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ABSTRACT

An asynchronous C-ternary logic circuit employs an
asynchronous C-ternary combinational logic operates
based on a tripartite logic system, where the intermediate
value (VD D/2) represents a spacer state. Spacer detector
(SD) circuits are essential for identifying this spacer
value. However, ultra-low supply voltages impose chal-
lenges on the reliable representation of the intermediate
logic level. To overcome this limitation, this work
proposes a low-voltage C-ternary combinational logic
circuit that leverages the resistive-like characteristics
of MOSFETs to generate the logical middle value. In
addition, an optimized SD circuit is presented, which
reduces transistor count and improves circuit efficiency.
The proposed circuits were implemented and simulated
using the 65 nm UMC low-leakage (LL) process at supply
voltages of 0.5V and 0.9 V in the Cadence Virtuoso analog
design environment. The simulation results demonstrate
the impact of temperature variations and analyze the
propagation delay under both operating conditions.

Keywords: Asynchronous Combinational logic circuit,
C-ternary Combinational logic, Low supply voltage

1. INTRODUCTION

Asynchronous circuits [1] depend on signal tran-
sitions instead of a global clock to coordinate their
operation. Consequently, the handshaking protocol is
essential for communication between circuit modules in
asynchronous digital systems. It enables the exchange
of requests, acknowledgments, and data transmission
through wires.

A key component of this system is the two-rail
logic protocol, which encodes request signals and ac-
knowledgments for each data bit. This protocol uses
a two-phase handshake signal to represent data bits:
logic “0” is encoded as “017, logic “1” as “10” and “00”
serves as a spacer (non-data). Whereas logic “117, is
not used in this encoding scheme. The two-rail logic
protocol requires two wires to transmit one-bit data. As
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Fig. 1: Space detector with its functional output.

the number of communication wires increases, routing
on-chip transmission networks becomes significantly
more complex [2 - 3]. The new data encoding has
been proposed to decrease interconnection and transistor
count, with particular emphasis on circuits utilizing
multi-valued logic (MVL) approaches as ternary logic [4].

The ternary logic expresses the logic “0”, “1”7, and “2”
represent low, middle, and high, respectively. The middle
represents as (VD D/Z) voltage that is difficult to handle
due to exceeding the threshold voltages of pMOS and
nMOS transistors.

In [5 - 7], ternary logic circuits were employed using
CMOS technology. There were different designs to gen-
erate the middle value, such as additional (VD D/Z) supply
voltage and divider voltage with two resistances, as
well as depletion MOSFET due to varying the threshold
voltage. In [8 - 9] presented the ternary logic circuit
based on tunneling-based MOSFET (T-CMOS), which has
a lower current level than the sub-threshold current of
binary CMOS. However, ternary-based T-CMOS circuits
faced the logic state “0” due to its pre-charge critical
paths.

There have been numerous studies have investigated
ternary logic circuits based on carbon nanotube FET
(CNTEFET) [10 - 15] and graphene nanoribbon field-effect
transistors (GNRFETs) [16 - 17], owing to their ability
to support multiple threshold voltages. However, some
of the ternary logic circuit-based CNFETs require two
voltage supplies— ( Vpp and Vpp/2 )—to reduce the
transistor count and energy consumption [15]. Unlike,
the passive-element-based devices such as memristors
utilize their resistive properties as load impedances to
generate the logical middle value using only a single
supply voltage [18 - 19].

In C-ternary logic systems, the logical middle value
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(VD D/2) typically represents invalid data or serves as a
spacer. Spacer detectors (SDs) are employed to identify
whether the input voltage corresponds to this logical
middle value. The spacer detector circuit subsequently
processes the output of the C-ternary combinational logic
circuit. To reduce power consumption, asynchronous
circuits leverage the advantages of CMOS technolo-
gyscaling to operate at lower supply voltages [20 — 24].

Nevertheless, the threshold voltage does not scale
down proportionally. Asynchronous ternary combina-
tional logic gates have not been demonstrated to operate
under sub-threshold or near-threshold conditions while
relying on a single supply voltage.

This study introduces a low-voltage C-ternary com-
binational logic circuits and spacer detector designed for
asynchronous ternary logic. The goal is to achieve sub- or
near-threshold voltage operation by using a single supply
voltage value. Additionally, the proposed C-ternary
combinational logic circuit was designed on the 65-nm
UMC LL process technology in the Cadence Virtuoso
analogue design environment.

The rest of the paper is organized as follows. Section
2 describes the optimized spacer detector circuits, which
aim to minimize transistor count. Section 3 details
the proposed C-ternary combinational logic circuits,
incorporating fundamental logic gates such as invert-
ers, NAND, and NOR gates. Section 4 presents the

main parts: C-ternary combinational logic circuits and
Spacer Detector (SD) circuits. The SD circuits are con-
structed of H-elements and L-elements, as shown in Fig.
1. The outputs from these H-elements and L-elements are
connected to a binary XOR gate, determining whether
the input signal is a spacer signal. The XOR gate
is implemented using transmission gate logic. When
the input signal is identified as a spacer, the output is
set to logic “1”. Each input signal is processed by its
corresponding SD circuit, and the output signals from all
SD circuits are connected to an NOR gate, which we refer
to as the S signal. The SN signal represents the data of the
input signal.

The main parts of the H-element and L-element have
been presented in [27], which are based on a pseudo-
differential amplifier that lacks a tail current source; thus,
they can operate at a low supply voltage.

In this study, we have developed an optimized L-
element that leverages the negative feedback loop from
the H-element. As a result, we can eliminate the need for
a pseudo-differential amplifier in the L-element.

The H-element is constructed around a pseudo-
differential amplifier, as shown in Fig. 2. This amplifier
operates by comparing two input voltages applied to the
pMOS transistor M;;. A voltage divider, composed of
transistors Mg and M5, generates an output voltage that
is influenced by the amplifier’s output. The inverter
provides the bias voltage for the pMOS transistor Mg
and the nMOS transistor M,. The pMOS transistor M,
senses an input voltage that is greater than half of the
supply voltage (Vpp/2), while the pMOS transistor Mg
experiences a lower input voltage compared to Mg. The
inverter then outputs a signal that is the opposite of
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Fig. 4: The on-resistance (R, ) of the pMOS transistor was compared between simulation results and the theoretical values
calculated using Eq. (1), under two operating conditions: (a) when the drain (D) was set to 0.5 V, and (b) when the drain
was set to 0.9 V. In both cases, the source (S) voltage was defined as half the corresponding drain voltage.
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Fig. 5: The results of equivalent on-resistance of pMOS and nMOS transistors at (a) 0.5 supply voltage operation and (b)
0.9 supply voltage operation its output voltage dependent on on-resistance (R,,) value of pMOS and nMOS transistors.
The on-resistance (R,,) of the pMOS transistor was compared between simulation results and the theoretical values.

the input, with a voltage swing from the maximum to
minimum levels. H-element generates a logical output
of “1” when the input signal value exceeds (Vjp/2). In
this case, the current mirror comprises nMOS transistors
instead of pMOS transistors.

The L-element produces a logical output of “1” when
the input signal is at a high voltage level equal to the
supply voltage, as shown in Fig. 2. In this design, a
common-source (CS) stage with a pMOS diode-connected
load outputs a low voltage when the nMOS transistor
M, detects a standard input voltage. This low voltage
is then used as a bias input in a negative feedback loop
to control the pMOS transistors M5. As a result, M5
turns ON and restores the output voltage derived from
the CS stage, which remains low when the input is high.
The resulting output signal is passed through an inverter,
producing a rail-to-rail voltage swing and yielding the
final inverted output.

3. ALOW-VOLTAGE C-TERNARY LOGIC

3.1 C-ternary combinational logic circuit

This section describes the low voltage C-ternary
inverter, C-ternary-NAND, and C-ternary NOR gate, the

combinational circuit that combines the S and SN signals
from the SD circuits to control their output, as shown in
Fig. 2. When the signal at S is low, and SN is high, the
transistors connected to the networks are ON, and the
data signal comes out.

The ternary buffer generates a spacer signal which is
logical middle value (Vpp/2). In [25 - 26], the ternary
buffer is constituted by a CMOS gate connected to Vp p/2;
hence, that circuit was applied more than the supply
source. This study emphasized circuits that operated by
a one value of supply voltage (Vpp/2). Therefore, the
ternary buffer constitutes a source follower with a pMOS
load in which the drain (D) is connected to the supply
voltage, as shown in Fig. 3. When the signal at S is high,
and SN is low, the transistors connected to the networks
are ON; thus, the transistors operate in the triode region.

Consequently, MOSFETs in ternary buffer are respon-
sible for on-resistance (R,,), which is characterized by
Eq. (1). as well as operating in the subthreshold region.
The drain current (1) varies depending on the region of
operation of MOSFET [28].

Vd K 1

R ~ 7 (1)
HeCox T Vs = Vru)

~
on

1y
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Figure 4 illustrates the on-resistance (R,,) of the
pMOS transistor in a ternary buffer configuration, where
the drain (D) is connected to the supply voltage at 0.5 V
and 0.9 V, as shown in Fig. 4(a) and 4(b), respectively.
The source (S) is connected to the output of the C-
ternary logic. The on-resistance (R,,) is plotted as
a function of the input voltage, represented by the
SN signal, which varies from 0 to half of the supply
voltage. The simulation results are compared with the
theoretical values calculated using Eq. (1). There was no
significant difference observed between the simulation
results, indicated by the blue line, and the theoretical
values, indicated by the dashed red line, confirming the
accuracy of the analytical model expressed in Eq. (1).

All MOSFETs in ternary buffer can operate as a
resistor whose the resistance value is controlled by the
overdrive voltage. The output voltage is expressed by Eq.
(2).

R

on,pmos

+R

Vour = VDDR (2)

on,pmos on,nmos

The on-resistance (R,,) of pMOS and nMOS tran-
sistors might be the identical value. The Eq. (1) is
the step forward to determine the sizing of pMOS and
nMOS transistors due to on-resistance (R,,) depending
on uc-Cpy, the device dimension, and aspect ratio of
W/L. We estimate the sizing transistor by using Cadence
Virtuoso and plot out of the on-resistance (R,,,), as shown
in Fig.5(a). The size of the nMOS transistor was set to
220 nm, and the pMOS transistor size was determined by
sweeping width over range of 200 nm to 1 ym.

3.2 C-ternary inverter, NAND and NOR gate

The C-ternary inverter gate relies on the CMOS
inverter connected to S and SN signals to control the
inverter output. The schematic and the truth table of
C-ternary inverter shown in the Fig.6(a). The pMOS
transistor M; and nMOS transistor M are inverter gate.
If the input voltage is a spacer, the output will be a logical
middle value generated by the ternary buffer. Fig.6(b)
shows the output of the C-ternary inverter operating at
0.5 supply voltage with different nMOS and pMOS tran-
sistor sizing, in which the ternary buffers have identical
on-resistance (R,,). The functional operation remains
the same, whereas the power consumption, including
that of the SD circuits, does not differ significantly, as
shown in Table 1. However, the configuration with a
700nm pMOS and a 220nm nMOS resulted in lower power
consumption than the others.

In addition, the schematics and truth tables of the
C-ternary NAND and NOR gates, each with two input
signals, are shown in Fig.7(a) and Fig.7(b), respectively.
The input signals, In1 and In2, can represent either data
or spacer values. The control signals S and SN determine
the output, and logical middle value are generated when
one or both inputs are in the spaced logic by the ternary
buffer.

Table 1: Size of ternary buffer circuits.

C-ternary NOT gate Power
pMOS (M¢) | nMOS (Ms) | (uW)
870n 85n 2.983
728n 150n 2.935
700n 220n 2.927
800n 330n 2.959

Table 2: Size of transistor used in SD Circuits.

L-element H-element
transistor \\ transistor \\
M, 6.4 1 My 2.2 1
M, 1.8 M, 640 n
M, 1.8 n | Mg, My 2.7
M, 41 Mgy, My, 1.8
Ms 2p My, M5 4

Table 3: Power consumption of SD Circuits depended on
supply voltage.

Supply Power (LW)
Voltage In [27] This work
0.35 0.082 0.062
0.40 0.309 0.233
0.45 1.093 0.825
0.50 3.329 2.524
0.60 18.27 14.17
0.70 60.4 47.21
0.80 144.6 112.8
0.90 281.1 218.1

4. RESULTS AND ANALYSIS

The proposed SD circuit and C-ternary inverter, as
well as the NAND and NOR circuit, were designed and
simulated by the Cadence Virtuoso analog design envi-
ronment. The simulation results are based on a typical
process corner and a temperature of 27 ‘C. All the MOS
transistors are implemented on the UMC LL process in
which the lengths of transistors are 65nm. The threshold
voltage of the pMOS transistor is approximately 0.45
volts, while that of the nMOS is approximately 0.54 volts.
When the circuit operates at 0.5 volts, it operates at a
near-threshold voltage.

4.1 Optimized Spacer Detector Circuits

The voltage transfer characteristics (VTC) of the SD
circuit were simulated to evaluate the behaviour of
the proposed H-element and L-element circuits under
varying supply voltages. The simulation results, which
illustrate the changes in output voltage corresponding to
different supply voltage levels, are shown in Fig. 8(a) and
8(b) for the voltage ranges of 0.35 V to 0.5 V and 0.6 V to
0.9 V, respectively. The width of the transistors utilized
in the H- and L-elements is detailed in Table 2.
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According to H and L element operation function, the
ternary logic is given the input signal corresponding as
01/211/2 0 and 0 1/2 0. The output waveforms of the
L-element and H-element with a 0.35 — 0.5 supply voltage
and a 0.6 — 0.9 supply voltage are shown in Fig. 9(a), and
Fig. 9(b), respectively.

The power consumption of the SD circuit varies with
the applied supply voltage, which ranges from 0.35 to
0.9 volts, as shown in Table 3. We also compare the
result with [27], in which the L-element relied on the
pseudo-differential amplifier. Consequently, the power
consumption of the new SD was lower than work in [27]
by approximately 25%.

4.2 Delay analysis of optimized spacer detector
circuits

Since each input signal is processed by its correspond-
ing SD circuit, the output signals from all SD circuits are
connected to a NOR gate to determine the spacer when
S vyield high logic or data when SN yields high logic.
Figure 10 shows the output of the S, and SN signals to
control signal for all the C-ternary combinational logic
gates at 0.5 operating voltage, indicating a small delay
between S and S2, and SN and SN2. Therefore, the

propagational delay might be determined when the C-
ternary combinational logic gates are implemented in
any arithmetic circuit.

The proposed C-ternary combinational logic circuit
is composed of a ternary buffer circuit that behaves as
a resistance to divider voltage to logical middle value
(Vpp/2). Therefore, the resistance, as expressed in Eq.
(3), is one of the key factors affecting propagation delays
when C-ternary combinational logic circuits are cascaded
or connected with fan-out.

ta = O, RC ~ (1+h)RC (3)
1

Where h denotes the fan-out count, R represents the

total effective resistance along the path from the input

node to the output node, and C is the sum of the input

capacitances at each node (denoted as node i) along with

the load capacitance [29].

We demonstrated the propagation delay by using a C-
ternary delay circuit, the construction of which is shown
in Fig.11(a). The output of Out2 is varied by different
fan-out counts. The shape of the waveform appears as a
small glitch when the number of fan-out is more than the
fan-out-8 inverter, as shown in Fig.11(b). Additionally,
fan-out count varies the propagation delay with different
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transistor sizes of pMOS and nMOS in a ternary buffer, them when the fan-out count is not more than fan-out-4
which are shown in Fig.11(c), demonstrating that there  inverter due to the capacitance value.
was no significant difference in propagation delay among
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Fig. 12: The results of equivalent on-resistance (
R,,) of pMOS and nMOS transistors (a)-(d) at 0.5 supply voltage operation and (e) at 0.9 supply voltage operation which
those on-resistance (R,,) are variant of temperature from -40°C to 120°C.

4.3 C-ternary Combinational logic Circuits S and SN signals.

Table 4 shows the widths of the transistors in C-

The C-ternary

combinational logic circuits are con-

trolled by two signals - S and SN. The output of the

operation functio

n depends on the input signal and the

ternary inverter, NAND, and NOR Circuits operating at
0.5 supply voltage and 0.9 supply voltage. However, only
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Fig. 13: Different output of C-ternary inverter when temperature variation from -50 °C to 50 C (a) at 0.5 operating voltage

and (b) at 0.9 operating voltage.
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Fig. 14: The simulation result of C-ternary NAND circuit (a) at 0.5 operating voltage and (b) at 0.9 operating voltage.

Table4: Size of transistor used in C-ternary inverter,
NAND and NOR gate.

C-ternary NOR (NAND) C-ternary inverter
transistor W transistor W

M, M, 350 n M, 350 n
M, lp M, lp

M, 450 n M3 450 n

Ms, Mg, M, 220 n My, Ms 220 n

Mg 700 n Mg 700 n

the widths of the transistors of the ternary buffer circuit
in C-ternary inverter, NAND, and NOR gate were 445nm
pMOS and 180nm nMOS, as shown in Fig. 5(b).

Figure 12 (a) - (d) shows the functional operation of
the C-ternary inverter operating at a 0.5 supply voltage.
The threshold voltage and on-resistance (R,,) of each
device can be affected by temperature variations [30].
We simulated the C-ternary inverter with different pMOS
and nMOS transistor sizing in the ternary buffer circuit,
operating at a 0.5 supply voltage across a temperature
range from -40°C to 120°C. pMOS transistor in the
ternary buffer is more sensitive to temperature than

nMOS transistor. The results of the pMOS and nMOS
transistors in the ternary buffer of a C-ternary inverter
operating at a 0.9 supply voltage are not significantly
varied by temperature, as shown in Fig. 12(e).

The transient analysis of C-ternary inverter operating
at 0.5 supply voltage across a temperature range of -50C
to 50 ‘C, shows in Fig.13(a) which characteristic of the
middle value significantly fluctuated. Meanwhile, the
temperature variation of the C-ternary inverter operating
at 0.9 supply voltage showed a slight fluctuation in the
middle voltages, as shown in Fig. 13(b).

The two input C-ternary signals and their C-ternary
NAND waveforms at 0.5 supply voltage and 0.9 supply
voltage are shown in Fig.14(a) and Fig.14(b), respectively.
Additionally, the two input C-ternary signals and their
C-ternary NOR waveforms at 0.5 supply voltage and
0.9 supply voltage are shown in Fig.15(a) and Fig.15(b),
respectively. Our proposed C-ternary combinational
logic gates are satisfied with its truth table.

The average power consumption of the C-ternary
inverter circuit, including the SD circuit, was 3.067 yW.
In addition, the average power consumption of the C-
ternary NAND and NOR circuit operating at 0.5 voltage,
including two SD circuits due to the two ternary input
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Fig. 15: The simulation result of C-ternary NOR circuit (a) at 0.5 operating voltage and (b) at 0.9 operating voltage.

signals, was 3.93 pyW. Meanwhile, the average power
consumption of the C-ternary NAND and NOR circuit
operating at 0.9 voltage was 234.8 yW.

5. CONCLUSION

This study introduced low-voltage C-ternary inverter,
NAND, and NOR gate that efficiently perform according
to their truth table. The proposed circuits employed a
new ternary buffer to yield a logical middle value when
the input signal is a spacer in order to utilize one supply
voltage. The C-ternary combinational logic circuit is
controlled by a spacer detector circuit. We also presented
an optimized spacer detector circuit for a small transistor
cost. The proposed circuit can operate at sub- and near-
threshold voltage levels. Temperature and capacitance
affected the middle voltage value of the ternary buffer at
sub-threshold operation. In future work, we will improve
the ternary buffer to compensate for the temperature
variation in CMOS technology.
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