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A review on the design of ternary logic circuits”
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A multi-valued logic system is a promising alternative to traditional binary logic because it can reduce the complexity,
power consumption, and area of circuit implementation. This article briefly summarizes the development of ternary logic
and its advantages in digital logic circuits. The schemes, characteristics, and application of ternary logic circuits based on
CMOS, CNTFET, memristor, and other devices and processes are reviewed in this paper, providing some reference for the

further research and development of ternary logic circuits.
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1. Introduction

With the rapid development of modern information tech-
nology and improved integration of digital systems, the limit
of interconnection has become prominent in realizing binary
logic in nano-scale circuit design. The interconnection lines
used in integrated circuit design increase the delay, noise, and
power consumption of the system, so circuit interconnection
has become one of the essential indicators to judge the perfor-
mance of integrated circuit systems. ]

There are only two logic states of ‘0’ and ‘1’ in traditional
binary logic. Multi-valued logic is extended from binary logic,
referring to the logic that the number of the logic values is
greater than 2. For a multi-value system, when the base value
is e, the complexity and cost of the whole system are the low-
est, and 3, as the integer closest to e, becomes the best choice.
As a kind of multi-valued logic, ternary logic has higher logic
complexity. For example, for N-bit digital logic, the complex-
ity of the ternary digital logic is 3V /2" times that of the binary
logic. Therefore, the ternary digital logic system has more
logic functions. In terms of data representation ability, ternary
requires about 58.5% fewer bits than binary to represent the
same value, which reduces the complexity of data manage-
ment, especially when dealing with a large number of issues
such as data encryption. The interconnection complexity of
the system will also be reduced to realize the corresponding
logic function because ternary logic has a higher single-line
information-carrying capacity, and the digital chip can also be
smaller and lower in cost. For the A/D and D/A conversion
accuracy of ternary digital logic circuits, the value represented
by the ternary logic is larger than the value represented by the
binary logic in the case of the same number of bits, so the A/D
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and D/A conversion accuracy is much higher. In addition, the
ternary digital logic system can be backward compatible with
the binary logic system, and there are corresponding expan-
sions in function. In this way, multi-valued logic becomes a
promising substitute for binary logic to realize high-density
information logic system.!>!

The research of ternary logic can be roughly divided into
three aspects: mathematical theory, ternary logic devices and
basic logic circuits, and the applied research on ternary logic.
The theoretical study of ternary logic contains various theo-
rems and logical systems, providing the theoretical basis for
the latter two pieces of research. We will introduce the ba-
sic ternary theoretical knowledge in Section 2. The second
part is the critical content of this article. A corresponding
summary of the research findings in this field can provide cer-
tain guidelines for the further development of the ternary dig-
ital system, such as further improving the data density and
logic functions of the digital system. The related applica-
tion of ternary logic began in 1840 when the British inven-
tor Thomas Fowler first proposed a ternary logic system.[©]
Then in 1960, the world’s first small ternary computer ‘SE-
TUN’ appeared at Moscow University in the Soviet Union.!”]
In 1973, the State University of New York implemented a
ternary computer ‘TERNEC’ through program simulation on a
B1700 type microcomputer, ®! using two binary bits to encode
each ternary digit to simulate ternary arithmetic operations. In
1984, the Queen’s University laboratory in Canada developed
the CMOS ternary computer QTC-1.1°) However, due to the
lack of support for ternary logic devices in the semiconductor
industry, ternary computers have not been widely developed
and further applied.['"!

In recent years, the continuous emergence of various elec-
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tronic devices has provided new options to realize ternary cir-
cuits, such as MOSFETS, carbon nanotube field effect tubes
(CNTFETs), memristors, etc.[!!=13 In particular, the success-
ful development of memristor has provided more possibilities
for the design of ternary logic circuits. The characteristics of
non-volatility, nanometer size and compatibility with CMOS
technology of memristor have great potential in ternary logic
circuits design. Compared with circuits designed using tran-
sistors, the circuit structure is simpler and more conducive to
integration. Therefore, summarizing the relevant research re-
sults of the ternary logic circuit design at this time can provide
a reference for the subsequent theoretical and application re-
search of multi-valued logic.

The rest of this paper is composed as follows: Section 2
briefly introduces the three numerical representation methods
of ternary logic, and Section 3 shows several mainstream pro-
cess methods for constructing ternary basic logic gates in de-
tail, several general design methods of ternary combinational
logic application circuits are described in Section 4, Section 5
summarizes the ternary sequential logic circuits, and finally,
Section 6 concluded this article.

2. Ternary numeric representation

As we all know, binary logic only uses ‘0’ and ‘1’ to rep-
resent logical states, and has been widely used, so why do we
need to study ternary digital logic? One important reason is
that ternary digital logic is another means and effective method
to solve some practical problems. For example, in the field of
digital control, ternary logic can indicate the ‘on’, ‘off” and
‘idle’ of an equipment.

The representation methods of ternary logic consist of
two categories: unbalanced and balanced. Among them,
the unbalanced include positive ternary {0,1,2} and nega-
tive ternary {0,—1,—2}, which are relative in the direction
of the logical sign. The balanced ternary is represented by
{—1,0,1}.1" In this article, we will focus on the design of
unbalanced ternary logic circuits.

2.1. Unbalanced ternary

Due to the relativity of the positive ternary and negative
ternary logic states, the two are similar in terms of technical
solutions, and the difference lies in the carry direction. Based
on the fact that the research of negative logic circuits is rare
in asymmetric ternary logic, only the relevant numerical rep-
resentations of positive ternary logic are described here on ac-
count of practical application.

The basic operations of positive three-valued logic can be
defined as!!3!

X;i+Xj =max {X;,X;},
Xl‘ ‘Xj = l’nil’l{X,',Xj},

Xi=2-X, ey

where X;, X; = {0,1,2}, “+” and *-* respectively represent the
‘OR’ operation and ‘AND’ operation of positive ternary logic,
and the third formula is ‘NOT’ operation. It is worth noting
that the ‘NOT’ operation (inverter) of ternary logic has three
forms, and the mathematical expressions are respectively

2, x=0,
n=ai={5 170
yi=Ci(x)=x=2—x,
_ _[2, x#2,
yng(x){O, x=2, (2

where x is the input, yo, y1, and y, are the outputs of the three
inverters, corresponding to NTI (negative ternary inverter),
STI (standard ternary inverter), and PTI (positive ternary in-
verter), respectively.

2.2. Balanced ternary
a k-bit
(Xk—1Xk—2 . ..X1X0)3 represents the value Yo« | X;3', where

In fact, balanced ternary integer x =
x; € {—1,0,1} . Due to the symmetry of the balanced ternary
symbol, the range of numbers that the k-bit balanced ternary
integer represents is also symmetric, from —(3% —1)/2 to
(3k —1)/2. As a result, the advantage of balanced ternary to
represent the entire integer range without the sign bit is signif-
icant. In addition, for any integer represented by the balanced
ternary, the opposite of the integer number can be obtained by
replacing ‘—1’ of each bit of the integer with ‘1’ and ‘1’ with
1> 116]

In addition, the balanced ternary multiplication operation
does not generate a carry. Under the condition that all the
nine kinds of addition operation input, only two types have a
carry generation,!'%! as shown in Fig. 1. Therefore, balanced
ternary logic has certain advantages over unbalanced types in

arithmetic operations.

B_ _ B_
A 1 0 1 1 0 1 A 1 0 1
1|1 |-1|o]|l-1]o0]o0 1| 1] 0|-1
0O |—-1[0 1 0 0 0 0 0 0 0
1L |lo|1|-1ffo|o]1 1 |-1fo0|1
s c
(a) (b)

Fig. 1. Karnaugh map of balanced ternary (a) half adder and (b) multiplier.

3. General technical solution for the design of
ternary logic gates

In binary logic, AND, OR, and NOT can form a com-
plete set of operations. Ternary logic can first construct a se-
ries of basic logic gates, and then combinational logic circuits

designed can achieve more complex functions. Of course,
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some unique methods can also directly design ternary appli-
cation type combinational logic circuits without using basic
logic gates.!17-18]

According to the ternary numerical representation dis-
cussed in Section 2, the truth tables of positive ternary AND
gate and OR gate can be obtained as shown in Table 1. Sim-
ilarly, Table 2 shows the truth tables of the three inverters.
This section will give a detailed description of several typical
processes for the design of ternary logic basic gates, includ-
ing MOSFET, CNTFET, memristive hybrid (voltage value as
a logic variable), and memristor (resistance value state as a
logic variable). Furthermore, the ternary basic gates designed
by other technologies are also summarized.

Table 1. Truth table of TAND and TOR.

A B TAND TOR
0 0 0 0
0 1 0 1
0 2 0 2
1 0 0 1
1 1 1 1
1 2 1 2
2 0 0 2
2 1 1 2
2 2 2 2

Table 2. Truth table of ternary inverter.

STI PTI NTI
0 2 2 2
1 2 0
2 0 0 0

3.1. Design of ternary logic gates based on MOSFETSs

In the early MOSFETs-based ternary basic gates design,
the complementary structure of P-channel and N-channel tran-
sistors was used in a symmetrical way to obtain three differ-

19201 At the same time, the power supply was

ent logic levels.|
much higher than the threshold voltage of the transistor, lead-
ing to high circuit complexity and power consumption. In re-
sponse to this problem, in 1980, reference [21] proposed a
novel design method as shown in Figs. 2—4. The PTI, NTI,
positive and negative TNAND, TNOR adopted by the asym-
metrical structure greatly reduced the complexity and cost of
the circuit.

The necessary usage of resistors for ternary circuits men-
tioned above can generate a certain amount of static power
consumption. For this reason, references [22,23] have succes-
sively proposed two ternary basic logic gate design schemes
that do not require resistors and only use four types of MOS
transistors, thereby reducing the static power consumption
of the circuit and reducing the number of components used.
It also reduces the propagation delay at the same time. In
Ref. [22], STT only requires four transistors, NTI and PTI re-
quire two transistors. The structures of NTI and PTI are the

same. The difference is the threshold voltage of the MOS tran-
sistors. Combining the TNOR and TNAND gates designed
in the article, a complete set of ternary logic circuit families
is constructed, and the design of decoders and shift registers
is further realized. Compared with Ref. [22], the circuits de-
signed in Ref. [23] are more complicated, but the paper gives
a ternary full adder design based on the improved logic gates.

+4 'V +4V
oA—| T, R, A
PTI(A) NTI(A)
R, :4—| T,
-4V -4V

-4V
(a) (b) (c)

+4V

Fig. 2. (a) PTI, (b) NTI and (c) STI in Ref. [21].

+4V

Fig. 3. (a) PTNOR and (b) NTNOR in Ref. [21].

+4 'V +4V

-4V
(b)

Fig. 4. (a) PTNAND and (b) NTNAND in Ref. [21].

To get the complexity and power consumption of the
ternary basic gates designed based on MOSFET further re-
duced, reference [24] proposed a design method that only a
single power supply exists, which not only reduced the overall
power consumption of the circuit but also improved the tran-
sition time. Reference [25] mentioned a novel STI design,
the main idea of which bases on weighting method. The out-
put values of the PTI and NTI gates are added through two
capacitors to improve the circuit performance, and there are
no additional resistors in the circuit. The static power con-
sumption got eliminated. Srivastava proposed a back-gate bias
method to control the threshold voltage of the MOSFETsS in
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Ref. [26], and then ternary basic gates were designed based
on this. In 2015, Chowdhury et al.*’! designed a multi-value
MAX gate based on the CMOS process and a TNOR gate with
this MAX operation. Compared with TNOR designed by tra-
ditional methods, this design has the advantages of low power
consumption and low delay. In addition, researches on dy-
namic ternary logic circuits?®=3°! with significant operational
advantage in VLSI are also being carried out successively. In
recent years, with the continuous development of semiconduc-
tor materials, researchers have adopted different technical so-
lutions to design a standard ternary inverter based on the tra-
ditional CMOS binary inverter structure, which realizes the

three-state operation.31-30]

3.2. Design of ternary logic gates based on CNTFETs

With the further development of modern VLSI technol-
ogy, CMOS technology is facing many grave challenges.
Problems such as high leakage current, high power density,
and high interconnection impedance limit the further reduc-
tion of CMOS device size.!3’) Compared with the traditional
CMOS circuit, the CNTFET circuit has a higher switching cur-
rent, better sub-threshold characteristics and stability, higher
carrier mobility, higher transconductance, and lower power

consumption. Therefore, it opens up a new idea for the

381 In addition, the quasi-one-

design of integrated circuits.
dimensional structure of CNTFET can better realize the elec-
trostatic control of the channel, and can easily control the
threshold voltage of the transistor, making it a significant ad-
vantage in the design of multi-value circuits.3°-4

In 2005, reference [42] first designed an STI logic gate
based on CNTFET. As shown in Fig. 5, the circuit uses two
CNTFETs with different threshold voltages and two resistors.
Although it has a simple structure and a low number of com-
ponents required, the use of resistors is not conducive to inte-
gration with higher power consumption. In 2011, reference [5]
proposed a pure CNTFETSs based ternary basic gates design, to
achieve the purpose of reducing circuit power consumption.

Furthermore, references [43,44] respectively proposed a
novel STI with no need for resistors, and reduced two transis-
tors compared to the design scheme in Ref. [5]. Nevertheless,
two supply voltages are required. Reference [45] designed
a new CNTFET-based complementary ternary basic gate cir-
cuit scheme, including STI, PTI, NTI, STB (standard ternary
buffer), TNAND, TNOR, and in contrast with the previous de-
sign, it has the better driving capability and greater noise toler-
ance. In 2014, reference [46] proposed a non-complementary
circuit structure based on pseudo N-type CNTFET. Compared
with the complementary design, the circuit area is reduced by
about 40% in the case of similar propagation delays with an
increased power consumption of the circuit.

ouT

Fig. 5. STI in Ref. [42].

In 2020, reference [47] proposed an ultra-compact ternary
logic gate design method using the electrical properties of
CNTFET and the negative capacitance feature of ferroelec-
tric materials. The negative capacitance (NC)-CNTFET men-
tioned in the article has the negative differential resistance
(NDR) effect and can create an additional non-gain region
among the voltage transfer characteristics of the traditional bi-
nary logic gate structure. Therefore, the circuit structure of
the binary logic gate can achieve tri-state operation. Sharma et
al.1*8) designed basic gates with low power and high efficien-
cies by CNTFET, such as STI, STB, TNAND, and TNOR, the
basis of which is differential cascade voltage switch (DCVS).
This design has certain advantages in terms of power con-
sumption and the number of transistors. In Ref. [49], a novel
universal ternary arithmetic unit circuit was mentioned, with
3% operable ternary logic functions with two inputs. Com-
pared with the CNTFET circuits with resistive load, this unit
has lower power consumption and delay. Reference [50]
studied the application of CNTFET in dynamic ternary cir-
cuits, the proposed circuit can be used as an inverter and as
a buffer. In addition, the researchers have also made many
other different designs of CNTFET-based ternary basic logic
gates structure and compared the number of transistors, power
consumption, switching time, and other performance of the
ternary logic gates, and the results show a certain degree of

improvement. 31754

3.3. Design of ternary logic gates based on memristor

Menmristor, as the fourth type of basic circuit component,
was first proposed by Chua in 1971.5%1 In 2008, HP memristor
was successfully fabricated,>® relying on its nano-scale, non-
volatile properties, and compatibility with CMOS processes,
making it widely used in neuromorphic networks, digital logic
operations, non-volatile memory, and other fields. >7-6%!

Memristor has two resistance values, Ron and Ropg. By
applying appropriate external voltage or current, the memris-
tor can switch between the two resistance values. For example,
when the current flows through the memristor in the forward
direction, its resistance gradually decreases to Ron, and when
the current flows through the memristor in the reverse direc-
tion, its resistance gradually increases to Ropp, as shown in
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Fig. 6. This feature can lead to the application in logic opera-
tions without additional hardware. At present, there are mainly
two different implementation schemes for using memristor to
perform ternary logic operations: one uses voltage as a logic
variable, and combines the memristor with other technologies
(such as CMOS, CNTFET, etc.) to design ternary basic logic
gates, the memristor is only a calculation element; another is
using the three stable resistance states of the tri-valued mem-
ristor as logic variables, and the ternary operation results real-
ized by this method can be saved in the memristor. The logic
state will not lose even after power off. The circuit designed
by the first method runs faster and is compatible with CMOS
technology. The logic gate can generate output in the form of
voltage within one clock cycle. However, compared with the
second method, the circuit structure is relatively complicated.
The second method makes full use of the resistance switching
characteristics of the memristor, reduces the complexity of the
logic circuit structure, and can realize the storage and oper-
ation of the logic, which is helpful for the realization of the
new computer architecture. However, the control process of
this method is relatively cumbersome and requires high accu-
racy.

current current

g g

(a) Decrease resistance (b) Increase resistance

Fig. 6. Resistance switching principle of current controlled memristor.

3.3.1. Taking the voltage value as logic variable

In 2020, reference [63] used Knowm memristor to con-
struct unbalanced ternary logic gates, used MRLP! design
method to build TAND gate and TOR gate as shown in
Fig. 7, and used CMOS-memristor hybrid circuit to build three
ternary inverters as shown in Fig. 8. NTI and PTI have the
same structure, but the threshold voltages of T3 are different.
Further, through expanding the TAND and TOR gates, multi-
input minimum value gate and maximum value gate can be
obtained. For example, the three-input minimum value gate
and maximum value gate are shown in Fig. 9. Reference [64]
mentioned a method of combining spintronic memristor and
CMOS technology to design unbalanced ternary logic gates.
The input of this method is the voltage value, and the output
logic value can store as the resistance of the memristor first,
and then by reading the resistance of the memristor, the volt-
age of the corresponding logic is obtained, and logic operation
and storage are combined.

Fig. 7. (a) TAND and (b) TOR in Ref. [63].

Vop

M. M.
V.
M - 1\45 out
Ve Ao o

(a) (b)
Fig. 9. Three-input (a) TMIN and (b) TMAX in Ref. [63].

Reference [65] proposed memristor-CNTFET hybrid
circuit-based ternary basic logic gates, realized TNAND and
TNOR by cascading an STI after TAND and TOR, and then
designed some arithmetic circuits. Compared with the circuit
that only uses CNTFET, the circuit delay and circuit complex-
ity are lower. In Ref. [66], Mohammed et al. proposed an
STI by using memristor and CNTFET. After introducing the
memristor into the circuit design, the circuit area and power
consumption have been reduced, and the stability has been im-
proved.

3.3.2. Taking the voltage value as logic variable

Reference [67] proposed a ternary logic gates design
method using the resistance of a tri-value memristor as the
logic variable. The memristor has three stable resistance states
Ron (50 Q), Rpep (400 Q), Rorr (1000 ), which correspond
to the logic 2°, ‘1°, and ‘0’ of the unbalanced ternary logic.
The switching of the resistance state is realized by controlling
the width and amplitude of the current pulse flowing through
the memristor. Both TAND and TOR circuits are composed of
three memristors, two of which are used as input memristors
and the other is used as output memristor. The initial states of
the input memristors are inputs of the logic gate, and the resis-
tance state of the output memristor is the output after the op-
eration. Under different input conditions, the resistance value
of the output memristor will be converted accordingly. In ad-
dition, the inverter and COPY circuit are designed. Among
them, three types of inverters can be realized by the same NOT
circuit structure. The difference lies in the threshold value of
the threshold switch used. The COPY circuit can replicate the
resistance state of the input memristor.

In 2021, reference [68] proposed a voltage-controlled
tri-value memristor model, and then further designed ternary
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AND, OR, and NOT gate circuits based on it. The memristor
model also has three stable resistance states Ry (10 kQ), Ry
(1 kQ), and Ry, (100 ), corresponding to logic ‘0’, ‘1’, and
‘2°, respectively. The ternary AND, OR, and NOT gate circuits
are shown in Figs. 10—12. The ternary AND gate and the OR
gate contain three tri-value memristors, two as input memris-
tors and the other as output memristor. The ternary NOT gate
is composed of two memristors and an auxiliary resistor. The
three ternary inverters are all realized by the same NOT cir-
cuit structure, but the value of the auxiliary resistor R and the
control voltage Vop are different. In each different input com-
bination, the voltage at both ends of the output memristor is
different, so its resistance will switch accordingly.

Rinl in2 let

R
E_,—"BEI—"TE_,—"BE
Vor
il

Fig. 10. TAND in Ref. [68].

il

Fig. 11. TOR in Ref. [68].

R;,
TE BE

1

Fig. 12. NOT in Ref. [68].

R
TE~ BE

3.4. Design of ternary logic gates based on other technical
solutions

In addition to the above-mentioned technical solutions
for designing ternary basic logic gates, some other methods
have also been able to design ternary gates, such as QDGFET
(quantum dot gate field effect transistors), RTD (resonant tun-
neling diodes), and SET (single electron transistor).[%~71] In
2019, reference [72] produced a ZnO three-state memristor,
which can realize 27 kinds of single ternary logic with only
one memristor unit, and can further design ternary arithmetic
circuits with AND and OR. Similarly, reference [73] proposed

an all-optical single-input ternary logic system that can realize
all possible 27 single-three-valued logic functions.

With the continuous progress of the semiconductor
material industry, more and more semiconductor devices
have shown great potential for application in ternary logic
circuits.[’#! In Ref. [75], a complementary inverter structure
based on P-type black phosphorous and N-type molybdenum
disulfide transistors was mentioned, which can work in both
binary and ternary states. In addition, the application of GN-
RFET (graphene nanoribbon field effect transistor) in ternary
logic has also attracted much attention. GNRFET has higher
tensile strength and better durability than CNTFET.I"®! In
Refs. [77-81], the basic ternary logic gates designed based on
GNRFET were studied. Compared with the circuits designed
based on CMOS and CNTFET technology, it has significant
improvement in power consumption, circuit area, and power
delay product (PDP).

4. Several general methods for the design of
ternary combinational logic circuits

The ternary basic logic gates introduced in Section 3 are
the basic units that constitute ternary combinational digital
logic circuits, which can realize decoder, encoder, adder, mul-
tiplier, etc. The general methods of ternary combinational

logic circuits are summarized below.

4.1. Decoder-encoder method

The process of designing ternary combinational logic cir-
First, decode the
ternary input into the binary form, then use the binary to per-

cuits is mainly divided into three steps.

form the corresponding operation, and finally, convert the bi-
nary to the ternary output. Figure 13 shows the block dia-
gram of this process. In most of the existing designs, the
final encoder part is composed of a level shift circuit and a
ternary OR gate, rather than an encoder circuit in the tradi-
tional sense. In this section, we will first introduce the design
of the decoder and encoder, and then give a brief introduc-
tion to the ternary combinational logic circuits based on the
decoder-encoder method.

. . . .
ternary input ; [decoder binary encoder| : ternary output
— 1 | —

Fig. 13. Block diagram of decoder-encoder method.

4.1.1. Design of ternary decoder and encoder

The function of the decoder is to convert a ternary signal
into a binary signal. As shown in Table 3, it is the truth ta-
ble of a general ternary decoder. In Refs. [5,63,82], a decoder
with the general logic structure was implemented based on the
designed basic logic gates, as shown in Fig. 14. In Ref. [51], a

128402-6



Chin. Phys. B Vol. 30, No. 12 (2021) 128402

novel decoder structure was proposed, compared with the gen-
eral design scheme in Fig. 14, the number of components used
has notably reduced. In 2020, reference [67] designed a novel
decoder structure based on ternary basic logic gates. Contrary
to the truth table in Table 3, this circuit uses logic ‘0’ as the
effective level to output. Reference [83] proposed a 1-3 line
decoder and a 2-9 line decoder based on ternary memristor-
CMOS logic gates, and synthesized on FPGA development
board.

The encoder can convert the intermediate binary signal
into the final ternary output. Reference [84] proposed a ternary
encoder based on CNTFET, the circuit is optimized at the tran-
sistor level, and the simulation results show that it performs
well in terms of delay, power consumption, and the number of
transistors. In 2016, reference [85] proposed and designed a
9-2 ternary reversible encoder and a 9-2 ternary reversible pri-
ority encoder, and it plays a role in the conversion of a binary
circuit and a ternary circuit. In 2018, Vudadha et al.!®®! pro-
posed an improved encoder based on CNTFET, and applied it
to the design of ternary combinational logic circuits. The sim-
ulation results show that the power consumption, propagation
delay, and power delay product of the ternary full adder de-
signed based on the proposed encoder have been significantly
improved. In addition, reference [63] mentioned a ternary en-
coder based on memristor and CMOS, which can convert three
binary signals into one ternary signal.

Table 3. Truth table of ternary decoder.

Y Y Y )43

0 2 0 0

1 0 2 0

2 0 0 2
>° ? Y
NTI Y,

Y
TNOR
Y
PTI NTI

Fig. 14. General ternary decoder structure.

4.1.2. Ternary combinational logic circuits based on
decoder-encoder method

In 2020, reference [87] proposed a half adder based on
memristor and CNTFET using the decoder-encoder method,
as shown in Fig. 15, and then three different full adders
have been designed, including CRA (carry-ripple adder), CLA
(carry-lookahead adder), and CSA (carry-skip adder). Refer-
ence [88] also used this method to design a one-bit ternary
comparator, which can be further expanded into an N-bit com-
parator. References [8§9-91] also designed a variety of ternary
combinational logic circuits with different functions using this
method.

Ay
Ay decoder |—A
A2
B,

y ’ B) decoder B
B?

Vvdd/4 vdd/4

CARRY SUM

Fig. 15. Half adder designed by decoder-encoder method in Ref. [87].

4.2. Multiplexer-based method

In a ternary logic system, the multiplexer (MUX) can se-
lect a signal from multiple ternary digital input signals and
output it. Table 4 shows the truth table of the 3:1 MUX, S is
the selection signal, Iy, I, and I, are three input signals.

Table 4. Truth table of 3:1 MUX.

S ouT
0 Io
1 I
2 JA

When it comes to the design of ternary combinational
logic circuits based on multiplexers, some of the input signals
can be used as the MUX selection signal, and the remaining in-
put signals or their unary functions can be used as the inputs of
the MUX. Among them, MUX can be designed with a variety
of technologies, and the corresponding ternary logic function
can be realized through the combination of multiple MUXs
and ternary single-variable logic circuits. The advantage of
this method is that the circuit can be designed without ternary
basic logic gates ‘AND’, ‘OR’, ‘NOT", etc., but only uses the
combination of ternary unary operators and multiplexers for
implementation, which can reduce the power consumption of
the circuit and the number of components.

In Ref. [92], Jaber et al. designed a novel MUX based on
CNTFET, and then proposed a half adder with 90 transistors
only using the MUXs, as shown in Fig. 16. In the same year,
the author used this method to design a ternary multiplier in
Ref. [93]. The simulation results show that the proposed mul-
tiplier reduces power consumption and improves noise toler-
ance. Reference [94] used two-stage multiplexers to design a
full adder unit. In the first stage, the carry input Cj, from the
lower bit behaves as selection signals of the three 2:1 MUXs,
and the unary functions of one input A are used as the inputs
of the first stage; 3:1 MUX from the second stage uses another
input B as the selection signal, and the inputs are the outputs
of the three 2:1 MUXs in the first stage. Reference [95] men-
tioned a method of using two 2:1 MUX to form a 3:1 MUX,
and only used 2:1 MUX to design a ternary half adder. In
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addition, references [96-99] also used this method to design
ternary functional combinational logic circuits.

1 0 A 0

2 1 1 SUM

0 2 2 2
0
1 B

A
0 0 0 0
1 1 CARRY

—
== O
oS}

Fig. 16. Half adder designed only using MUXs in Ref. [92].

4.3. Transistor level method

The design idea of this method is to use the logic level of
the input signal or the unary functions of the input signal to di-
rectly control the conduction of the transistors, in other words,
under each group of input, there will be a corresponding path
connected to the output terminal to get the required logic level
at the output.

CARRY
o

Fig. 17. Ternary full adder carry circuit using transistor level method in
Ref. [100].

For example, in Ref. [100], a ternary full adder carry cir-
cuit was designed based on CNTFETSs, which is to directly
control the conduction of CNTFETsSs through the unary func-
tion of input A, B, and Ci,. For each group of inputs, there
will be a path that appears in the circuit, so as to transfer the
corresponding logic level to the output. Figure 17 shows the
structure of the carry circuit, where the diameter of 71777 is
d =1.487nm, the diameter of T3 and Tj9 is d = 1.108 nm,
and the diameter of T59—T33 is d = 0.783 nm, different transis-
tor diameters correspond to different threshold voltages. This

method does not require the use of basic logic gate circuits

either, and the proposed circuit has a lower critical delay, a
lower PDP, and a higher operating frequency, the number of
transistors used is also greatly reduced. However, the design
of a ternary logic circuit with this method will not progress
from basic to complex. Each input situation needs to be taken
into consideration separately, so the design idea is relatively
complicated. Reference [101] designed a ternary comparator
through this method, and the power consumption and propa-
gation delay were greatly reduced compared with the previous
design. Transistor-level methods can greatly reduce the num-
ber of transistors used and have been concerned and used by

many researchers.[102-110]

4.4. Other methods

In Ref. [111], a method of using transmission gates was
described, that is, the input signal or unary functions of the
input are used as the control signal of the transmission gates.
Under each group of inputs, there will be a correct path con-
nected to the output, similar to the transistor level method
without a decoder. References [112,113] both used a method
of capacitance threshold logic, that is, to sum the input by the
analog ratio based on capacitance, controlled by the threshold
detection circuit, instead of the traditional decoder function.
Reference [18] proposed a ternary full adder unit designed
with a dynamic ternary logic style.

5. Ternary sequential logic circuits

The output of a ternary combinational logic circuit only
depends on the current external input, so the relationship be-
tween output and input can reflect the function of the circuit.
Several design methods mentioned in Section 4 can realize it
with the corresponding functional relationship. However, the
output of the sequential circuit is not only related to the cur-
rent external input but also the previous output. That makes the
storage element ternary flip-flop become the first step on the
ternary sequential logic circuits implementation. Compared
with binary flip-flops, ternary flip-flops have more complex
logic functions. In addition, ternary flip-flops not only can be
driven by a binary clock, but also can be driven by a ternary
clock. When designing a ternary flip-flop, you cannot just re-
place the logic gates required by a binary flip-flop with the
ternary logic gates. This may lead to incomplete functions.
Therefore, the circuit structure of the ternary flip-flop may be
slightly more complex than that of the binary flip-flop. This
section first summarizes the related design of the ternary flip-
flops and then introduces two commonly used sequential cir-

cuits registers and counters.
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5.1. Ternary FFs

Similar to binary flip-flops, ternary flip-flops can also be
divided into many types, such as D flip-flop, T flip-flop, and
JK flip-flop.[!1%! Besides, there are PZN flip-flop, JKL flip-
flop, etc.[115:116]

In 1977, reference [115] designed ternary basic logic
gates based on MOSFET, and then further designed a ternary
D flip-flop, a T flip-flop, and a PZN flip-flop. It is worth
noting that the clock signal of the designed flip-flop has only
two logic levels, logic ‘0’ and logic 2°. Reference [116] de-
signed a series of ternary basic module circuits, such as 1-of-2
threshold-r multiplexing and identity cell, and then designed
ternary D flip-flop and JKL flip-flop based on these module
circuits. In addition, references [117-119] also proposed dif-
ferent implementations of D flip-flops based on CMOS tech-
nology. Among them, the D flip-flop in Ref. [117] uses a latch
and a neuron-CMOS literal circuit, reference [118] describes
anew CMOS edge-triggered ternary D flip-flop based on dou-
ble pass-transistor logic (DPL), the D flip-flop mentioned in
Ref. [119] has areset port. Reference [120] describes a ternary
D flip-flop based on multiple-junction surface tunnel transistor
(MJSTT) and MOSFET. The number of components used in
this flip-flop is reduced from 30 (only using MOSFETs) to 3,
thus greatly reducing the circuit’s area consumption.

In 2010, reference [121] proposed two types of edge-
triggered master-slave D flip-flops based on ternary basic logic
gates. One is controlled by a binary clock, and the other is
controlled by a ternary clock. But there is no specific circuit
realization in the article. Instead, the simulation operation
was carried out with SIMULINK. In 2016, reference [122]
proposed a ternary JK flip-flop based on RTD, which real-
ized the pre-set function. With the literal circuit as the core
of the mathematical deduction process, it is much easier to
realize the circuit. In the same year, reference [123] pro-
posed two kinds of JKL flip-flops based on CNTFET, one is
a single-edge trigger, and the other is a double-edge trigger.
In 2017, reference [124] proposed a ternary pulsed D flip-
flop with a reset port and a set port. In 2019, Katayoun et
al.'">) proposed a D flip-flop based on successor and pre-
decessor circuits, which is useful in the design of a ternary
counter with lower complexity. Reference [4] mentioned a
CNTFET-based quad-edge-triggered ternary flip-flop, which
is composed of four types of basic logic blocks: ternary clock
driver, standard ternary inverter, binary inverter, and transmis-

1261 designed a ternary D latch

sion gate. In 2020, Zarin et al.
based on GNRFET, and then designed a ternary positive edge-
triggered master-slave D flip-flop. In 2021, reference [127]
employed gate-all-around (GAA)-CNTFET and nonvolatile
magnetic tunnel junction (MTJ) to design two types of ternary

retention flip-flops: basic ternary retention flip-flop and input

aware ternary holding flip-flop. In the proposed input aware
ternary retention flip-flop, the power consumption is signif-
icantly reduced by adding a magnitude comparator and pre-
venting duplicate data transfer to the MTJs.

5.2. Register

Reference [115] mentioned a two-stage dynamic ternary
shift register, where each stage is composed of two STI gates
and two ternary switches. In 2002, reference [120] formed
a ternary shift register by cascading the ternary D flip-flops
that designed. Reference [119] designed a ternary adiabatic D
flip-flop with a reset port and a ternary adiabatic multiplexer at
first, and then designed a ternary adiabatic shift register, which
can realize left shift, right shift, input, and output in parallel of
the ternary signal under the control of the clock. In 2021, ref-
erence [127] designed a four-trit non-volatile universal ternary
shift register based on the proposed non-volatile ternary re-
tention flip-flop. The circuit consists of four ternary retention
flip-flops and four 8 to 1 multiplexers, which can realize the
functions of input and output in parallel, left shift, right shift,
hold, set ‘0’, set ‘1°, set ‘2°, toggle and restore.

5.3. Counter

In 1977, reference [115] cascaded the designed ternary
master-slave D flip-flop, and fed back the output Q, of the
last stage D flip-flop to the input terminal D; of the first stage
to form a ring ternary counter, n is the number of flip-flops.
Then, the article also gave a 3-trit ternary counter that can
count from 0 to 27 or from —13 to +13. This counter consists
of three master-slave T flip-flops and two NIT gates. Finally,
based on the ternary counter formed by T flip-flops, a divide-
by-M ternary counter was proposed with a feedback circuit.
Reference [116] designed a modulo-9 up counter based on
the designed ternary D flip-flop and ternary basic logic opera-
tion circuits. In 2017, Kang et al.!'?*! constructed a four-digit
ternary reversible counter based on the designed D flip-flop,
up/down circuit, and carry/borrow controlled circuit. After
HSPICE simulation analysis, the results show that the pro-
posed circuit attains the average energy saving by 36.4% com-
pared with the ternary counter based on JKL flip-flop, so the
low power consumption characteristics of the counter are ob-
viously. In 2019, reference [125] designed a three-trit ternary
asynchronous counter and a synchronous counter on the basis
of the proposed SP-D flip-flop. The circuit structure diagrams
are shown in Figs. 18 and 19, respectively.

D, Qo D, Q1 D, Qo
SP-D.FFF SP-D.FFF SP-D.FFF
LK " -
© LK, Q0‘| CLK, QY-| CLKZQZ‘I

Fig. 18. Three-digit ternary asynchronous counter in Ref. [125].
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Dy Q H . Dy, Qs

Dl Ql
SP-D.FFF SP-D.FFF SP-D.FFF
+ = H ] x
CLK, Qn] CLK, Q1‘| CLK, 92 ]
CLK

Fig. 19. Three-digit ternary synchronous counter in Ref. [125].

6. Conclusion

With the further development of modern information
technology, the integration of devices continues to increase,
and problems such as interconnection and excessive power
consumption have become more prominent. Ternary logic has
a better effect on solving these problems. Furthermore, ternary
logic carries more information and can increase the data den-
sity of the circuit compared with binary logic. Therefore, it is
a promising alternative to the traditional binary logic circuit.
It is worthy of further research and discussion by scientific
and technological workers. In subsequent research, we can
continue to explore the production of new materials and new
components for ternary logic circuits, and use these devices
to build functional ternary circuits. There are few pieces of
researches on balanced ternary circuits at present, and the ap-
plication of balanced ternary circuits can be further explored
to give full play to its unique advantages. In addition, in-depth
research can be done on the ternary computer architecture sys-
tem, hoping that the ternary logic circuits can be widely used
as soon as possible.
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