ) , t he following
t ransmission operations can be obtained :

x á y = 0 þ [ 0 . 5 (0 y0 ) + 0 . 5 (0 x0 ) ] # x | x = 1 ,2 þ
[ (0 y0 ) 0 . 5 ·(2 y2 ) 0 . 5 ] # y | y = 2 þ
[ (0 x0 ) 0 . 5 ·x1 . 5 ] # 1 þ (1 . 5 x ·1 . 5 y)

(16)

Based on Eq. (16) ,t he logic f unction x á y is fir st
mapped into circuit realization. Then , using t he
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same circuit st ruct ure ,swapping pMOS and nMOS
t ransistors ,and inverting all pass and gate signals ,
it s complementary f unction x á y can be easily ob2
tained as shown in Fig. 4 (b) .

Fig. 4 　(a) K2map for ternary mod23 multiplication ;
(b) Circuit realization of ternary mod23 multiplication

The proposed circuit s have been simulated u2
sing HSPICE and t he model parameters of a TSMC
0125μm CMOS process. Taking t he ternary AND/
NAND gate shown in Fig. 3 (c) as an example ,t he
t ransient simulation result s with a 011p F load at
each outp ut node , are given in Fig. 5 ( a ) . In the
simulation ,t he voltages [ 0 ,115V ,3V ] are taken to

Fig. 5 　(a) Simulated t ransient characteristics of terna2
ry AND/ NAND gate ; (b) Energy consumption curve

rep resent t he logic values [ 0 ,1 ,2 ] . The simulation
result s demonst rate t hat t he f ull logic swing and
t he maximum possible noise margins are at tained
due to the usage of bot h pMOS and nMOS pass
t ransistors. The energy dissipation curve is given in
Fig. 5 ( b ) . For cont rast , t he energy dissipation
curve of the ternary NAND gate reported in Ref .
[4 ] is also given in Fig. 5 (b) under t he same simu2
lation conditions except for modified t hresholds. A
detailed comparison between t he proposed ternary
AND/ NAND gate here and t he ternary NAND
gate reported by Wu et al . [ 4 ] is summarized in Ta2
ble 3. It can be concluded t hat t he p roposed circuit s
dissipate less power and t hey are improved , when
both t he t ransistor count s and t he operation rates
are considered. Moreover , a significant feat ure of
t he p roposed circuit s is t he use of a standard
CMOS process without any modification of t he
t hresholds ,while in t he circuit s p roposed in Ref .
[4 ] two pairs of t ransistors with modified thresh2
olds are needed.

Table 3 　Comparisons between Fig. 3 (c) and ternary

NAND gate [4 ]

Subject for comparison Proposed AND/ NAND NAND [4 ]

Transistor count 16 (includes AND and NAND) 16

Number of V th 1 2

Propagation delay/ ns
(worst case)

1. 91/ 1. 45

0. 1p F load

2. 36

0. 1p F load

Power consumption/μW 8 . 9 12 . 1

5 　Conclusion

Based on t he t heory of t ransmission switches ,
a new kind of static circuit scheme for ternary logic
and a general met hod for synt hesizing ternary logic
gates have been developed. A way to generate com2
plementary and dual circuit s was presented. By u2
sing the complementarity and duality p rinciples ,
t he versatility of circuit s is enhanced. In t he p ro2
posed circuit scheme ,literal f unctions are also real2
ized by using t raditional MOS t ransistors ,while in
Ref . [ 14 ] , t hey are designed using neuron2MOS
t ransistors. As compared to some reported static
ternary circuit s , t his new scheme uses a standard
CMOS process. Furt hermore , it has a perfectly
symmet rical st ructure and at tains t he f ull logic
swing and t he maximum possible noise margins. As
compared to some dynamic ternary circuit s ,it does
not suffer f rom known problems such as clock race
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and charge redist ribution. In binary DPL ,for any
inp ut combination , t here are always two current
paths driving the outp ut ,while in TDPL ,this char2
acteristic does not always exist . The circuit verifi2
cation of t hese p roposed ternary logic circuit s are
verified by HSPICE simulation with a TSMC
0125μm CMOS device parameter . Furt hermore ,t he
p roposed met hod can be extended to generate lar2
ger ternary logic f unctions and to synt hesize qua2
ternary logic circuit s.
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三值双传输管电路的通用综合方法 3

杭国强

(浙江大学信息与电子工程学系 , 杭州　310027)

摘要 : 提出采用双传管逻辑设计三值电路的方法 ,对每个 MOS 管的逻辑功能均采用传输运算予以表示以实现有
效综合. 建立了三值双传输管电路的反演法则和对偶法则. 新提出的三值双传输管逻辑电路具有完全基于标准
CMOS 工艺 ,无需对 MOS 管作任何阈值调整 ,结构简单、规则 ,输入信号负载对称性好 ,逻辑摆幅完整以及无直流
功耗等特点 .采用 TSMC 0125μm 工艺参数和最高电压为 3V 的 HSPIC E 模拟结果验证了所提出综合方法的正确
性.
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