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ABSTRACT
Multi-valued logic (MVL), characterized by more than two possible
logic states, presents distinct advantages compared to conventional
Boolean logic. Novel post-CMOS technologies, particularly mem-
ristive and bio-sensitive devices, exhibit compelling attributes that
make them promising candidates for realizing MVL computing
components. To assess the viability of these devices, we delve into
key aspects of Memristive and ISFETs, including their state tran-
sition dynamics, multi-level functionality, and compatibility with
CMOS manufacturing processes. Through this investigation, we
successfully demonstrate the practical implementation of ternary
arithmetic MVL gates utilizing memristive and bio-sensitive de-
vices. Our findings affirm that these innovative devices hold the
potential to serve as MVL computing elements effectively.
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1 INTRODUCTION
With the approaching end of CMOS downscaling, computer circuits
do not meet the application demands in terms of energy consump-
tion [4] and reliability [31]. Today’s computer architecture also
suffers from the von Neumann bottleneck due to the physical sep-
aration of the memory and the central processing unit [4]. These
challenges have forced computer architects to look beyond the
traditional solutions for future-generation computing platforms.

To alleviate the von Neumann bottleneck and provide solutions
for high-speed operations, multi-valued logic (MVL) is a promis-
ing substitute over conventional Boolean logic. MVL offers com-
pelling advantages over Boolean logic, such as high-speed arith-
metic operations, low power consumption circuits [3], and hard-
ware intellectual property protection [20]. For arithmetic opera-
tions, MVL requires fewer components and interconnects compared
to its Boolean logic counterpart. Therefore, it reduces the on-chip
interconnection area and energy consumption. It has been shown
that replacing binary interconnections with MVL provides a 29-
30% reduction in energy consumption for on-chip and 55-62% for
off-chip interconnections [33].

Due to the advantages of MVL-based circuits, the scientific com-
munity has started exploring different technologies that can sup-
port MVL [30]. In the past, researchers compared the binary and
MVL-based integrated circuits according to very large-scale in-
tegration criteria such that MVL circuits were only restricted to
small niches [9, 29]. Here, metal-oxide-semiconductor field-effect
transistors (MOSFETs) and bipolar junction transistors in current
mode (CM) and voltage mode (VM) were used to implement the
MVL-based circuits [32]. The circuits designed on CM and VM had
limited use as the MVL implementation required more transistors
than binary logic-based circuits.

Recently, memristive devices ormemristors [28] and bio-sensitive
devices [18] are attracting focus as potential MVL elements of fu-
ture computing platforms. The logic states of memristive devices
are stored in the form of resistances. The device’s resistive states
are switched between a high resistive state (HRS) and a low resis-
tive state (LRS) with appropriate voltage bias. The state-switching
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dynamics of memristive devices allow for the exploitation of re-
liable MVL characteristics and the opportunity to perform logic
operations. This dual functionality of memristive platforms en-
ables a novel path towards computation-in-memory (CIM) archi-
tectures, overcoming the von Neumann bottleneck. Next, we have
bio-sensitive devices realized as classical ion-sensitive field-effect
transistors (ISFETs) operated in an electrolyte gate, where switching
operation between logic states can be performed via manipulating
molecular interactions at the bio-recognition layer. We believe that
the memristive and bio-sensitive devices (BioFETs) based on redox-
based resistive random access memory (ReRAM) [26] and ISFET,
respectively, are promising as MVL computing elements.

MVL has various subset logics. One of them is ternary logic,
which has three logic states. These states can be represented by
notations such as voltage levels, symbols, balanced and unbalanced
ternary digits (trit) (see Table 1). Among various approaches for
ternary logic-based circuits, ternary arithmetic circuits have also
been implemented based on ReRAM devices [26]. The ternary
primitive logic functions AND, OR, and NOT, combinational gates:
NAND, NOR, XOR, and XNOR, and data handling gates: MAX and
MIN, have been demonstrated using the Memristor-CMOS logic
family [25].

Despite the advantages of MVL, present mainstream computing
heavily focuses on Boolean logic-based implementations. In this
context, we use TaO𝑥 -based ReRAMs and silicon-based ISFETs for
exploring the potential of memristive and BioFET technologies [10,
18], respectively, as MVL elements and documents the following
contributions:
• The exploration of state switching dynamics of memristive and

bio-sensitive devices for the support of MVL operations.
• The exploration of the possible number of logic states in these

devices by implementing MVL-based applications.
• Finally, the investigation on the compatibility of these devices
with standard CMOS technology.

The rest of the paper is structured as follows. Section II reviews
the existing and related work on memristive and BioFETs. Section
III provides the details of MVL behaviors of memristive devices.
Section IV provides behavior analysis and discussion on BioFETs.
Finally, Section V concludes and provides an outlook of this work.

2 RELATEDWORK
Some of the early works towards implementation of MVL focused
on Si-CMOS and carbon nanotube (CNT) based devices as gates
to design arithmetic circuits [19, 24]. As per the analysis in [29],
the CMOS-based MVL implementations require more transistors
than Boolean logic-based implementations. The implementation
presented in [19] requires large resistive loads, which are hard to
integrate and waste large chip areas. Although a complementary
CNTFET network presented in [14] overcomes the problem of large
resistive load, it still requires six CNTFETs to implement a standard
ternary inverter.
Table 1: Ternary logic representations: Voltage levels, Logic
Symbols, Balanced and unbalanced trits

Voltage level Logic symbol Balanced trits Unbalanced trits
𝑉𝐸𝐸 (-2.5V) F (False) -1 0

0 0 (Unknown) 0 1
𝑉𝐷𝐷 (+2.5V) T (True) +1 2

ReRAM devices have emerged as a viable solution to MVL, where
the device properties allow the exploitation of the multi-valued be-
havior. The implementation of ternary arithmetic circuits and fuzzy
logic realization has been demonstrated in [5, 26]. Even though
these implementations provide proof of concept for MVL realiza-
tion, a detailed analysis of these devices is required. Apart from the
ReRAM device as an MVL element, BioFETs presented in [18] dis-
cuss specific recognition of biomolecules such as deoxyribonucleic
acid sequences, which is evidently a multi-valued operation.

This work explores ReRAM and bio-sensitive devices for a multi-
valued computing element by analyzing different properties such
as switching dynamics, multi-level capabilities, and CMOS com-
patibility. We examine our findings by implementing multi-valued
arithmetic circuits and MVL inverted gates on ReRAM and ISFET
devices, respectively.

3 REDOX-BASED RESISTIVE SWITCHING
DEVICES

In the group of memristive devices, redox-based memristive de-
vices stand out due to their possibility for low power consumption,
multilevel capability and dense integration [8]. In addition, the op-
portunity to directly perform Boolean logic operations with such
memristive devices, the ’stateful logic’, seems a promising path
towards CIM [5, 11, 27]. Their multilevel capabilities were recently
demonstrated by utilizing a multilevel memristive device based on
TaOx for the implementation of a ternary Łukasiewicz logic and
fuzzy logic circuit as well as a ternary adder circuit [6, 26]. Logic
that uses more than two truth values reduces the number of devices
needed for a certain operation, increasing the integration density.
This work showcases an adder circuit based on ReRAM devices
with seven stable, addressable resistance states [22]. We show the
experimental device characterization as well as a proof-of-concept
measurement. Using the physics-based compact model JART VCM
v1b model [7, 10], we can accurately describe the measurements
and scale up the proposed adder circuit to a 41 trit addition (roughly
equivalent to 64-bit) using a select device in series to a memristive
device (1S1R).

3.1 Adder concept and experimental results
For the realization of the ternary adder concept proposed in [26],
a 1x3 crossbar array with 5 µmx 5 µm-sized junctions has been
fabricated. The shared bottom electrode is made of 5 nm-thick
Ti and 30 nm-thick Pt, which are deposited sequentially by sput-
tering on top of a 430 nm-thick thermally grown SiO2 layer. A
photolithography and dry etch processes are applied to pattern
the bottom electrode. Then, a 7.0 nm-thick TaOx layer is deposited
by reactive sputtering under process gas mixture of Ar (23%) and
oxygen (7%) with the RF power of 116 W at the chamber pressure of
2.3×10-2 mbar. Without breaking the vacuum, 13 nm tungsten (W),
and 25 nm Platinum (Pt) are deposited consecutively. Finally, the
top electrode (TE) is patterned using photolithography and reactive
ion etching. It has been shown that these devices can store 7 differ-
ent resistance states [26]. To program the different resistance states,
the gradual RESET transition is exploited. After programming the
devices to a low resistance state, a RESET pulse with a defined
voltage amplitude is applied to program the device to a HRS. By
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Figure 1: (a) Schematic diagram of 1x3 memristor crossbar
array. (b) Demonstration of logic functionality, with the logic
operands p and q applied to TE and BE, respectively. An
offset voltage (Voffset) ensures even voltage steps in operands,
resulting in different resistance states depending on the pulse
height. (c) Ternary adder proof of concept. In this example,
p=21(2·3 + 1·1 = 7) and q=22 (2·3 + 2·1 = 8) are used for the
calculation. The final resistive states are as follows: z2=R1,
z1=R2, and z0=R0, corresponding to 1·9 + 2·3 + 0·1 = 15.

increasing the device voltage magnitude in 0.15 V steps from 1.5 V
to 2.25 V, the 6 resistance states 𝑅0 to 𝑅5 are achieved. If a lower
voltage is applied, the device remains in the LRS.

The ternary adder relies on implementing a modulo sum oper-
ation. Thus, while 3 states are enough to represent a trit, 2x3 = 6
states are required to enable a proper modulo operation. The levels
𝑅0, 𝑅1, and 𝑅2 represent the logic levels 0, 1, and 2, respectively.
The operands of the operation are encoded as voltage levels (V op, i),
while the result of the operation is directly stored in the memory
array. Here 0 V, 0.15 V and 0.3 V represent the logic levels 0, 1 and
2, respectively.

To implement the Carry and Sum operation, the operands 1 and
2 are applied to the top electrode (TE) and the bottom electrode
(BE), respectively, according to 𝑉BE = 𝑉offset + 𝑉op, 1, and 𝑉TE =

−(𝑉offset+𝑉op, 2). The offset voltage is chosen in such a way that the
device voltage𝑉device = 𝑉TE −𝑉BE resets the device to the intended
resistance state. Moreover, the offset voltage of the current depends
on the carry bit of the previous state. If the carry bit is zero (one),
𝑉offset = 0.75 V (0.825 V) is used. This means that the applied device
voltage is increased by an increment of 0.15 V, which is the physical

equivalent of adding a logic 1. After the programming step, a read
operation is performed. The read resistance is compared to 𝑅2 to
implement the carry operation. If 𝑅 > 𝑅2 (𝑅 ≤ 𝑅2), the carry bit
is one (zero). In contrast, the resistance is compared to different
resistance levels for the sum operation. If 𝑅 ≤ 𝑅2, the final sum bit
is already programmed. If 𝑅 = 𝑅3, 𝑅 = 𝑅4 or 𝑅5, the resistance has
to be mapped to 𝑅0, 𝑅1, or 𝑅2, respectively, by a re-programming
step. Note that before all programming steps in the RESET direction,
the device is set to the LRS to exploit the tunability of the RESET.

As a proof-of-concept, Fig. 1 shows the addition of the two
ternary numbers p = 𝑝1𝑝0 = 21(=̂7) and q = 𝑞1𝑞0 = 22(=̂8)
on the fabricated 3x1 crossbar array. As we have two trit numbers,
we need three devices 𝑧2, 𝑧1 and 𝑧0 to perform the addition. All
devices are initialized to LRS. Then, 𝑝0 is applied to all TEs, while
𝑞0 is applied to the common BE. While this operation resembles the
sum operation on device 𝑧0, the carry 𝑐0 of the least significant bit
is calculated in device 𝑧2 and 𝑧1. The result of this operation is then
stored in the next programming cycle. As 2+1 gives 3 and results in
𝑅3, device 𝑧0 needs to be re-programmed to 𝑅0 to store the final sum
bit 𝑠0, i.e., 𝑉op, 2 = 0 and 𝑉op, 1 = 0. The carry operation on devices
𝑧1 and 𝑧2 can be performed in parallel, by setting 𝑉op, 2 = 0.15𝑉 .
Now, the final sum bit 𝑠0 is already stored in 𝑧0 and thus 𝑉TE0 is
set to 0 for all following steps. As a common bottom electrode is
used, a voltage will drop over the device 𝑧0, but it will be too low
to change its state. Next, the sum bit 𝑠1 will be calculated in 𝑧1 and
the carry bit 𝑐1 = 𝑠2 in 𝑧2. As 𝑐0 = 1, which is verified by a read,
the offset voltage is now𝑉offset = 0.825𝑉 and 𝑝1 and 𝑞1 are applied.
This drives the devices 𝑧1 and 𝑧2 to 𝑅5. As device 𝑧1 performs the
sum operation, the device is re-programmed to 𝑅2 in the next cycle.
In 𝑧2, the carry operation is performed. Thus, 𝑧2 is re-programmed
to 𝑅1. The final result is now stored in the three devices as 𝑧2𝑧1𝑧0
= 120 (=̂15).

3.2 Simulation of a 41 Trit Addition
The experimental results of [26] were fitted with the JARTVCMv1b
model [7, 10]. They are identical to those chosen in [6] except for
𝑁 disc, min which was set to 0.1·1026 m−3 to allow for a stronger
RESET. As in [6], 𝑅th is chosen the same for SET and RESET and
the temperature-dependent series resistance of the lines is neglected.
The physics-based model utilizes the motion of ionic defects and the
subsequent change in the concentration 𝑁disc at the electronically
active electrode (AE) to describe the change of device resistance.
Pt is named AE since the platinum/oxide interface is the relevant
place for switching. A high or low concentration represents a low
or high resistive state, respectively.

When using the proposed adder circuit in a passive crossbar
array, it was observed that the half-selected cells were susceptible
to a drift of their resistive state since roughly half of the voltage
was always applied to the common electrode. This drift especially
occurred for additions with larger operands. To prevent the drift
of these half-selected cells, selector devices were introduced in
series to the ReRAM devices, which lead to the circuit structure
shown in Fig. 2 (a). While the summands both consist of 41 trits,
the resulting sum contains 42 trits due to the carry bit of the last bit
numbering. Therefore, we require 42 devices for the addition. The
selector consists of a Pt/TaO𝑥 /TiO2/TaO𝑥 /Pt device stack, which
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shows a symmetric bidirectional nonlinear 𝐼 −𝑉 characteristic. The
model is fitted to the 𝐼 −𝑉 data shown in [23]. The selector prevents
the switching of the half-selected devices as most of the applied
voltage drops over the selector. Using our simulation model, we
can easily scale up the size of the studied problem.

The selector, however, requires us to adapt the voltage scheme
towards higher voltages if we want to keep the same pulse timing
schemes. The SET now happens at 𝑉 1S1R = 𝑉 SET = 4.5 V. The read
operation is defined at 𝑉 1S1R = 𝑉 Read = 1.7 V. Lastly, the RESET
voltages are also shifted towards -3.65 V - -4.15 V with a spacing
of 100 mV between the six levels. The resulting current levels of
the 1S1R structure at 𝑉 Read are shown as in Eq. 1 for all resistance
levels.

The final result of the 41 trit addition is shown in Fig. 2 (b) to
(g). The top row shows the voltages across elements one, 22 and 42,
while the bottom row shows their respective currents. Each step
of the addition can be broken down into a SET (brown), RESET
(yellow) and read (turquoise) phase. SET and read phases are always
the same. In the RESET phase, we have to vary the voltage according
to 𝑉BE = 𝑉offset +𝑉op, 1, and 𝑉TE = −(𝑉offset +𝑉op, 2). The time axis
is scaled to the region of interest for the specific device, which is
the final addition step of the respective significance as well as one
addition step before and after that. The resulting resistances in the
first, 22nd and last device are 𝑅2, 𝑅0 and 𝑅1. While in all previous
addition steps, the resistance states 𝑅0 to 𝑅5 can be reached, and
we need to map these states to the resistances available in the
ternary number system, i.e., 𝑅0, 𝑅1, and 𝑅2 corresponding to 0, 1,
and 2, respectively. After the addition step that determines the final
resistance value, the corresponding TE is set to ground. Therefore,
the voltage levels are roughly halved. This half voltage would lead to
a state drift of the programmed resistance state over the execution
time of the addition, which is prevented through the addition of
the selector device.

𝐼 read, LRS = 158 μA, 𝐼 read, 𝑅0 = 58 μA, 𝐼 read, 𝑅1 = 17 μA
𝐼 read, 𝑅2 = 7.4 μA, 𝐼 read, 𝑅3 = 2.91 μA
𝐼 read, 𝑅4 = 0.98 μA, 𝐼 read, 𝑅5 = 0.27 μA (1)

4 BIO-SENSITIVE DEVICES
This section delves into the MVL-based BioFET implementation, a
bio-inspired computing platform rooted in molecular recognition
and electrochemical state manipulation. Integrating the high-radix
number system promises to simplify computational complexity and
spatial resource usage. To illustrate, we explore BioFETs’ role in
ternary logic (T, 0, F), which offers more logic states than binary
(T, F), reducing the need for logic gates and transistors. BioFETs’
architecture draws inspiration from ISFETs within the MOSFET
family.

4.1 ISFET Sensors
Bergveld et al. [2] introduced the ISFET as a derivative of the MOS-
FET, a fundamental element within modern electronic devices. The
innovation of the ISFET lies in replacing the conventional metal
gate of the MOSFET with components including an ion-sensitive
membrane, an electrolyte solution, and a reference electrode, as

Figure 2: (a) Depicts the circuit structure for a 1S1R line ar-
ray, proposed for a 41 trit addition. The figure displays the
first, middle, and last devices of the entire array. (b) to (d)
Illustrate voltage drops across the devices for specific device
numbers 1, 22, and 42. (e) to (g) Show the currents flowing
through the corresponding devices. Different adder phases
are color-coded, with brown representing the SET phase, yel-
low indicating the RESET phase, and turquoise denoting the
read phase in (b) to (g).

Gate Insulator 

Figure 3: ISFET configuration schematic.

illustrated in Fig. 3. This modification facilitates the measurement
of ion concentrations in solutions.

The operation of the ISFET is based on the fundamental principle
that changes in the ion concentration in the adjacent solution can
alter the charge distribution on the ion-sensitive membrane and
subsequently affect the conductivity of the transistor channel. By
monitoring the electrical characteristics of the ISFET, such as its
current-voltage correlation, changes in ion concentration can be
detected and quantified. Molecular events, such as ion accumulation
or binding of chargedmolecules, cause shifts in the surface potential
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(a) (b)

Figure 4: Illustration of ternary inverter gate configurations,
comprising (a) the circuit schematic design, and (b)𝑉𝑜𝑢𝑡 −𝑉𝑖𝑛
characteristic curves showcasing the behaviors of PTI, STI,
and NTI.

at the solid/electrolyte interface. These shifts induce changes in
the gating effect, thereby modifying the device’s threshold voltage
(𝑉𝑡ℎ). The 𝑉𝑡ℎ in an ISFET marks the point at which a significant
change in the conductance of the transistor channel begins. This
change in conductance is a consequence of the modulation of the
ion concentration in the solution, which interacts with the ion-
sensitive membrane located at the gate of the transistor. Hence,
the 𝑉𝑡ℎ equation of the MOSFET can be modified for ISFET as
follows [1]:

𝑉𝑡ℎ = 𝐸𝑟𝑒 𝑓 − Ψ0 + 𝜒𝑠𝑜𝑙 −
𝜙𝑆𝑖

𝑞
− 𝑄𝑜𝑥 +𝑄𝑠𝑠 +𝑄𝐵

𝐶𝑜𝑥
+ 2𝜙 𝑓 . (2)

The Eq. 2 clearly shows that the threshold voltage of an ISFET
shares the constant physical component of the threshold voltage
of the MOSFET. This fundamental parallelism is accompanied by
two additional potential contributions: the steady potential of the
reference electrode to vacuum, denoted 𝐸𝑟𝑒 𝑓 , and the potential at
the interface between the solution and the oxide, described by the
interfacial potential Ψ0 + 𝜒𝑠𝑜𝑙 . The surface dipole potential of the
solution, represented by 𝜒𝑠𝑜𝑙 , and Ψ0 is the surface potential, which
depends on the (bio)chemical composition of the electrolyte and
the gate surface material. In this context, the gate voltage (𝑉𝑔) of
the ISFET remains constant, while the𝑉𝑡ℎ encompasses the varying
input signal originating from biomolecules. Conversely, in the case
of the MOSFET, 𝑉𝑡ℎ remains static, while 𝑉𝑔 varies. The shift in
𝑉𝑡ℎ of the ISFET device is reflected in the overdrive voltage (𝑉𝑂𝐷 )
of the FET, expressed as 𝑉𝑔𝑠 −𝑉𝑡ℎ . This nuanced modification of
the threshold serves as the designated methodology for achieving
multiple output voltage levels (𝑉𝑜𝑢𝑡 ), which is conducive to the im-
plementation of MVL circuits. As a result of the biosensor threshold
shift, the 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 characteristic assumes a multi-voltage nature
anchored in the dynamic change of the threshold. This provides
the ability to record a spectrum of voltage levels that form the
basis for different output levels according to the shifting threshold,
effectively enabling the construction of multi-valued logic circuits.

Figure 5: ISFET device structure. (a) DIC-microscope image
of 4 × 4 array (b) Detailed view of a single device structure
(c) An encapsulated n-type micro-scale ISFET sensor with 16
devices and total area consumption of 5 × 5𝑚𝑚2.

In this study, we use micro-scale ISFETs, previously fabricated
and detailed in the existing literature [12, 17, 21], to demonstrate the
principles of MVL. The ISFET sensor consists of a common source
4 × 4 transistor array, eventually culminating in 16 measurement
points on a 5 × 5 𝑚𝑚2 silicon die (as shown in Fig. 5(a)(c)). In
particular, drain contacts are used for the individual addressing of
each device. Fig. 5(b) shows the structure of a single device with a
gate oxide (SiO2) layer 8-10 nm thick, 16 𝜇m wide and 6 𝜇m long.
To prepare the chip, its surface was cleaned and activated in a
piranha solution (H2O2:H2SO4 1:5), after which it was wire-bonded
to a chip carrier and encapsulated for connectivity, allowing FET
measurements to be made in an electrolyte environment (as shown
in Fig. 5(c)). The intrinsic transconductance of each device can be
derived from the collected data using a specialized readout system,
as described in previous work [16].

4.2 Demonstration of MVL Using ISFET
The goal is to show the practical realization of a basic ternary logic
gate, specifically an inverter, using an ISFET biosensor. In a p-valued
logic system, the number of unary functions is determined by 𝑝𝑝

[15]. For binary systems, where 𝑝 = 2, this translates to 22 = 4 unary
operators. However, the introduction of a third value in a ternary
system results in 33 = 27 distinct operators for a single input value
[15]. Notably, among these unary functions, only a subset possesses
meaningful significance [13] relative to the robust framework of
Boolean algebra. Typically, the essential functions within ternary
logic include the standard ternary inverter (STI), positive threshold
inverter (PTI), and negative threshold inverter (NTI) [19]. STI works
like a NOT function, returning F (False) for a T (True) input and
vice versa while remaining unchanged if the input is 0 (Unknown).
NTI returns ’F’ when presented with ’0’ or ’T’, and inverts ’F’ to
’T’ input. PTI inverts ’F’ and ’0’, resulting in ’T’, but reverts to ’F’ if
the input is ’T’. The circuit implementation of a ternary inverter
is shown in Fig. 4(a), which exploits the distinctive features of
ISFET and P-type enhancement mode field-effect transistors. The
basic principles of ternary logic, including the corresponding logic
symbols and representative voltage levels, are detailed in Table 1.

The proposed circuit is created based on the ISFET sensor devices
that were fabricated in earlier projects [12]. The simulation has been
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Table 2: Comparison of ternary logic implementation using ISFETs and MOSFETs
Aspect ISFETs MOSFETs

Principle Relies on ion concentration variations to
represent ternary logic states.

Uses voltage-controlled semiconductor
channel to control logic states.

Logic States True, False, Unknown (High Impedance) True, False, Unknown (High Impedance)
Signal Representation Ion concentration levels (pH levels) Voltage levels
Gate Control Ion concentration Voltage control
Speed Typically slower due to ion diffusion Generally faster due to electronic processes
Power Consumption Lower power consumption in some scenarios Can vary; generally moderate to high
Noise Immunity Can be sensitive to environmental factors Generally immune to ion-based disturbances
Manufacturing May require specialized processes Established semiconductor fabrication
Compatibility Limited integration with traditional CMOS Well-integrated with traditional CMOS
Scalability Limited scalability for complex circuits Highly scalable for complex circuits

performed in LTspice based on the ISFET model to demonstrate the
PTI, STI and NTI as it is shown in Fig. 4(b). For the bio-sensitive
ternary inverter, the output is represented as𝑉𝑂𝑢𝑡 = 𝑉𝐷𝐷×𝑅1/(𝑅1+
𝑅2). When the ratio of resistors R1 and R2 is constant, the output
voltage will be unchanged, showing the output of ’0’ while𝑉𝑖𝑛 is in
middle voltage. Hereby, it is easy to find three other stable stages
as well. Based on different thresholds and, consequently, different
transconductances of the ISFET, the R1 and R2 can be controlled
(PMOS resistance can be neglected). Thus, the middle logic level in
STI can be tuned to be very high for PTI or very low for NTI.

This simulation showcases an exemplar of ternary inverter gate
implementation along with its corresponding outcomes. Addition-
ally, Table 2 compares the implementations of ternary logic using
ISFETs and MOSFETs.

4.3 Discussion
Moore’s Law, which describes the doubling of transistors in a
densely integrated circuit approximately every two years, is reach-
ing its limits due to physical constraints. However, recent advances
in nanofabrication techniques have opened the possibility of using
multiple-array ISFET sensors to reduce size by increasing array
density. In addition, well-established clean room fabrication has
made it possible to achieve uniform sensor characteristics at the
wafer scale for biorecognition. Here, we present and confirm the no-
tion of multivalued biosensors by exploiting the unique electronic
properties of ISFETs to perform MVL. By ingeniously combining
an ISFET transistor with a P-type enhancement mode field-effect
transistor and using two resistors (R1 and R2) to regulate the ratio,
we construct a series of ternary inverter gates that include PTI,
STI, and NTI functions. This innovative approach allows the output
voltage to exhibit three stable levels, which is achieved by adjusting
the intermediate output logic level of the STI to be either signifi-
cantly high or low, thereby implementing PTI and NTI, respectively,
based on the resistance ratio. Our research highlights the potential
of utilizing bio-sensitive devices such as ISFETs to implement MVL.
As a result, ISFET multiple-array sensors can function as MVL de-
vices, resulting in reduced chip area and increased computational
speed compared to their CMOS counterparts. The proposed model
addresses the challenges posed by the plateauing of Moore’s Law
and opens up exciting possibilities for efficient and advanced logic
processing. Adopting ternary inverters with ISFET devices aligns
with the quest for streamlined, condensed, and adaptable comput-
ing frameworks and represents a promising trajectory for advanced

electronic systems. In addition, this approach is relevant in the area
of hardware security. The potential advantages of ternary logic in
this area can potentially strengthen encryption and authentication
schemes, underscoring its relevance and potential contributions to
security-focused applications.

5 CONCLUSION
This paper delves into the realm of MVL design within the context
of ReRAM and ISFET devices. The study leverages the dynamic
nature of state transitions in ReRAM and ISFET devices to create
functional MVL circuits. For instance, a ternary arithmetic circuit is
realized using a ReRAM crossbar array, harnessing its seven resis-
tive states for stateful logic. Similarly, ISFET devices are employed
to demonstrate three ternary inverted logic gates: STI, PTI, and
NTI. Through experimental evaluation, it becomes evident that both
ReRAM and ISFET devices offer highly dependable seven states in
ReRAM and three in ISFET. Additionally, the IS1R architecture and
the implementation of inverted gates underscore the compatibility
of these devices with conventional CMOS technology. The obtained
experimental results strongly suggest the remarkable potential of
both technologies to drive advancements in MVL implementations,
even in the context of mainstream computing.
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