Journal of Sensor Science and Technology
Vol. 33, No. 3 (2024) pp. 134-138
http://dx.doi.org/10.46670/JSST.2024.33.3.134
pISSN 1225-5475/eISSN 2093-7563

Area- and Energy-Efficient Ternary D Flip-Flop Design
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Abstract

In this study, we propose a ternary D flip-flop using tristate ternary inverters for an energy-efficient ternary circuit design of sequential

logic. The tristate ternary inverter is designed by adding the functionality of the transmission gate to a standard ternary inverter without

an additional transistor. The proposed flip-flop uses 18.18% fewer transistors than conventional flip-flops do. To verify the advancement
of the proposed circuit, we conducted an HSPICE simulation with CMOS 28 nm technology and 0.9 V' supply voltage. The simulation
results demonstrate that the proposed flip-flop is better than the conventional flip-flop in terms of energy efficiency. The power con-

sumption and worst delay are improved by 11.34% and 28.22%, respectively. The power—delay product improved by 36.35%. The

above simulation results show that the proposed design can expand the Pareto frontier of a ternary flip-flop in terms of energy con-

sumption. We expect that the proposed ternary flip-flop will contribute to the development of energy-efficient sensor systems, such as

ternary successive approximation register analog-to-digital converters.
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1. INTRODUCTION

Sensor interfaces essentially require analog-to-digital converters
(ADCs) to convert analog signals from the external environment
to digital signals [1-3]. The advancement in integrated circuit (IC)
technology demands lower power consumption and increased
speeds for ADCs. Successive approximation register (SAR)
ADCs are popular choices for low-power systems owing to their
outstanding energy efficiency [4]. However, the capacitors used in
SAR ADCs have limitations in both the area and speed [5].

Ternary logic has been applied to SAR ADCs to overcome
these limitations in previous studies. Guerber et al. [6] proposed a
ternary SAR ADC using quantization time information. This
structure achieved improvements in operation speed and power
reduction. However, the above structure requires additional
circuits to use the time information. Reddy et al. [7] designed a
ternary SAR ADC aimed at reducing the power consumption of
comparators, thereby achieving an efficient area and power.

However, the structure is limited by its slow operation speed
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owing to the doubling of the conversion phase.

The two ternary SAR ADCs mentioned above used binary
signals to represent the ternary values. Ternary logic requires less
logic in gates and interconnect wires than binary logic [8].
Therefore, in ternary SAR ADCs, the use of a complete ternary
signal is more efficient than using a binary signal. In addition, no
attempts have been made to advance ternary SAR logic
controllers. As a significant element of sequential logic, a flip-flop
is used in the state machine of the SAR logic controller (Fig. 1).
Therefore, improving ternary flip-flops can overcome the

limitations of ternary ADCs.
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Fig. 1. Ternary flip-flop used in the SAR logic controller
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Fig. 2. (a) Three types of MTCMOS with various threshold voltages.
(b) Truth table for logic gates. Transistor-level schematic of
logic gates: (c) inverter, (d) transmission gate, and (e) stan-
dard ternary inverter

Various attempts have been made to design ternary flip-flops
using devices with adjustable threshold voltages. Sandhie et al. [9]
proposed a ternary D flip-flop using graphene nanoribbon field
effect transistors. This design comprised two D latches connected
back-to-back. However, because one of the blocks constituting the
D latch is a ternary NAND gate, many transistors were required.
Moaiyeri et al. [10] proposed a ternary flip-flop based on carbon
nanotube FET as components of a serial adder. Since the flip-flop,
which was composed of standard ternary inverters (STIs),
operated with the same supply voltage as the full adder, the
additional voltage was not required. However, using an STI with
a transmission gate (TG) required a relatively large number of
transistors compared to the binary logic system.

In this study, we propose a new ternary flip-flop based on multi-
threshold CMOS (MTCMOS). This design utilizes a tristate
ternary inverter (TTI) gate that combines the STI and TG, which
are commonly used in ternary circuits. Therefore, the required

number of transistors decreased by 18.18%, the power

consumption decreased by 11.34%, and the worst delay decreased
by 28.22%. The main contributions of this study are as follows:
* We propose a tristate ternary inverter designed by adding the
functionality of a transmission gate to a standard ternary
inverter.
* We designed a ternary flip-flop using a tristate ternary inverter.
* We demonstrated that the proposed design is improved in
terms of the energy efficiency and metastability window
compared with the conventional ternary flip-flop.
The remaining content of this paper is organized as follows.
Section 2 presents the proposed ternary D flip-flop. Section 3
describes the improvements in the area and power of the designed

D flip-flop. Finally, section 4 concludes the paper.

2. PROPOSED DESIGN

Fig. 2 (a) shows three types of MTCMOS with different
threshold voltages. Black represents the high-voltage threshold
(HVT), the striped pattern is the regular voltage threshold (RVT),
and white represents the super-low voltage threshold (SLVT). Fig.
2 (b) shows the truth tables for the inverter (INV), TG, and STI.
Ternary logic values correspond to specific voltage levels: “0,”
“1,” and “2” represent the “Vpp,” “Vpp/2,” and “Gnd” states,
respectively.

Figs. 2 (c), 2 (d), and 2 (e) show schematics of the logic gates
used in the proposed design: INV, TG, and STI, respectively. In
Fig. 2 (c), INV was employed to drive the enable signal of the TG.
In Fig. 2 (d), the TG was constructed by connecting the nMOS
and pMOS in parallel. When the enable signal was 2, the TG
could create a path from the input to the output. In Fig. 2 (e), the
operation of the STI is detailed as follows: When the input value
was “0,” both M1 and M4 were turned on. Hence, the output
value was “2.” When the input value was “2,” both M2 and M5
were turned on. Hence, the output value was “0.” When the input
value was “1,” both M2 and M4 were turned on. Hence, the
output value was “1.” M3 and M6 were always turned on.

Figs. 3 (a) and 3 (b) show schematics of the STI with the TG
and TTI gates. In Fig. 3 (b), the TTI gate was designed by
eliminating the TG and reconnecting the enable signal, which
formerly controlled the TG, to drive the pass transistor connected
to the output of the STI. In other words, the TTI gate was
designed by adding the functionality of the TG to the STI.

There are two main cases for the operation of the TTI gate
depending on the level of the enable signal. When the enable

signal was “0,” the pass transistor was turned off, and the output
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Fig. 3. The transistor-level schematic of (a) STI+TG and (b) TTI gate

Fig. 4. Gate-level schematic of the proposed ternary D flip-flop

was placed in the z-state. However, if the enable signal value is
“1,” the pass transistor is switched on, and the inverted value from
the input is exported as the output.

Consequently, because the TTI gate had the same transistor
count as the STI, the TTI gate operated equivalently to using STI
and TG together in the flip-flop design, with a 25% reduction in
transistor count. In addition, not all pass transistors in the STI
were constantly turned on; instead, only one of them was switched
on, depending on the enable signal. Therefore, the TTI gate could
operate with a low power consumption.

Fig. 4 shows a schematic of the proposed ternary D flip-flop.
The master and slave latches are connected back-to-back by
the TTI and STI, respectively, whereas the TG regulates the
transfer of data between them. The TTI located at the input and
STI located at the output contribute to the preservation of
modularity. This method is useful to avoid unexpected
interactions [11].

The operation of the proposed flip-flop can be divided into two
states: (1) capturing a digital value within the circuit and (2)
propagating the captured digital value to the STI connected to the

output node.
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Fig. 5. Waveform of the proposed ternary D flip-flop

(1) When logic values are captured in a circuit, the enable signal
is 0, and TTII is activated. Hence, the input data are passed to,
where the TTI and STI are connected back-to-back. When TTI2
is turned off, the back-to-back loop is broken, and the data
remains in the master latch. Because TTI3 is turned off, the master
and slave latches are separated. When TTI4 is turned on, the
output node value remains unchanged.

(2) When the captured value is propagated to the STI of the
output, the enable signal is 1. TTII is turned off. Thus, the input
data are blocked from being passed back-to-back. TTI2 is turned
on to connect the back-to-back loop. When TTI3 is activated, the
data are transferred from the master latch to the slave latch. When
TTI4 is turned off, the input data value is transferred to the output

node.

3. RESULTS AND DISCUSSIONS

To analyze the characteristics of the proposed ternary flip-flop,
we conducted a Synopsys HSPICE simulation with a CMOS 28

nm library. To prove the improvement in our research, we
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Table 1. Comparison of ternary D flip-flop

Conventional Proposed Improved

Transistor Count 44 36 18.18%
Setup time [ps] 199 123 38.19%
Hold time [ps] -38 21 44.74%
Metastability window [ps] 161 102 36.65%
Worst delay [ps] 241.7 173.5 28.22%
Average Power [ulV] 2.955 2.620 11.34%
PDP [aJ] 714.2235 454.57 36.35%

designed a conventional ternary flip-flop with MTCMOS based
on an optimal gate design methodology [12]. We used six types of
input signals that could demonstrate all the transitions in ternary
logic to evaluate the function of the ternary flip-flop. The
proposed design used four STIs as fan outs. We set the transient
time to 0.01 ns and supplied a voltage of 0.9 V. Our report
includes information on the average power consumption, worst
clock-to-Q delay, setup time, hold time, and metastability window.
We also computed the power—delay product (PDP) by multiplying
the worst time delay by the average power.

The operation of the ternary flip-flop in response to an input
set containing all transitions in the ternary logic is shown in
Fig. 5. Because the output signal Q correctly followed the
input signal D, we verified that the flip-flop successfully
captured ternary values.

According to Table 1, the number of transistors used in the
proposed flip-flop decreased by 18.18% compared with the
previous design. Because of the reduced number of transistors, the
average power consumption improved by 11.34%. The worst
delay, measured as clock-to-Q, improved by 36.65% compared
with the conventional design. We calculated the PDP by
multiplying the average power consumption by the worst delay.
The proposed design showed a 36.35% improvement in the PDP
compared to the previous ternary flip-flop design. Based on the
above results, the proposed design surpasses the conventional
design in terms of average power consumption, worst delay, and
PDP.

The setup and hold times were measured by adjusting the
timing of the input signals. The setup time was 123 ps, and the
hold time was 21 ps, showing improvements of 38.19% and
44.74%, respectively, over the conventional flip-flop. The
metastability window, which indicates the timing width of an
unstable data transition [13], was calculated as the sum of the
setup and hold times, showing an improvement of 36.65%

compared with the conventional design.
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4. CONCLUSION

We presented a new ternary D flip-flop using a TTI gate. The
TTI gate was designed by combining a standard ternary inverter
with a transmission gate. We demonstrated that the proposed
ternary flip-flop is more advanced than the conventional flip-flop
in terms of energy consumption. Because of the reduction in the
number of transistors, both the average power consumption and
worst-delay time were improved.

Because we designed the proposed flip-flop using MTCMOS
devices based on the ternary-logic synthesis methodology, it can
be replaced by various devices that are applicable to ternary
circuits. In addition, the power efficiency and performance can be
improved if the size is optimized. We expect that the presented
flip-flop will contribute to accomplishment of our following
research on ternary SAR ADC using complete ternary signals and

achieve high energy efficiency in the sensor system.
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