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Abstract— This work explores the design of essential arithmetic blocks for digital logic circuits
such as encoder, decoder, full adder, multiplexer, and multiplier using a hybrid CMOS-
Memristor approach. The aim is to create more compact and energy-efficient alternatives to
traditional CMOS designs by taking advantage of the memristor’s programmable resistance.
Each circuit has been built and simulated using LT-Spice to study its functionality, power
efficiency, and performance. The results show that incorporating hybrid approach of CMOS
with memristors significantly reduces the number of components and power usage while
maintaining reliable operation. This work highlights the potential of memristor-based logic as a
promising direction for future low-power and scalable digital systems. About 98% of power
optimization and Hybrid mode arithmetic circuits show optimization up to 98% compared to
CMOS technology.

Index Terms— Memristor, LT-spice, CMOS-Memristor hybrid, low power, Digital logic circuit.

1. INTRODUCTION

The idea of the memristor was first introduced by Professor Leon Chua in 1971 as the fourth fundamental circuit
element, joining the resistor, capacitor, and inductor [3]. For many years, it remained just a theory until 2008,
when Hewlett-Packard Labs successfully built the first physical memristor [16]. Memristor device has special
ability to “remember” the amount of current that has passed through it by adjusting its resistance. This unique
property gives it non-volatile memory behaviour, meaning it retains its state even after power is turned off. As
modern CMOS technology begins to face major hurdles—Ilike increased power leakage, scaling limits, and heat
issues memristors offer a promising solution [13][17]. They work at the nanoscale, use very little power, and can
be easily combined with existing chip technologies. This allows the creation of hybrid designs, where
memristors and CMOS transistors work together. One such method is called Memristor Ratioed Logic (MRL)
[7], which uses the switching ability of memristors to perform logic operations with fewer transistors, saving
space, power, and improving speed. In this project, we applied this hybrid approach to design important digital
circuits more efficiently. Starting with basic gates like NOT, AND, OR, XOR, NOR, we built each using just
one memristor and one NMOS transistor.
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These simple building blocks were then used to create larger circuits like a 3-bit encoder, 3-bit decoder, 4:1
multiplexer, 1-bit full adder, 4- bit full adder and even a 4-bit multiplier. All these circuits were tested and
analysed using LT-Spice, showing clear advantages in terms of lower power usage, faster operation, and smaller
size compared to traditional CMOS circuits. This project shows how memristors can help solve real limitations
in today’s chip design, offering a smart path forward for building the next generation of energy-efficient and
scalable electronic systems. Various low power and arithmetic blocks such as multipliers have been proposed
using various circuit design techniques such as CMOS low power architectures and GDI techniques [23-28].

II. LITERATURE SURVEY

The idea of resistance changes in metal oxides like TiO2, HfO:, and Ta.Os dates back to the 1970s, when
researchers observed that these materials could retain their resistance state even after power was removed—
making them potential memory elements [11], [5]. In 1971, Leon Chua introduced the concept of the
“memristor,” linking charge and magnetic flux [3]. However, it wasn’t until 2008 that HP successfully built the
first working memristor using TiO:, confirming its physical existence [16]. Earlier, in 1983, Chua’s Circuit
brought chaos theory into electronics, enabling the study of complex, unpredictable behaviors in hardware and
inspiring applications like secure communication and image encryption [2], [6].

III. MEMRISTOR MODEL
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Fig. 1 Structure of Memristor

The memristor is a fascinating electronic device known for its ability to remember the amount of current that has
flowed through it, even after the power is turned off. As illustrated in the Figure 1 [5], its physical structure
consists of two metal electrodes typically platinum separated by a thin layer of semiconductor material. This
layer is divided into two parts: the doped region (TiO2-~), which conducts electricity due to the presence of
oxygen vacancies, and the undoped region (Ti0O:), which is more resistive. The total thickness of this material is
denoted as D, while the width of the doped, conductive portion is w. When a positive voltage is applied across
the electrodes, the oxygen vacancies (which are positively charged) migrate toward the bottom electrode,
effectively increasing w and turning the device into a low-resistance state [5][7]. Reversing the voltage causes
these vacancies to move back, reducing w and switching the memristor into a high-resistance state. The
memristor's non-volatile characteristic is what sets it apart; it keeps its resistance state even after the voltage is
turned off because vacancies move slowly. This switching behaviour results in a unique current-voltage
relationship known as the pinched hysteresis loop, where the resistance depends not just on the current voltage
but also on the device's past. The w/D ratio determines the level of conductivity, with higher values
corresponding to lower resistance. These properties make memristors highly suitable for nanoscale electronic
systems, especially in low-power and high-density VLSI designs [4]. Their compactness, ability to switch states
using low voltages, and compatibility with CMOS technology make them promising [2][20]. The memristor
model used in this paper is designed to closely replicate the behaviour of real-world memristors by adjusting
specific parameters, making it highly adaptable and suitable for a variety of circuit designs. Compared to earlier
models, this one offers improved simulation stability and avoids convergence issues, even when used in large-
scale logic circuits with hundreds of memristors. It is particularly effective in metal-insulator-metal structured
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memristors and can accurately generate output signals in complex combinational logic systems [9]. The model
includes mechanisms to account for how the memristor responds differently to positive and negative voltages,
influencing its resistance state. When a positive voltage is applied, the resistance decreases, representing a binary
"1", and when a negative voltage is applied, the resistance increases, representing a binary "0". This switching
capability allows the memristor to function as a non-volatile memory device [15]. To ensure realistic operation,
the model includes threshold conditions and state-limiting functions that prevent the internal state from
exceeding physical boundaries. It successfully simulates essential memristor behaviours, including the
characteristic I-V hysteresis loop, which visually represents its memory effect and non-linear switching
properties. Figure 2 shows the symbol of a memristor. When a positive voltage is applied to the memristor, the
resistance of the memristor decreases to RON; while a negative voltage is applied to the memristor, the
memristor resistance increases to ROFF. You can utilize the memristor model as a binary memory by using
RON for "1" and ROFF for "0." Figure 2 depicts the I-V hysteresis loop of a memristor.
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y

Fig 2. Symbol of Memristor and I-V Hysteresis Loop

IV. METHODOLOGY

In the proposed low-power ALU blocks, a new memristor ratioed logic (MRL) design is adopted, which
significantly simplifies the circuit by using only one memristor and one NMOS transistor for each logic gate [7].
This is a major improvement over conventional memristor logic, which typically requires two memristors and
two CMOS transistors [2][14]. Unlike traditional designs where output depends on voltage division, the new
approach leverages the NMOS transistor's saturation and cut-off regions—controlled by gate voltage—to
accurately determine the output without the need for additional inverters [7]. This not only reduces the
component count but also lowers power consumption and enhances speed [21], making it ideal for energy-
efficient arithmetic logic unit (ALU) operations. By integrating this logic into the ALU architecture, the overall
system benefits from compactness, faster response, and better energy performance, aligning perfectly with the
goals of modern low-power VLSI design [3][16].

() (b)
Fig 3. (a) Schematic of Full Adder, (b) Schematic of 4:1 Multiplexer
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Fig 4. (a) Schematic of 8:3 Encoder, (b) Schematic of 3:8 Decoder

Fig 5. Schematic of 2x2 Multiplier

A low-power full adder, shown in Fig. 3(a), is built using memristor-based XNOR gates along with a 2:1
multiplexer. It takes three inputs—V_A, V_B, and V_CIN—and produces the sum and carry outputs. This
simple and efficient setup makes it possible to perform addition quickly while saving both power and chip space,
which is especially useful in compact digital systems. Instead of using traditional CMOS logic, memristors are
used here to reduce the number of components and improve overall performance. The 4:1 multiplexer in Fig.
3(b) is another example of this efficiency. It selects one of four input lines (DO to D3) based on control signals
S1 and S2. Designed using memristor ratioed logic along with NMOS inverters and NOR gates, it uses just 15
transistors and 8 memristors, which is a big drop from the 28 transistors found in a typical CMOS version. This
makes the design much more compact and power-efficient. Similarly, the 3-bit encoder shown in Fig. 4(a) uses
memristors and NMOS transistors to turn inputs X1 to X7 into binary outputs YO to Y2. Each output bit is
formed using NOR gate logic, keeping the design small. It only needs 15 transistors and 6 memristors, much less
than the 40 transistors needed in standard CMOS, helping reduce power use and circuit size. The 3:8 decoder in
Fig. 4(b) takes a 3-bit binary input and activates one of eight outputs (YO to Y7). It uses memristor-NMOS-based
inverters and NOR gates, needing just 20 transistors and 12 memristors, while a traditional CMOS design would
need more than 70 transistors. This leads to lower complexity, less switching noise, and better performance
overall. All these circuits show how using memristor-based logic can make digital systems smaller, faster, and
more energy-efficient—perfect for modern VLSI applications. As in Fig. 5 4-bit array multiplier is made using
memristor-based AND gates and half adders, arranged in a simple and regular layout. It creates partial products
by combining each bit of the two numbers using AND gates, then adds them up step by step with half adders.
This setup allows faster processing with fewer parts. Since it uses memristors, the circuit needs less power and
fewer transistors, making it a good choice for energy-efficient VLSI designs.
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V. RESULTS

In this paper, we use the general memristor model to design the combinational logic circuits, in which encoder,
decoder, full adder and 4:1 multiplexer is based on the new memristor ratioed logic, and the 2x2 multiplier are
based on the new MRL and the multifunctional logic module. The LT-spice simulations show that the NMOS
transistor has L = 2um and W = 180nm. The memristor has the same parameters, and some of the intended
combinational logic circuits work the same way, including power consumption, delay and the no. of components,
are calculated and compared with traditional CMOS technology.
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Fig 6. (a) Waveform of Full adder, (b) Waveform of 4:1 MUX, (c) Waveform of 8:3 Encoder, (d) Waveform of 3:8 Decoder, (e¢) Waveform
of 2x2 Multiplier

As shown in Fig. 6(a) the transient simulation of the proposed memristor-based full adder confirms that the sum
and carry outputs are accurate across all possible input combinations of A, B, and CIN. The waveform results
clearly validate the functionality of the XNOR gates and 2:1 multiplexer used in the design. As shown in Fig.
6(b), the 4:1 multiplexer also performs as expected, selecting the correct data input based on each combination of
the address lines. The output waveform confirms smooth and reliable switching behavior controlled by the select
signals. Moving to the decoder, the simulation results in Fig. 6(c) demonstrate that for every 3-bit input, the
circuit correctly produces a output from YO to Y7. The transitions are clean, with no glitches, confirming the
proper decoding operation. Likewise, the encoder, shown in Fig. 6(d), provides accurate binary outputs YO0 to Y2
for each valid input from X1 to X7. The waveform transitions are stable and consistent with the expected logic
of a 3-bit binary encoder. Lastly, the simulation of the 2x2 multiplier, illustrated in Fig. 6(e), confirms that it
generates the correct 4-bit result for all input combinations. The waveforms reflect accurate partial product
formation and addition, demonstrating the reliable performance of memristor-based logic in arithmetic circuits.
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TABLE I: COMPARISON TABLE OF TRANSISTOR COUNTS

Arithmetic Circuits CMOS based circuit | Memristor based circuit % Area Reduction
Full adder 28T 24(11T+ 13M) 56.07
4:1 MUX 28T 23 (15T+8M) 43.57
8:3 Encoder 54T 21 (15T+6M) 71.11
3:8 Decoder 40T 30(19T+11M) 49.75
2x2 Multiplier 48T 40 (s20T+20M) 54.17

Table 1 gives the area reduction estimate of each circuit by 50%-72% based on studies of HP LABS [22] which
states that the area of memristor is 0.01 times the CMOS area. Here, T stands for transistors and M stands for
memristors. By comparing with existing works such as [19], [10], and [17] and the no. of transistors were
reduced [18]. While the 2x2 multiplier uses the most components, the optimized memristor-based design ensures
efficient performance.

TABLE II: COMPARISON TABLE FOR POWER MEASUREMENT

Circuits CMOS based circuit | Memristor based circuit % Power reduction
Full Adder 57.13uW 950.11nW 98.34
8:3 Encoder 18.92uW 202.11nW 98.93
3:8 Decoder 61.51uW 757.3nW 98.77

Figure 7 is Graphical representation to indicate almost 100% drop in CMOS and proposed Hybrid circuits. When
we look at the power usage of these circuits, it's clear that memristor-based designs help to save about 98% of
power saving. This gives almost 100% energy optimisation compared to the traditional CMOS circuits.
Especially in circuits like the decoder, the drop in power is quite noticeable. Three circuits in Table 2 indicate the
power drop in three basic circuits used in arithmetic blocks. This shows that memristors are a better choice when
we want to build low-power digital circuit-based systems.

Power: CMOS Vs Hybrid
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Fig 7. Power CMOS vs. proposed Memristor circuits.

V. CONCLUSION

The work demonstrates the effectiveness of using Memristor Ratioed Logic (MRL) and multifunctional
memristor-based modules in the design of combinational arithmetic logic circuits. The proposed approach,
verified through LT-Spice simulations, shows significant advantages over traditional CMOS and other
memristor-based logic designs. The proposed circuits in this exhibit reduced component count, improved
accuracy, lower time delay, minimized chip area, and decreased power consumption. These results highlight the
potential of hybrid CMOS—memiristor architectures as a promising solution for developing efficient, scalable,
and low-power digital systems in future VLSI applications.
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