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Abstraci—Multi-valued logic (MVL) circuits, especially
the ternary logic circuits, have attracted great attention
in recent years due to their higher information density
than binary logic systems. However, the basic construc-
tion method for MVL circuit standard cells and the CMOS
fabrication possibility/compatibility issues are still to be
addressed. In this work, we propose various ternary arith-
metic circuits (adders and multipliers) with embedded
ternary arithmetic algorithms to improve the efficiency.
First, ternary cycling gates are designed to optimize both
the arithmetic algorithms and logic circuits of ternary
adders. Second, optimized ternary Boolean truth table is
used to simplify the circuit complexity. Third, high-speed
ternary Wallace tree multipliers are implemented with task
dividing policy. Significant improvements in propagation
delay and power-delay-product (PDP) have been achieved
as compared with previous works. In particular, the ternary
full adder shows 11 ad PDP at 0.5 GHz, which is the best
result among all the reported works using the same simu-
lation platform. And an average PDP improvement of 36.8%
in the ternary multiplier is also achieved. Furthermore, the
proposed methods have been successfully explored using
standard CMOS 180nm silicon devices, indicating its great
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potential for the practical application of ternary computing
in the near future.

Index Terms—Multi-valued logic, ternary arithmetic cir-
cuits, ternary adders, ternary multipliers, CMOS based
ternary logic.

[. INTRODUCTION

ITH the increasing applications of artificial intelligence

(AI), Internet of Things (IoT) and autopilot, a tremen-
dous amount of data is being created which needs to be pro-
cessed. According to predictions, the total data generated every
year will rise from 64.2 zettabytes (10%!) in 2020 to over 180
zettabytes in 2025 [1], [2]. Therefore, computers with higher
data density are highly desired to meet the future requirements
for data processing.

In another aspect, with the coming end of Moore’s law, it be-
comes significantly more difficult to improve chip performance
by simply shrinking the transistor feature size [3]. Nearly 70% of
the chip area and over 50% of the dynamic power consumption
in digital circuits are attributed to the interconnections [4].
New strategies for “more-than-Moore” are highly desired as a
platform for future technologies supporting the big-data era.

Multi-valued logic (logic radix r > 2) inherently contains a
higher number of logic states as compared to classical binary
logic (0, 1); therefore, it is possible to achieve greater data
density and computing capability. The circuit complexity of a
logic system can be expressed as C(r) = k*r*d, where k is a
constant, r is the logic radix, and d is the digit number required
to express a certain number N (N = /). By considering the data
density and the circuit complexity, the efficiency of a digital
system can be further formulated as E(r) = N/(k*r*d). Among
all the integers, 3 is closest to the optimal logic radix e, thus the
ternary digital system is believed to carry a higher data density,
faster data processing speed, and lower power consumption with
reduced circuit complexity as compared to traditional binary
logic [5], [6] and other multi-value logic, which make ternary
logic devices a promising candidate for future electronics.

A series of works have been reported to realize ternary
logic, including complementary metal-oxide-semiconductor
(CMOS) transistors with resistors [7], memristors [8], 2D
semiconductor heterojunctions [9], [10], quantum dots [11],
negative capacitance devices [12], [13], carbon nano-tube
field-effect transistor (CNTFET) [14], [15]. In consideration of
the comprehensive performance including speed, power, and
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tunability, the CNTFET is believed to be the promising candidate
due to its ballistic carrier transport property, convenient control
of the threshold voltage (Vth), and complete logic synthesis
methods of ternary logic functions [15], [16]. So far, almost
all of the ternary circuits are constructed and simulated using
CNTFETs SPICE models [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], though they suffer the practical fabrication
incompatibility issue [28].

Over the past years, tremendous efforts have been devoted
to developing ternary adders to achieve efficient data processing
[17], [18]. However, conventional ternary full adder suffers from
high circuit complexity, which offsets the aforementioned ad-
vantages of ternary logic. Continuous improvements have been
made to reduce the transistor count, power consumption, and de-
lay of ternary adders. But still, most full adders suffer from either
alarge transistor count or a high power-delay-product (PDP). For
example, S. Firouzi et al. [19] presented a capacitive-based full
adder design with low transistor count, but highly susceptible
to variations and requiring a large chip area due to the usage
of capacitors. S. Kim et al. [15] presented a complete logic
synthesis method of ternary logic, developed full adders with low
PDP based on CNTFETSs, and benchmarked the development.
Nevertheless, over 100 transistors are needed, which is almost
thrice binary full adders.

In this paper, we propose high performance and efficient
ternary arithmetical circuits including ternary adders. Then we
apply the adders into the realization of efficient ternary multi-
pliers. Various ternary arithmetic algorithms are utilized to op-
timize the circuits. We develop novel balanced and unbalanced
ternary adders based on ternary cycling gates, namely ternary
incremental cycling gate (TIC) and ternary decremental cycling
gate (TDC). A reduced transistor count and a lower PDP are
achieved. The logic synthesis method based on multi-threshold
voltage MOSFETsS [15] is adopted to realize the monadic and
diadic logic functions introduced in our design. Furthermore,
we present the design of high-speed ternary Wallace tree multi-
pliers based on the proposed ternary half/full adders. All of the
proposed ternary arithmetic circuits are verified and tested in
HSPICE simulation, which show better performance regarding
transistor count and PDP as compared with reported works.
The same compact model is used to provide a fair performance
comparison. The main contributions of this paper include:

® Novel unbalanced and balanced ternary half/full adders
are proposed based on ternary cycling gates to reduce
the transistor count and PDP. Our proposed unbalanced
ternary full adder requires only 93 transistors, the lowest
to date among the reported purely MOSFET-based full
adders. The PDP of the unbalanced and balanced ternary
full adders achieve an average improvement of 16.1% and
22.8% as compared with the method discussed in [15],
respectively.

e Ternary Wallace tree multipliers are designed to realize
high-efficient ternary multiplication. Owing to the usage
of the proposed high-performance ternary adders, a higher
speed and a lower PDP have been achieved in the multi-
pliers as compared with traditional multipliers. Compared

with traditional array multipliers, an average improvement
of 17.5% and 36.8% in PDP are achieved in balanced and
unbalanced ternary Wallace ternary multipliers, respec-
tively. Additionally, a PDP of 23.77 {J in our unbalanced
ternary multiplier and a PDP of 18.30 fJ in our balanced
ternary multiplier are the lowest to date among the reported
works.

e The proposed methods have been successfully explored
using the standard CMOS 180nm silicon device. In par-
ticular, the proposed silicon ternary adder can reach a high
speed of about 1GHz. To the best of all knowledge, this is
the first ternary logic circuit that shows comparable per-
formance with binary circuit, indicating its great potential
for the practical application in the future.

II. BACKGROUND AND RELATED WORKS
A. Unbalanced and Balanced Ternary Representations

Ternary logic systems can be represented in two ways: unbal-
anced ternary logic (UBT: 0, 1, 2), and balanced ternary logic
(BT: —1,0, 1 or T, O, 1). The balanced ternary number can be
encoded for both positive and negative numbers with

n—1
Y= (43
=0

where y; is the ternary digit (trit) value that can be —1 (or T), 0
or 1, and 3 represents the base-3 weighting [29], [30].

The coding of unbalanced ternary logic is relatively difficult
as it does not contain a negative weighting. To represent the
negative numbers, a ternary complement coding scheme (similar
to the binary system) can be used. The most significant digit
will be used as the sign trit, and O represents positive, and
NOT 0 (namely 1 or 2) represents the negative value. The
formula to convert a decimal to an unbalanced ternary n-trit
number is

[

n—

YV =—yo1-3""+ ) (-39

I
)

(2
where y; is the ternary trit value that can be 0, 1 or 2, and
3i represents the base-3 weighting. Table I shows the ternary
representations for different decimal numbers as case studies.
It is worth mentioning that despite the difference between the
unbalance/balanced ternary representations, both can be electri-
cally represented by (0, VDD/2, VDD).

B. Ternary Logic Functions and Logic Circuits

Before building up to larger scale CMOS ternary arithmetic
units, the necessary background of the ternary logic primitives
is presented in this section. In conventional Boolean logic,
there is a total of four (2%) monadic functions. The single
nontrivial function is NOT, which inverts its input, returning
false when given true and vice versa. The move to ternary
increases the number of monadic functions from 4 to 27 (3%)
which have been enumerated in Table II. Among the 27 monadic
functions, three are nontrivial, namely the standard ternary
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TABLE |
TERNARY REPRESENTATIONS
Binary Code | Binary Code | Unbalanced Balanced
Decimal one’s two’s Ternary (UBT) | Ternary (BT)
Complement | Complement 012) (TO1)
5 00101 00101 012 1TT
1 00001 00001 001 001
0 00000 00000 000 000
-1 10001 11111 122 00T
-5 10101 11011 111 T11
-9 11001 10111 100 TOO
-10 11011 10101 222 TOT
-1 11100 10100 221 ™
TABLE Il
TERNARY MONADIC FUNCTIONS
No. 1 2 3 4 5 6 7 8 9 |10 11|12 |13 |14 |15|16 |17 |18 | 19| 20| 21|22 |23 |24 | 25| 26 | 27
-0+ |-|O0O|*+|—-|O|+|-|O0O|+|—-|O0O|+|—|O0|+|=-(0|+|—-|0|+|—-|0]|+
BT |- |- |=[0[0 |0 |+ |+ |+|=|=|=[0[0|0 |+ |+ |+|=[=|=[0[0|0]|+|+|+
= =|=|=|=|=|=|=[=]0]0][0[0|0|0|0|0 |0 |+ |+ |+|+|+|+]|+|+|+
o|1(2(0(1|2(0|1|2(0|1|2|0|1|2(0|1|2(0[|1]2|0|1][2|0|1]|2
uT|0|0|O |1 |1|1|2]22]|0f0]|0 1 |1|1|2|2]2|0(0|0 1 /1]|1|2]|2]|2
ojojofofojofojO|O (1|1 |1 |11 |1(1]|1|1|2]|2]|2|2|2[|2|2|2]|2
No.3: NTI No.8: TIC
previous work: —
3kindsof T-gates  _ _ b
this work: 3! 31
More T-gates are used
to improve efficiency ¢ 0
0 1 2 0 1 2 1
Input Input Input
No.9: PTI No.12: TDC No.19: NB No.25: PB
2| 2] 2| 2
EE ER ER 31
0] - of d 0 : 0o
1 2 0 1 2 1 2 1 2
Input Input Input Input

No.3 NTI: negative ternary inverter
No.6 STI: standard ternary inverter

No.12 TDC: ternary decremental cycling gate
No.19 NB: negative buffer

No.8 TIC: ternary incremental cycling gate  No.25 PB: positive buffer

No.9 PTI: positive ternary inverter

inverter (STI), negative ternary inverter (NTI), and positive
ternary inverter (PTI). NTT and PTI can be considered ternary to
binary conversion functions because they have only two-valued
outputs.

In most previous works, ternary logic circuits are designed
by using only three mentioned inverters [14], while all of the
other ternary functions are ignored, which makes the ternary
circuits suffer from either large transistor count or high PDP. In
the following part, our ternary logic circuits are designed with
the optimized ternary arithmetic algorithms by utilizing more
ternary functions.

[ll. UNBALANCED TERNARY ADDERS

Similar to a binary full adder, a ternary full adder can be
divided into two separate addition stages sequentially, in which
the first stage performs the addition of two inputs, and the second
stage performs the addition of the output Sum signal of the first

G E y : Sum
) : I: HA Carryasc E
: Fist stage Second stage :
| Half Adder Half Adder :
B_;__ Sum !
' I:HA Carryg [CarryCom ; Cout
Figure 1. Proposed unbalanced ternary full adder, which is divided

into two half adders.

stage addition and the third input signal. Figure 1 shows the
proposed ternary full adder with two stages additions. Each stage
can be implemented with a ternary half adder, namely the first
stage ternary half adder (HA) and the second stage half adder
(HA).

HA performs the addition of inputs A and B, which generates
the summation signal Sumap and the carry signal Carry op. HA’
afterwards performs the addition of Sump and the input carry
signal C;,,, which generates the summation signal Sumapc (the
final summation result Sum) and the carry signal Carry spc. The
output carry signal C,,; can be generated using a carry signal
generation gate (CarryCom gate in Figure 1), whose inputs are
the carry output signals of the two half adders.

A. Design of the Unbalanced Ternary First Stage Half
Adder

The truth table and the design of the HA are shown in
Figure 2(a). The HA is further divided into a summation signal
generation gate (Sum) and a carry signal generation gate (Carry).

For the HA, the inputs are two ternary numbers A and B, and
the outputs are the summation signal (Sum) and carry signal
(Carry). Note that Carry will only be 0 or 1. For example, when
A =1(2),B=2(1), the original A+B = 3, such that Sum =0
and Carry = 1. When A =2 and B = 2, the original A+B =4,
such that Sum = 1 and Carry = 1. Carry is 0 in the other input
situations.

Utilizing the logic synthesis method reported in [15], the
Carry gate of the HA was originally realized as shown in
Figure 2(b). However, the pass transistors are not necessarily
needed due to the elimination of the VDD pull-up network
and the half VDD pull-down network. Hence, we propose a
half VDD method to eliminate the pass transistors, so that the
circuit complexity can be reduced and the delay and power can
be optimized. The transformation of the Carry signal from the
original design to our optimized design (new Carry) is shown in
the truth table in Figure 2(a). The new Carry signals are either in
the high or low logic state under the half VDD scheme, and the
pass transistors used to generate the middle logic state can be
eliminated. The sum of product (SOP) of the Carry gate under
the half VDD scheme is: half VDD/GND pull-up network F
= (Al + A2) « B2 + A2 % (Bl + B2), and half VDD/GND
pull-down network F = A0 4+ (A0 + A1) % (BO + B1) 4 BO.

A transistor-level schematic of the optimized Carry gate is
presented in Figure 2(c). As compared with the original design,
fewer transistors are required. Additionally, the PDP of the new
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@) First stage of Half Adder input output ‘ new
A | B|Sum Carryﬂ:>ca"y
A I: s Sum ojo0| o 0 0
um
o1 1 0 0
0|2 2 0 0
100 1 0 0
1]1] 2 0 0
Carry 1)2] o 1= 2
I:Carry 2|0 2 0 [ 0
B 201 o 1 5 2
2|2 1 1.3 2
(b) original Carry (c) _optimized Carry
””””””””””””” VoD — 11" haf vbD |
% ade
| e
iVDD ﬂti —— out
e ac]
| P
in—cﬂ Ap = A’Tm:B'TI]l:
3 T BP—H
A

: —c[l[flvTH =-0.323V —<§E‘ Vi =-0.428V
GND : *l]EIVm =0.323V —EE‘ Vo =0.428V

ol sl

Figure 2. (a) Schematic and truth table of the first stage unbalanced
ternary half adder. (b) Schematic of original Carry gate and (c) Carry
gate with optimized ternary Boolean truth table from “logic 1” to “logic
2”. VDD is set to be 0.9 V and the white and stripe pattern transistor
symbols represent MOSFETs with Vth values of 0.323 V and 0.428 V,
respectively.

Carry gate is 0.499 alJ, while the PDP of the original design is
0.844 aJ. An improvement of 40.88% in PDP is achieved in the
proposed design.

Before interpreting the Sum gate, we elaborate on the two
kinds of ternary cycling gates. The cycling function only exists in
higher radix logics, and it degenerates into the inversion function
in binary logic. Ternary cycling gates are among the 27 (33)
kinds of ternary monadic functions [20]. There are two kinds of
ternary cycling gates: TIC and TDC. TIC can be expressed as

Y =(x+1)mod 3

and it performs a plus 1 operation of the input signal (output =
input + 1), while TDC can be expressed as

Y =(z—1) mod 3

and it performs a minus 1 operation of the input signal (output
= input - 1), which also equals the plus 2 operation (output =
input + 2) in the case of unbalanced ternary logic.

The TIC and the TDC are realized utilizing similar ternary
logic synthesis method in [15]. This method realizes arbi-
trary ternary logic functions by dividing the circuit into four
blocks, namely VDD pull-up and pull-down networks and
half VDD pull-up and pull-down networks. In each network,

multi-threshold voltage MOSFETs are used to collocate the
switch operations and generate the output according to the truth
table. In the TIC and the TDC, CNTFET with three kinds of
threshold voltages are used, +0.323 V, £0.428 V and +0.678 V,
respectively.

Specifically, the n-type CNTFET with +0.323 V and +0.678
V threshold voltages are used to collocate different switch opera-
tions in the VDD and half VDD pull-down networks; The p-type
CNTFET with —0.323 V and —0.678 V threshold voltages are
used to collocate different switch operations in the VDD and half
VDD pull-up networks; The CNTFETs with £0.428 V threshold
voltage, close to half VDD, are used as the pass transistor to
generate a stable middle state at the output terminal.

As shown in the Sum gate in Figure 3(a), the augend signal
B is transformed into B+1, and B+42 by the TIC and TDC,
respectively. After the transformation, three transmission gates
transmit the output signal by selecting from B+1, B+2, and
B+-0, depending on the value of the addend signal A. One 1:3
decoder, comprised of two NTTs, a PTI, and a binary NOR gate
(shown in Figure 3(c)), is used to generate the control signal
of the transmission gates. The decoder has only one high logic
signal to turn on one of the three transmission gates. Specifically,
if the addend signal A is 2, the decoder output (A0, Al, A2) is
(2, 0, 0) to turn on the TDC path and transmit a B42 at the
output; If the addend A signal is 1, the decoder output (A0, A1,
A2) is (0, 2, 0) to turn on the TIC path and transmit a B+1 at
the output; If the addend signal A is 0, the decoder output (A0,
Al, A2)is (0, 0, 2) to directly transmit B to the output through
the transmission line.

The transistor-level schematic, symbol, and transient simula-
tion results of the two kinds of ternary cycling gates are shown
in Figure 3(c) and (d). AN and Ap in the figures mean that the
input signal first passes through a negative ternary inverter (NTI)
or a positive ternary inverter (PTI) before connecting with the
gate terminal of the corresponding MOSFET. The cycling gate
has largely reduced the total number of MOSFET transistors and
propagation delay. Detailed comparisons are presented in part
D of this section.

B. Design of the Unbalanced Ternary Second Stage Half
Adder

The cascaded multi-trit adder chain always starts with a two-
input ternary half adder. The output carry signal (Cy,,¢ ) generated
in the first stage half adder is treated as the input carry signal
(Cjn) for the second stage addition. As indicated in the truth table
in Figure 4(a), the Cy;, signal can be either O or 1. For example,
the carry of (0 + 0), (O + 1) and (0 + 2) is 0, while only the
carry of (1 + 2) and (2 4 2) is 1. The C;,, with fewer logic states
simplifies the half adder in the second stage.

Figure 4(a) shows the cycling gate-based half adder in the
second stage (HA’). The summation signal of the first stage half
adder (Sumap) is regarded as the augend signal, while Cy, is
treated as the addend signal. Similar to the cycling gate-based
HA, the augend signal Sum g of the HA’ is directly connected to
atransmission gate or a TIC (+1 operation), which is determined
by the control signal C;,,. TDC (42 operation) is not needed here
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(a) Sum
A2
A ——|Decoder A
AO
B { F
A0 —
B T ,' |' Sum
Al [—]
B l {
AD '

.45
OutputyY

|
3n  4n 50 6n

1n 2n

Figure 3.

(b) Decoder

ternary__|
input A

_ﬂlf‘,m = 0323V _lﬂﬁ‘vm = -0.428V _CIE‘VT” =-0.687V
—I]E‘/TH = 0323V —EE‘VTH = 0428V —IE‘VTH = 0687V

(d) Ternary Decremental Cycling gate (TDC)

[ input | Output
2

! VDD

: InputA
1045

' i . OutputY
i A—I] i 0.45 —
i Lo !

GND 10 1n 2n 3n 4n 50 6n

............................

(a) Schematic of the Sum gate in the first stage half adder. (b) 1:3 decoder used in the Sum gate. (c) Transistor-level schematic, symbol,

truth table and simulation result of the TIC, and (d) TDC gate. VDD is set to be 0.9 V and the white, stripe pattern, and black transistor symbols
represent MOSFETSs with Vth values of 0.323 V, 0.428 V, and 0.687 V, respectively.

due to the reduced logic level condition of C;,. The summation
is either Sumap or Sumap + 1, depending on the value of Cy,,.
Specifically, if Cy, is 0, the path connected with Sum g is turned
on, transmitting Sumap to the output terminal; if C;,, is 1, the
path connected with TIC is turned on, transmitting Sumap + 1
to the output terminal.

To maintain better control of transmission gates by Cj,, a
positive buffer (PB, shown in Figure 4(b)) that shifts the logic
level of Cy;, from 0.45 V (half VDD) t0 0.9 V (VDD) is designed.
The function of PB can be expressed as

2, x =12
Y:
{O,X:O

which is among the 27 monadic functions (Function No. 25 in
Table II). The transmission gates can be fully switched on or off
by the control signal C;,, passing through a PB. Therefore, the
distortion of the signal passing through the transmission gates
is reduced.

The Carry signal of the second stage half adder should be 1
only when Sumy g is in the high logic state (2) and Cj,, is in the
middle logic state (1). Otherwise, it should be 0. This function
can be realized using a binary AND gate, whose inputs are Cj,
after passing through a PB and Sumyp after passing through a

negative buffer (NB, shown in Figure 4(c)). The NB is introduced
here to retain the high logic state of Sumap while shifting other
logic states into a low level, whose function can be expressed
as:

2, x = 2
Y{O,X:O,l

which is also among the 27 monadic functions (No. 19 in
Table II).

C. Design of the Unbalanced Ternary Full Adder

The optimized design of an unbalanced ternary full adder is
realized by sequentially combing the two stage half adders, as
shown in Figure 5(a). The final Carry signal of the full adder is
generated based on the Carry signals of the two stage half adders.
If either of these two Carry signals is 1, the final Carry of the
full adder is 1. A gate (CarryCom) combines the Carry signals
of the two half adders and generates the Carry signal of the
full adder. Similarly, the CarryCom gate is regarded as a binary
logic function, in which the half VDD supply voltage was used
to reduce the transistor count and PDP. The proposed half/full
adders are verified in Synopsys HSPICE. To compare with
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Figure 4. (a) Schematic and truth table of the proposed second stage
half adder. (b) Transistor-level schematic, symbol, and truth table of PB.
(c) Transistor-level schematic, symbol, and truth table of NB.
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Figure 5. (a) Gate-level schematic of proposed cycling gate-based
unbalanced ternary full adder. (b) Transient simulation waveform of the
proposed unbalanced ternary full adder based on ternary cycling gates.
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Figure 6. Performance tests of the proposed unbalanced ternary half

adder (a) and full adder (b) at different frequency.

reported works, the same SPICE model (Stanford 32 nm CNT
MOSFET model) is used in the simulations [31]. Figure 5(b)
presents the transient waveform of the proposed unbalanced
ternary full adder. The correct logic functions are verified with
inputs covering all situations.

The propagation delay, power consumption and PDP of the
proposed unbalanced half/full adders are tested under differ-
ent operation frequencies. Figure 6 presents a comparison of
the performance with the half/full adders reported in [15] at
an input frequency ranging from 100 MHz to 1 GHz. Fig-
ure 6(a) discusses the characteristic of the half adders. The
two half adders have a similar delay at different frequencies.
The proposed half adder shows higher power consumption,
which leads to higher PDP performance. However, the pro-
posed unbalanced ternary full adder has a significant advantage
in the propagation delay and PDP despite the higher average
power, as shown in Figure 6(b). An average improvement of
61.6% in delay and 16.1% in PDP is achieved. Specifically,
57 ps delay and 11 aJ PDP are demonstrated at a frequency
of 0.5 GHz, corresponding to a 63.1% reduction in propaga-
tion delay and 20.8% improvement in PDP. Furthermore, the
improvement improves with the increasing frequency. The PDP
improvement reaches 23.1% and 23.9% at 800 MHz and 1 GHz,
respectively.

Table III shows a more comprehensive comparison of the
characteristic of the unbalanced ternary full adder between
our design and the benchmark. To provide a fair comparison,
only CNTFET-based ternary circuits are included, and the same
SPICE model is used for the circuit simulation and tests. Our
ternary full adder achieves the lowest PDP (11 aJ) as compared
with other reported works to date [14], [15], [21], [22], [23], [24],
[25], [26], [27]. Another noteworthy merit of our design is the
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832
TABLE IlI
PERFORMANCE COMPARISON OF TERNARY FULL ADDERS
Trigzi:ttor Delay (ps) poAv\\:ee:a(S\?V) PDP (aJ) Design
106 139.41 1.8933 263.94 [21]
132 102.45 1.9120 195.88 [22]
103 66.17 1.9341 127.97 [23]
318 88 1.363 120 [14]
105 68 1.129 76 [24]
142 43.95 1.4718 64.68 [25]
106 131 0.527 69 [26]
98 123 0.463 57 [27]
106 269 0.128 34 [15]
93 57 0.1928 1" this work

reduced transistor count. 56 transistors are needed to realize an
unbalanced ternary half adder, and only 93 transistors are used
to realize a ternary full adder. To the best of our knowledge, this
adder is the most compact design of an unbalanced ternary full
adder purely based on MOSFETs.

[V. BALANCED TERNARY ADDERS

In the ternary system, the circuit can be used for both un-
balanced and balanced ternary logic, and both can be used to
implement one specific ternary logic function. The only dif-
ference is the encoding method. In balanced ternary logic, the
high logic level (VDD) represents 1, the middle logic level (half
VDD) represents 0, and the low logic level (GND) represents
—1, corresponding to 2, 1 and O in unbalanced ternary logic,
respectively. Such feature makes it possible to design mixed
encoding ternary systems.

A. Design of the Balanced Ternary Half Adder

Figure 7(a) is the schematic of the balanced ternary half adder,
which consists of a Sum gate and a Carry (Cons) gate. The Sum
gate is based on cycling gates, similar to the aforementioned
unbalanced ternary half adder. An identical 1:3 decoder gener-
ates the control signals of the transmission gates by connecting
to the addend signal A, as shown in Figure 7(b). Likewise, the
TIC and TDC perform the 41 and —1 operations of the input
signal before being transmitted to the output terminal through
the transmission gates. When the addend signal A is —1, only
A2 of the three decoder outputs is in a high logic state ((AO, A1,
A2) =(—1, —1, 1)) to turn on the TDC path and transmit B-1 to
the output through the transmission gate; When A is 0, only Al
is in the high logic state ((AO, A1, A2) =(—1, 1, —1)) to directly
transmit augend signal B to the output through the transmission
gate; When A is 1, only AO is in the high logic state ((A0, Al,
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0 0 0 0
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(b)Sum _________________ ( c) ____ Cons T TTTTTTTTC
! A2 oo [~ VDD '
i A —Decoder A : E AP%] Con: :
| A0 [ gl ons '
' i ! = |
: 1 Coiadpedn T |
' ; Y
s—{T>—TF I
i 0 i — Al-1]0] 1
| a3 P NEEE
i g — Sum bacdh ey L | O
| %.L : 3 ERNGRIG
: AT L PA ool o
e {>>—TIT . o
; = oo 0 0 1
! A2 I ' V GND
gy gy gy gy Sy gy Sy lemcccccccccccccccccccccccccccccccccaaa

Figure 7. (a) Schematic and truth table of the proposed balanced
ternary half adder. (b) Schematic of the proposed cycling gate-based
Sum gate. (c) Transistor-level schematic of the Carry (Cons) gate of the
balanced ternary half adder.

A2) = (1, —1, —1)) to turn on the TIC path and transmit B+-1
to the output through the transmission gate.

Different from the unbalanced full adder, three logic states
are needed to represent the Carry signal in the balanced adder
as shown in the truth table in Figure 7(a). The Carry gate of the
balanced half adder uses a ternary consensus (Cons) gate. The
Cons gate (Figure 7(c)) is an extension of a binary exclusive OR
(XOR) gate, whose output is 1 if both inputs are 1, —1 if both
inputs are — 1, and otherwise 0.

B. Design of the Balanced Ternary Full Adder

The balanced ternary full adder shown in Figure 8(a) [32],
[33], is also divided into two sequential half adders. The full
adder contains the same Sum gates proposed in the half adder.
Two ternary diadic functions, namely the Not consensus gate
(Ncons) and the Not accept anything gate (Nany), generate the
Carry signals. The Ncons and Nany gates are standard inverse
functions of consensus (Cons) and accept anything (Any) gates,
respectively. Owning to the simplified transistor-level realiza-
tion of the inversion logic functions, a reduced transistor count
and total circuit complexity can be achieved by using Ncons and
Nany instead of Cons and Any gates.

A transistor-level schematic and truth table of Ncons and Nany
gates are shown in Figure 8(b) and (c), respectively. The ternary
Ncons has an output of —1 if both inputs are 1; an output of 1
if both inputs are —1; and an output of 0 in all other cases. For
the half adder in the balanced full adder, the inputs are ternary
number of A and B, and the outputs are Sum and Carry. When
A =1, B =1, the original A+B = 2, original Carry = 1, such
that the not Carry = —1. When A = —1, B = —1, the original
A+B = -2, original Carry = —1, such that the not Carry = 1.
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(a) Balanced Full Adder

Figure 8. (a) Schematic of the balanced ternary full adder. Transistor-
level schematic, symbol, and truth table of the Ncons gate (b) and Nany
gate (c). (d) Transient simulation waveform of the proposed balanced
ternary full adder.

The ternary Nany gate has an output of —1 if both inputs are
—1 (A =—1,B = —1) or one of the inputs is —1 and the other
input is 0 (A = —1(0), B = 0(—1)); an output of 0 if both inputs
are 0 (A = 0, B = 0) or one of the inputs is —1 and the other
inputis 1 (A = —1(1), B = 1(—1)); an output of 1 if both inputs
are | (A =1,B = 1) or one of the inputs is 1 and the other input
is 0 (A = 1(0), B = 0(1)). Therefore, a Nany gate can be used
to combine the two carry signals of the half adders and generate
the final Carry signal.

C. Performance of the Balanced Ternary Full Adder

A transient simulation of the proposed cycling gates-based
balanced ternary full adder is shown in Figure 8(d). The correct
logic function has been verified by covering all input conditions.
Additionally, the propagation delay, power consumption, and
PDP of the proposed balanced half/full adders are tested under
different frequencies and compared with the reported method
(Figure 9). Both the proposed half and full balanced adders
based on cycling gates show better performance in terms of
propagation delay. As compared with the benchmark [15], an
average improvement of 43.51% and 54.26% in the delay is
achieved in the proposed half adder and full adder, respectively.
Most importantly, the proposed full adder shows better PDP
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Figure 9. Performance tests of the proposed balanced ternary half

adder (a) and full adder (b) at different frequencies.

performance at all the operational frequencies ranging from
100 MHz to 1 GHz and achieves an average improvement of
22.8% in PDP. The full adder achieves a 46 aJ PDP at 0.5
GHz, lower than the 57 aJ PDP in [15]. The improvement
is more obvious at higher frequencies. Specifically, a 54.6%
improvement in propagation delay and an 18.5% improvement
in PDP are achieved at 0.5 GHz. The improvement of the delay
and PDP exceeds 56% and 52%, respectively, at 1 GHz.

V. TERNARY WALLACE TREE MULTIPLIERS BASED ON
CYCLING GATES ADDERS

Multiplication is a common arithmetic operation in digital
systems, particularly in the current deep learning model based on
Matrix Vector Multiplication (MVM) [34]. However, it usually
requires several days and dissipates thousands of kilowatt hours
(kWh) to train a standard model using the most advanced GPUs
[35]. Thus, to achieve high speed multiplication with low power
consumption is a major concern in very large-scale integration
(VLS]D) circuits. Ternary logic inherently has higher data density
and processing speed compared to binary logic, improving the
speed and energy efficiency of the multiplication operation in
the integrated circuits.

A Wallace tree multiplier is a high-speed parallel multiplier
commonly used in VLSI circuits. The time consumption of a
n-trit multiplication is reduced from O(log? n) to O(log n) by
adopting a Wallace tree structure instead of a traditional array
structure. The operation of the Wallace tree multiplier can be
generally divided into three phases [36], [37]:

1. Generation of partial products (PP)
2. Accumulation of PP parallelly using full and half adders
3. Final addition to generate the result

In the following section of this paper, we use a 6-trit by
6-trit multiplication as an example to present the design of a
ternary Wallace tree multipliers. Following the steps of Wallace
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tree multiplier mentioned above, both unbalanced and balanced
ternary Wallace tree multipliers were designed. Our proposed
cycling gates-based ternary adders are adopted to optimize the
performance of the multiplication.

A. Design of Unbalanced Ternary Wallace Tree Multiplier

1-trit ternary multipliers generate the partial products in the
first stage of operation of a Wallace tree multiplier. During the
multiplication of 2+2, both the Product and Carry is 1. Therefore,
the 1-trit unbalanced ternary (01 2) multiplier needs a carry
signal along with the Product signal to represent the output.
During the PP generation stage of a N-trit by N-trit unbalanced
ternary Wallace tree multiplier, 2N? elements are produced.

The proposed flow of the unbalanced ternary Wallace tree
multiplier is shown in Table IV, which is divided into six stages
of addition. During Stage 0, the partial products (PP) and the
corresponding Carry signals (Cpp) are generated by the multi-
plication of each trit using a 1-trit by 1-trit unbalanced ternary
multiplier. For instance, the multiplication of BO in the multiplier
B and AO in the multiplicand A generates PPO and Cppg, and
simultaneously the multiplication of BS and A5 generates PP35
and Cppss. The Carry signals (Cpp) have a higher weight as
compared with the Product, therefore, Cpp is placed in the next
column. In the 6-trit by 6-trit unbalanced ternary Wallace tree
multiplier, there are 72 elements, which are summated using
the aforementioned cycling gates-based half/full adders. In each
stage, every three rows are grouped together. If one or two rows
remain after grouping, they are passed to the next stage without
processing. Full adders are used in each column where there are
three trits, while half adders are used in each column where there
are two trits. A summation result S (starts with SO in Table I'V)
and a carry result C sent to the higher weight (starts with CO in
the Table IV) are generated by the adders, which are treated
as new elements in the next stage. This process is repeated
until there are no more than three elements in every weight. At
last, a carry-propagate-adder (CPA) is used to perform the final
addition to generate the final multiplication result. Note that,
for a 6-trit by 6-trit unbalanced ternary multiplier, the result can
be expressed with a 12-trit ternary number, thus C49 and C63
generated listed in the 13th trit are both 0. Therefore, instead of
a 7-trit CPA, a 6-trit CPA calculates the result.

B. Design of Balanced Ternary Wallace Tree Multiplier

Balanced ternary multiplication is preferred because it is an
inherently signed arithmetic operation. The most significant trit
is free from the sign notation, thus higher data capacity can be
achieved [38], [39].

Based on the same methodology, a balanced ternary Wallace
tree multiplier is implemented. The 1-trit by I-trit balanced
ternary (—10 1) multiplication only has the Product signal. The
Carry signal is not needed. Therefore, in the N-trit by N-trit bal-
anced ternary (—10 1) multiplication, N? elements are produced
during PP generation stage. The proposed flow of a 6-trit by 6-trit
balanced ternary Wallace tree multiplier is shown in Table V,
which consists of 36 elements and is divided into four stages of
addition. As compared with an unbalanced ternaryWallace tree

IEEE TRANSACTIONS ON EMERGING TOPICS IN COMPUTING, VOL. 12, NO. 3, JULY-SEPTEMBER 2024

(a) Balanced multipliers
2.5

Delay (ns)
Average power (uW)

wn

%0 02 04 06 08 1.0

00 02 04 06 08 10 8002 04 06 08 10
Frequency (GHz) Frequency (GHz)
—@— Classical Multiplier —@— Wallace Tree Multiplier (this work)

Frequency (GHz)

(b) Unbalanced multipliers

20 ,_\60 %
=
2 40
~1.6 ~
\% § 40 5
> g 230
S Iy a
O &0 =%}
a °\ S 20 20
o
-
0.8
Q\M < 10
—
00 02 04 06 08 :.)o 80752 0% 06 o5 10 00 02 04 06 08 1.0
Frequency (GHz) Frequency (GHz) Frequency (GHz)
Type Average improvements
Delay PDP
Balanced multiplier 22.0% 17.5%
Unbalanced multiplier 45.5% 36.8%
Figure 10.  (a) Comparisons between the proposed balanced Wallace

tree multiplier and the classical array multiplier regarding propagation
delay, average power consumption, and PDP. (b) Comparisons of the
proposed unbalanced Wallace tree multiplier and the classical array
multiplier. The inset table presents the average improvements of the
proposed ternary multipliers in delay and PDP as compared to the
classical multipliers.

multiplier, fewer addition stages are involved in the accumula-
tion of PP due to the reduced number of PP (36 vs. 72). Lastly,
a 7-trit CPA 1is used to calculate the final multiplication result.

C. Results and Comparisons

The proposed 6-trit by 6-trit balanced and unbalanced ternary
Wallace tree multipliers are verified with a large number of
random inputs. The correct logic functions are achieved. The
performance is tested under different operation frequencies
ranging from 100 MHz to 1 GHz. The classical 6-trit by 6-trit
ternary multipliers with the array structure are used for the
performance comparison. Figure 10 compares the delay, power,
and PDP of the proposed balanced/unbalanced ternary Wallace
tree multipliers and classical array multipliers.

Although the power consumption of the ternary Wallace tree
multiplier is slightly higher because of more adders involved
in the summation stages, the propagation delay is significantly
reduced, benefiting from the parallel element summation. As
presented in the inset table in Figure 10, over the frequency
ranging from 100 MHz to 1 GHz, the delay of the balanced
ternary Wallace tree multipliers is reduced by 22.0% in av-
erage as compared to the classical multipliers. Furthermore,
the average improvement in the delay exceeds 45.5% when
comparing the unbalanced Wallace tree ternary multipliers to
the classical multipliers. Accordingly, the PDP of the proposed
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TABLE IV

PROPOSED FLOW OF THE 6-TRIT BY 6-TRIT UNBALANCED TERNARY WALLACE TREE MULTIPLIER

Stage 0:
Generation of PP

A5 A4 A3 A2 Al A0
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Note. Every rectangle means a ternary half adder or a ternary full adder.
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PROPOSED FLOW OF THE 6-TRIT BY 6—TR;'I—I'ABBL_EAI}I/CED TERNARY WALLACE TREE MULTIPLIER
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final addition 5 24 3 2 1 €20 Cl9  CI8
7-trit Carry-propagate adders (CPA) to
calculate the results
RII  RI0O  R9 R8‘ R7 R6 RS R4 R3I R2 Rl RO
multipliers is lowered. An average improvement of 17.5% and TABLE VI
36.8% in PDP performance is achieved in the balanced and un- PERFORMANCE COMPARISONS OF 6-TRIT BY 6-TRIT TERNARY MULTIPLIERS
balanced ternary Wallace tree ternary multipliers, respectively. -
The improvement in PDP is more obvious at higher frequencies. Delayps) foy | PPP®D) |computation|  DoSio"
Specifically, the PDP of the balanced Wallace tree multiplier is 740 | 65.719 | 48.633 no 23]
reduced by 27.5% and 24.0% at 800 MHz and 1 GHz, respec- 1144 | 24.956 | 28.550 no 125]
tively. And the PDP of the unbalanced Wallace tree multiplier 1723 | a4.419 | 76.534 o 26]
is low§red by 40.6% and 32.8% at 800 MHz and 1 GHz, 2732 | 32997 | 90131 o 58]
respectively. o 2518 | 8.117 | 20.439 yes [36]
We further compared our Wallace tree multiplier more com- ~o16 | oo 6900 Jos 61
prehensively with the reported multipliers in [24], [26], [27], . .
[40], [41]. As shown in Table VI, our Wallace tree multipliers 2346 | 6605 15495 yes _[36]
show better performance than most reported works in terms of 647 36.69 23.77 no (ut:;\m:;d
PDP. As a result of the higher delay and the power of the 3:1 th'i"::::k
MUX-based adders used in work [24] and the 2:1 MUX-based 1300.6 | 14.07 18.299 no (balanced
adders used in work [27], their 6-trit multipliers showed over mode)

200% and 300% higher PDP, respectively. The multiplier in
work [26] has a 20% higher PDP due to the higher delay and the
static power consumption. Additionally, within the same number
of addition stages, our multiplier has fewer ternary adders and
exhibits a higher utilization efficiency as compared with work
[40], achieving a 76.3% lower delay and 73.6% lower PDP. Work

[41] achieves a lower PDP with the sacrifice of computation
accuracy. Among the precise multiplication, the 23.77 {fJ PDP
achieved in our unbalanced ternary multiplier and 18.299 fJ PDP
achieved in our balanced ternary multiplier are the lowest.
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Figure 11.  (a) Schematic of a standard ternary inverter (STI) based on

CMOS180 technology. MOSFETSs with three kinds of threshold voltages
are involved, including low-threshold-voltage-N/PMOS (LVT_NMOS: Vth
= 0.292 V; LVT_PMOS: Vth = —0.1005 V), middle-threshold-voltage-
N/PMOS (MVT_NMOS: Vth = 0.4185 V; MVT_NMOS: Vth = —0.424
V) and high-threshold-voltage-N/PMOS (HVT_NMOS: Vth = 0.75619
V; HVT_PMOS: Vth = —0.69515 V). (b) layout design of the STI, the
total area is 8.837 um=«8.992 um. (c) Post-layout simulation of the STI.

VI. SiLicoN CMOS BASED TERNARY LoaiIc CIRCUITS

To date, almost all of the ternary circuits are constructed
and simulated using CNTFETs SPICE models. However, it
is impractical to precisely control the CNT diameters as well
as its threshold voltage [42]. To implement a real ternary
hardware system, the highest priority is to use commercially
available silicon devices. Since the 1950s, integrated circuits
have mainly been based on silicon transistors due to their
great performance and rather low cost. Besides, the device
threshold voltage can be well controlled by the impurity dif-
fusion process in silicon semiconductor. Therefore, it is fea-
sible to construct the novel ternary logic cell using silicon
devices.

By utilizing the CMOS 180 nm (CMOS180) Process Design
Kit (PDK) provided by Semiconductor Manufacturing Interna-
tional Corporation (SMIC), we have successfully demonstrated
the feasibility of realizing ternary logic gates and systems using
commercial silicon technology. By adopting silicon NMOS and
PMOS with three kinds of threshold voltages (low/middle/high-
threshold-voltage-N/PMOS), an STI is constructed. Figure 11
shows the schematic, layout design and post-layout simulation
of the STI. Specific values of the threshold voltages are also in-
dicated in the caption of Figure 11. The simulation is extensively
performed at 100 MHz, during which the power consumption
and propagation delay is extracted to be 0.114 uW and 0.357 ns,
respectively, and the PDP is 0.0407 fJ. Similarly, the PTT and NTI
are constructed and simulated based on CMOS180 technology.

TABLE VII
COMPARISONS OF SILICON TRANSISTORS BASED BINARY AND TERNARY
INVERTERS
Silicon Binary Inverter Ternary Inverter
CMOS 180
device | INV(mvt.18) | INV(.33) | PTI NTI STI
delay 348.4 3021 | 2604 | 144 | 357
(ps)
avg_POower | ng3s 0.0894 | 0.0284 | 0.0297 | 0.114
(W)
PDP 29.09 27.01 7.4 4.3 40.7
(al)
Note. Test condition: VDD =1V @CMOS180.
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Figure 12.

Schematic (a), layout design (c) and post-layout simulation
of the proposed unbalanced ternary half adder.

Table VII presents a comparison of the binary inverters and
the ternary inverters based on the same PDK (tested under VDD
=1V).The PTI and NTI have a large improvement regarding the
delay and average power consumption. The PTI and NTI achieve
an improvement of 72.60% and 84.08% in PDP as compared
to the lowest delay of binary inverter. Even though four more
transistors are needed in STI than a binary inverter, the proposed
CMOS based STI achieves comparable performance in delay,
power consumption and PDP.

We further compare our work with another prominent work
on silicon based ternary logic proposed by Samsung and UNIST
[43]. According to our extensively post-layout simulations, our
design has a significant advantage in the operation frequency
(100 MHz vs. sub-kHz), which enables our ternary devices to
be capable of the applications in different scenarios.

By utilizing the CMOS180 technology, we further established
and simulated an unbalanced ternary half adder as shown in
Figure 12. The same design as proposed above in Section III
is adopted here. A Sum gate and a Carry gate are constructed
based on silicon transistors to constitute the unbalanced ternary
half adder. There are totally 56 transistors involved in the half
adder, and the total layout area is 32.374 um*30.62 um (shown in
Figure 12(c)). Based on the post-layout simulations, the average
power consumption, delay, and PDP were tested to be 0.985
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uW, 1.199 ns and 1.182 fJ, respectively. A direct comparison
between the binary and ternary adders is not feasible and not
useful/reasonable. As more transistors are involved in a ternary
adder unit, a ternary adder inherently has a higher PDP. However,
considering the large data volume per digit carried by ternary
logic, the total PDP of binary and ternary logic will converge
with data depth increasing [44]. Additionally, when considering
the power consumption and the delay caused by the interconnec-
tions within a chip, the advantages of ternary logic will prevail.

VIl. CONCLUSION

In this paper, high-performance unbalanced/balanced ternary
adders with reduced PDP and transistor count have been realized
based on ternary cycling gates. Average improvements of 16.1%
and 22.8% are realized in the unbalanced and the balanced
ternary full adders, respectively. Besides, two kinds of high-
speed parallel ternary Wallace tree multipliers are presented and
implemented based on the proposed ternary adders, which show
better performance than the reported works. Average improve-
ments of 17.5% and 36.8% in PDP are achieved in balanced and
unbalanced ternary Wallace tree ternary multipliers as compared
to the classical array multipliers, respectively. Moreover, the
proposed methods have also been successfully explored using
standard silicon CMOS 180 nm devices for the first time. The
post-layout simulation result shows comparable high perfor-
mance to the binary device, indicating its great potential for the
practical application. The even larger ternary arithmetic circuits,
such as the vector matrix multiplication processing element, and
its physical implementation will be the further work.
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