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ABSTRACT

	This work presents a transistor-level design and comparative evaluation of parallel prefix adders implemented using a 45 nm CMOS process. The study focuses on the optimisation of fundamental prefix cells, namely white, grey, black and sum cells, through the combined use of transmission-gate logic and static CMOS techniques. The optimised cells are incorporated into the Brent–Kung adder architecture and simulated in Cadence Virtuoso at a supply voltage of 1 V and an operating frequency of 1 GHz. The full-custom implementation was selected instead of an FPGA- or synthesis-based approach to allow direct control over device dimensions, switching behaviour and circuit-level performance parameters. The proposed design is compared with conventional CMOS-based Kogge–Stone, Ladner–Fischer, Han–Carlson and Brent–Kung adder architectures for 4-bit, 8-bit, 16-bit and 32-bit configurations. The evaluation considers propagation delay, average power consumption, power–delay product (PDP) and transistor count under an FO4 load condition. Simulation results show that the proposed transmission-gate-based Brent–Kung adder achieves lower power consumption and a reduced PDP across the evaluated bit widths. For the 32-bit configuration, the proposed architecture records a delay of 1.14 ns, power consumption of 41.62 µW and a PDP of 47.4468 fJ. Transistor-count analysis also indicates reductions of approximately 40.8%, 37.9%, 35.8% and 34.9% for the 4-bit, 8-bit, 16-bit and 32-bit implementations, respectively, compared with the conventional Brent–Kung adder. These results indicate that the proposed architecture provides an improved balance among speed, power dissipation and hardware complexity for energy-efficient arithmetic circuit design in nanoscale VLSI applications.
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1. 1. INTRODUCTION

In recent years, the demand for high-speed and low-power arithmetic circuits has increased significantly because digital signal processing, microprocessors, communication systems, smartphones, multimedia devices and portable electronic applications have advanced rapidly. Modern VLSI systems require efficient hardware architectures capable of providing faster computation, lower power consumption and reduced silicon area (Kandpal et al., 2020). In applications such as real-time embedded systems, artificial intelligence hardware and mobile processors, achieving high computational speed with minimum energy dissipation has become one of the major challenges for VLSI designers (Rabaey, 1996). Therefore, the development of efficient arithmetic circuits has gained considerable importance in nanoscale CMOS technology.
Among various arithmetic building blocks, adders are among the most fundamental and extensively used circuits in digital systems. They form core components of arithmetic logic units, processors, DSP architectures, multipliers and data-path units. The overall performance of these systems is strongly influenced by the speed, power consumption and hardware complexity of the employed adder architecture. As technology scales towards nanoscale dimensions, designing adders with reduced delay and low power dissipation has become essential for high-performance semiconductor systems.
The Ripple Carry Adder (RCA) is one of the simplest and most widely used adder architectures because of its regular layout, compact structure and low hardware complexity. However, the major drawback of the RCA is its sequential carry propagation mechanism, in which each stage must wait for the carry generated from the previous stage before producing the final output. As the number of bits increases, the carry propagation delay increases linearly, resulting in slower computation speed and degraded system performance. Owing to this limitation, the RCA is less suitable for modern high-speed VLSI applications that require rapid arithmetic processing. To overcome the limitations of the RCA, several advanced adder architectures have been developed for high-speed arithmetic operations. Among these, Parallel Prefix Adders (PPAs) are considered efficient architectures because they compute carry signals in parallel using generate and propagate concepts. Unlike the RCA, PPAs significantly reduce carry propagation delay and improve computational speed. Owing to their logarithmic delay characteristics, PPAs provide better scalability and are widely preferred in high-performance processors, DSP units and communication hardware.
Several PPA architectures have been proposed in the literature to achieve different trade-offs among propagation delay, power consumption, fan-out, wiring complexity and transistor count (Reuben, 2021). Popular architectures include the Kogge–Stone adder, Brent–Kung adder, Han–Carlson adder and Ladner–Fischer adder. The Kogge–Stone adder provides a very low delay but requires high wiring complexity and area. The Brent–Kung adder offers reduced hardware complexity and lower wiring overhead at the cost of slightly higher delay. Similarly, the Han–Carlson and Ladner–Fischer adders provide balanced trade-offs between speed and area efficiency. Therefore, selecting an appropriate PPA architecture depends on the requirements of the target application.
Parallel Prefix Adders are constructed using fundamental prefix cells, namely white, grey, black and sum cells, arranged in multiple computational stages for parallel carry generation. These prefix cells mainly perform generate and propagate operations to produce carry signals efficiently. By modifying the structure and interconnection of these prefix cells, different PPA architectures can be realised with distinct performance characteristics. Consequently, the design of optimised prefix cells plays a crucial role in enhancing the overall hardware complexity, speed and power dissipation of PPAs.
Transmission-gate (TG)-based logic has attracted significant attention in VLSI circuit design because of its reduced transistor count, improved switching characteristics and lower power dissipation compared with conventional CMOS implementations. Transmission gates provide efficient signal transfer with reduced voltage degradation and enable compact transistor-level implementations for arithmetic circuits. Integrating TG logic with static CMOS structures can therefore improve the performance and energy efficiency of nanoscale adder architectures.
From the existing literature, FPGA-based implementations and conventional CMOS realisations of Parallel Prefix Adders (PPAs), the Brent–Kung adder has been identified as one of the efficient architectures in terms of the power and delay trade-off (Gauhar et al., 2020). Although architectures such as the Kogge–Stone adder provide very low propagation delay, they suffer from increased wiring complexity, larger area and higher power consumption. In contrast, the Brent–Kung structure offers reduced interconnect complexity, lower hardware overhead and improved energy efficiency while maintaining acceptable computational speed. Therefore, in this work, the Brent–Kung adder architecture is further optimised.
Research gap: Existing studies on parallel prefix adders have largely focused on architectural comparison, FPGA-based implementation or conventional CMOS realisation. However, comparatively limited attention has been given to the transistor-level optimisation of the fundamental prefix cells within the Brent–Kung structure under a 45 nm CMOS process. In particular, the combined use of transmission-gate logic and static CMOS for white, grey, black and sum cells requires further evaluation in terms of delay, power consumption, power–delay product and transistor count. This gap motivates the present work, which examines whether optimised prefix-cell design can improve the energy efficiency and hardware complexity of a Brent–Kung adder while preserving correct arithmetic operation.
The novelty of this work lies in the design optimisation of parallel prefix cells, such as white, grey, black and sum cells, using transmission-gate logic, which reduces the transistor count and results in lower power consumption, reduced hardware complexity and improved switching performance. Furthermore, a comparative analysis of conventional CMOS-based Kogge–Stone, Han–Carlson, Ladner–Fischer and Brent–Kung adder architectures with the proposed cell-based Brent–Kung adder is carried out to identify an efficient trade-off among speed, power consumption and hardware complexity for parallel prefix adder selection.
The remainder of this paper is organised as follows. Section II presents the background and overview of Parallel Prefix Adders (PPAs). Section III describes the proposed methodology and design implementation of the TG-based Brent–Kung adder. Section IV discusses the simulation results and comparative performance analysis. Section V presents the conclusions, and Section VI outlines the limitations of the study.

2. 2. RELATED BACKGROUND
Parallel prefix adders (PPAs) have been studied by many researchers to enhance the speed and efficiency of arithmetic operations. Various PPA architectures, such as the Kogge–Stone adder, Brent–Kung adder, Ladner–Fischer adder, Han–Carlson adder, Ling adder and Weinberger adder, have been extensively studied because of their distinct trade-offs in delay, area and interconnect complexity (Beaumont-Smith & Lim, 2001; Gupta et al., 2025). For instance, Miskin et al. (2024, 2025) performed a comprehensive comparison of different CMOS-based parallel prefix adder architectures implemented in 90 nm and 45 nm CMOS technologies. Their study evaluated key performance metrics, such as power, delay and area, to identify the architecture offering the best trade-off among different PPA designs. Similarly, Daphni and Grace (2017) examined various adder architectures and concluded that the Kogge–Stone adder provides the lowest delay, although it requires greater power consumption and larger area. Beyond basic comparative analyses, researchers have developed several adder architectures aimed at enhancing overall efficiency. Notably, Dimitrakopoulos and Nikolos (2005) developed a design methodology for Ling-based parallel prefix adders, achieving lower logic depth and reduced fan-out compared with traditional implementations. Kumar and Babu (2023) introduced an improved hybrid adder design that combines a tailored Binary Excess-1 Converter (BEC) with a Kogge–Stone adder and Ripple Carry Adder (RCA) configuration. Jagadeeshkumar and Meganathan (2021) presented an energy-efficient 64-bit parallel prefix adder that incorporates a newly designed two-bit sum unit along with an optimised recurrence scheme. Their implementation using static CMOS in advanced technology nodes (45–16 nm) achieved notable reductions in energy consumption.
Moreover, several studies have explored the use of emerging and advanced technologies for designing parallel prefix adders to enhance performance. For example, Krishna et al. (2018) evaluated the performance of the Brent–Kung adder implemented in 45 nm CMOS technology, using Cadence simulations across different bit widths. In another work, Touil et al. (2023) developed an optimised parallel prefix adder based on Quantum Dot Cellular Automata to achieve low power consumption along with high-speed operation. Recent studies have presented high-performance parallel binary adders using advanced domino CMOS logic, achieving notable reductions in delay and energy consumption. In addition, hybrid parallel-prefix architectures have been introduced that combine conventional structures with improved computation techniques to reduce logic depth and achieve a better trade-off between speed and area (Das & Khatri, 2008; Rosa et al., 2023).
In this work, a novel CMOS-based full-custom adder cell is implemented for the Brent–Kung adder using 45 nm CMOS technology, in which all fundamental building blocks are designed using transmission-gate (TG) logic and static CMOS instead of FPGA-based predefined libraries. Different Parallel Prefix Adder (PPA) architectures are discussed below.
2.1 2.1 Different Parallel Prefix Adder Architectures

Parallel prefix adders (PPAs) are considered efficient adder architectures for high-speed digital systems (Perri et al., 2014; Mittal, 2022), as they enable carry signals to be generated in parallel rather than sequentially. This parallel carry computation significantly reduces propagation delay by minimising the critical path length (Raju et al., 2016). Various PPA architectures have been proposed, each offering different trade-offs in terms of delay, area and interconnect complexity.
The Brent–Kung adder is a tree-structured parallel prefix architecture introduced in 1982 by Richard P. Brent and H. T. Kung, which minimises carry propagation delay by reducing critical path length and interconnect complexity (Brent & Kung, 1982).
The Ladner–Fischer adder, introduced in 1980, is a parallel prefix structure. It combines features of both the Sklansky adder and the Brent–Kung adder, offering a flexible trade-off between logic depth and wiring complexity. Although the Ladner–Fischer prefix structure exhibits relatively high fan-out at certain nodes, it achieves a minimal number of stages along the critical path. Consequently, the overall propagation delay is approximately log2(n)+1 (Ladner & Fischer, 1980).
The Kogge–Stone adder, introduced by Peter M. Kogge and Harold S. Stone in 1973, is one of the fastest parallel prefix adders because it computes carry signals completely in parallel, giving a delay of about log2(n). This makes it suitable for high-speed applications. However, it uses a large number of nodes and interconnections, which increases area, wiring complexity and power consumption owing to higher parasitic capacitances (Kogge & Stone, 1973).
The Han–Carlson adder is a hybrid parallel prefix structure that combines features of both the Kogge–Stone adder and the Brent–Kung adder. In this structure, carry-merge operations are mainly carried out for even bit positions, while generate and propagate signals are processed for odd bits (Han & Carlson, 1987).
3. 3. METHODOLOGY
3.1 Proposed Transmission-Gate-Based Prefix Cell Design
This work adopts a circuit-level design approach to optimise the performance of a Brent–Kung adder by focusing on transistor-level modifications. The methodology involves redesigning the fundamental prefix cells using transmission-gate (TG) logic in combination with static CMOS to achieve improved energy efficiency and speed performance. The three primary phases of the Brent–Kung adder operation are pre-computation, carry generation and post-computation (Namratha & Kumar, 2023).
3.1.1 White Cell: During the initial pre-processing stage, the propagate (Px) and generate (Gx) signals for each bit are obtained using a fundamental white cell. Both signals are obtained from the operands Ax and Bx and are expressed as follows:

                                         GX = 
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Figure 1. Proposed white cell: (a) circuit using transmission gates and (b) symbol.
Figure 1 presents the proposed white cell along with its symbolic representation. When Ax is logic 1 and Bx is logic 0, transistor P1 becomes active, causing the output to become high because it follows Ax. When Ax is zero, transistors P2 and N2 are activated, allowing the output Bx. If both input combinations are high, transistor N1 turns on and the output Px becomes the inverted form of input Ax. For the generate output Gx, when Ax is at logic 1, transistors P3 and N3 turn on and the output depends on the logic value of Bx. When Ax is low, transistor N4 turns on and Ax appears at the output under this logic condition. The white cell receives inputs Ax and Bx, where x represents the bit position. In an n-bit PPA, the value of x ranges from 0 to n−1. In the proposed approach, transistor dimensions are carefully optimised to ensure nearly equal rise and fall delays (tpLH ≈ tpHL). The design is realised in 45 nm CMOS technology, where the minimum transistor width is 120 nm (Kandpal et al., 2024).
3.1.2 Carry Generation: The carry generation stage is responsible for computing carry signals in parallel to reduce propagation delay and improve addition speed. This stage consists of grey and black cells, which perform the prefix operations required for carry computation. In the proposed design, the grey and black cells are implemented using transmission-gate (TG) logic to achieve improved power and delay performance. The structures of the grey and black cells are illustrated below.
3.1.2.1 Grey Cell: The grey cell generates only the carry output by combining the incoming generate and propagate signals. Unlike the black cell, the grey cell does not produce a propagate output, which helps reduce hardware complexity and power consumption. The carry computation performed by the grey cell is represented by Equation (3):

C+1 = G + P · C                           (3)

Figure 2 shows the proposed grey cell used in the carry generation network. The circuit is realised using transmission gates TG3 and TG4, along with transistors P4, P5, N5 and N6, to achieve efficient carry computation with reduced transistor complexity. The functionality of TG3, together with transistor N5, is controlled by the propagate signal Px and the carry input Cx. When Px is at logic high, TG3 is enabled, allowing the carry input Cx to determine the output state. Consequently, the term Px.Cx follows the value of Cx, enabling proper carry propagation. In contrast, when Px is low, the product term becomes zero and transistor N5 conducts, forcing the output to logic low. Similarly, if the intermediate term Px.Cx attains a high value, transistor P5 turns on and transfers the corresponding logic level to the output node. Otherwise, TG4 becomes active and the final output is controlled by the generate signal Gx. This overall switching mechanism enables accurate carry generation and propagation within the proposed grey cell architecture. In addition, transistors P4 and N6 act as an inverter stage for the output produced by TG3 and N5.
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Figure 2. Proposed grey cell: (a) circuit using transmission gates and (b) symbol.
3.1.2.2 Black Cell: The black cell is another fundamental building block of a Parallel Prefix Adder (PPA), responsible for performing carry-merge operations between adjacent stages of the prefix network. It generates both group propagate and group generate signals, which are further utilised for parallel carry computation in subsequent stages. Figure 3 illustrates the proposed black cell, which is implemented using 13 transistors. Equations (4) and (5) represent the generate and propagate signals, respectively.
                                     GOUT = Gx + Px · Gx−1                                                                                               (4)
                                       POUT = Px · Px−1                                                                                                             (5)
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Figure 3. Proposed black cell: (a) circuit and (b) symbol.

The operation of TG5, N7, TG7 and N9 depends on the control signals Px and inverted Px. For the Pout output, when Px is low, transistor N9 turns on and the signal Px appears at the Pout terminal. However, when Px is high, the signal Px−1 is transferred to the Pout node through the transmission-gate path. For the Gout output, when Px = 0, transistor N7 becomes active and the inverted Px signal is addressed to the inverter formed by P6 and N8. Consequently, a high output is obtained at P7 and TG6, turning TG6 on and allowing the signal Gx to propagate to the Gout terminal. On the other hand, when Px = 1, TG5 becomes active and the inverted Gx−1 signal is applied to P6 and N8. This signal further controls TG6 and P7, causing the Gout output to follow the logical operation. Hence, both output equations are satisfied by the proposed black cell operation.
3.1.3 Post-Processing Stage: Figure 4 illustrates the proposed sum cell, which is implemented using only six transistors. The sum cell is responsible for generating the final sum bit in the post-processing stage of the Parallel Prefix Adder. The SUM output is obtained by performing the XOR operation between the propagate signal and the carry signal corresponding to the same bit position. The sum expression is given as:
                                         Sx = Px  Cx                                                                (6)
Figure 4 illustrates the proposed sum cell, which operates based on the XOR functionality of inputs Px and Cx. The circuit is implemented using only one transmission gate along with static CMOS logic, resulting in reduced transistor count and lower hardware complexity. When both Px and Cx are at logic low, transistor P8 and transmission gate TG8 turn on, causing a low logic level from Cx to appear at the SUM output with full-swing characteristics. When Cx is low and Px is high, transistor P8 drives the SUM output to logic high. Similarly, when Cx is high and Px is low, TG8 provides a full-swing high output at the SUM node. However, when both Px and Cx are at logic high, transistor N10 turns on and produces a full-swing low output at the SUM terminal.
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Figure 4. SUM cell using transmission gates.
3.2 Brent–Kung Implementation: Figure 5 illustrates the 32-bit implementation of the Brent–Kung adder. The architecture uses basic prefix cells built one level at a time. It starts with 2-bit groups, which are combined to form 4-bit, 8-bit, 16-bit and, ultimately, 32-bit prefixes. The carry generation network is divided into several stages; the new 32-bit design uses eight stages to move carries efficiently. The computation begins with white cells that generate the initial propagate and generate signals. These signals are then processed through subsequent prefix stages using grey and black cells to compute higher-order carries. In the final stage, post-processing is performed, where the computed carry signals are used to generate the final sum outputs and carry-out. This hierarchical and staged arrangement enables efficient carry computation while controlling logic depth and reducing interconnect complexity.
[image: 32 bit]
Figure 5. Architectural representation of the 32-bit Brent–Kung adder.

4. RESULTS AND DISCUSSION

4.1 Transient Response and Design Implementation
Cadence Virtuoso is used to implement and simulate the proposed design in 45 nm CMOS technology. All simulations are carried out at a supply voltage of 1 V, with an operating frequency of 1 GHz and under a fan-out-of-4 (FO4) load condition, to ensure realistic performance evaluation. Figure 6 shows the schematic implementation in part (a) and the simulation results of the 4-bit adder configuration in part (b). The waveforms S0, S1, S2 and S3 represent the sum outputs of the adder, while signal C4 is the final carry output of the adder. The simulation results confirm the correct functionality of the proposed adder for different input combinations. It can be observed that all sum and carry outputs follow the expected logical behaviour without any functional errors. The generated waveforms demonstrate stable signal transitions and proper propagation of carry information through the adder stages.
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Figure 6. (a) Schematic implementation and (b) simulation results of the 4-bit BKA.
Figure 7 illustrates the schematic implementation and transient analysis of the 8-bit Brent–Kung adder. The input operands applied to the adder are represented by signals A0–A7 and B0–B7 in the waveform. The Cin signal denotes the input carry, which is initially maintained at logic 0, while Cout represents the final carry output generated after the completion of the addition operation. The corresponding sum outputs are represented by S0–S7, indicating the resultant bits produced by the adder. The transient response confirms the correct functionality of the proposed Brent–Kung adder, as all output signals accurately follow the expected arithmetic behaviour for the applied input combinations. The obtained waveforms exhibit proper carry propagation and stable output transitions, demonstrating the effectiveness of the parallel prefix structure in reducing computation delay. Furthermore, the simulation results validate the capability of the proposed design to achieve reliable operation while maintaining low power consumption and improved performance characteristics. Similar transient analyses were carried out for the 16-bit and 32-bit Brent–Kung adder architectures to verify the functionality and timing performance of the proposed design for higher bit-width implementations. The results indicate that the proposed architecture maintains correct operation and scalability across different adder sizes, making it suitable for high-speed and energy-efficient arithmetic applications.
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Figure 7. (a) Schematic implementation and (b) simulation results of the 8-bit BKA.

4.2 Performance Comparison and Discussion
This section presents a comprehensive performance comparison of the proposed transmission-gate (TG)-based Brent–Kung adder with other widely used Parallel Prefix Adder (PPA) architectures. The comparison is carried out in terms of transistor count, power consumption, propagation delay and Power–Delay Product (PDP). These performance metrics are important for evaluating the efficiency of arithmetic circuits in modern VLSI systems.
Table 1 presents a delay comparison for various conventional CMOS-based PPAs and the transmission-gate (TG)-based Brent–Kung adder, with all results evaluated under an FO4 load using an input-buffered test bench. The results indicate that the TG-based Brent–Kung adder provides a favourable trade-off between delay and power. Table 2 shows the average power consumption, and Table 3 presents the Power–Delay Product, where the TG-based Brent–Kung adder achieves the most favourable performance.

Table 1. Delay (ns) comparison.

	Delay (ns)

	Bit Size
	Ladner–Fischer
	Han–Carlson adder

	Kogge–Stone adder

	Brent–Kung adder
	Proposed TG-based Brent–Kung adder

	4-bit
	0.552
	0.513
	0.164
	0.238
	0.198

	8-bit
	0.845
	0.684
	0.428
	0.523
	0.368

	16-bit
	1.63
	1.48
	0.952
	1.02
	0.742

	32-bit
	3.17
	2.76
	1.48
	1.62
	1.14



Table 2. Power consumption (µW).

	Power consumption (µW)

	Bit Size
	Kogge–Stone adder
	Han–Carlson adder
	Ladner–Fischer
	Brent–Kung adder
	Proposed TG-based Brent–Kung adder

	4-bit
	14.46
	11.76
	10.48
	10.32
	5.16

	8-bit
	21.38
	18.58
	16.33
	16.58
	7.26

	16-bit
	56.84
	49.21
	46.85
	56.43
	17.43

	32-bit
	146.26
	123.83
	112.78
	102.67
	41.62


Table 3. PDP (fJ) of different PPAs.

	PDP (fJ)

	Bit Size

	Ladner–Fischer
	Han–Carlson adder
	Kogge–Stone adder
	Brent–Kung adder
	Proposed TG-based Brent–Kung adder

	4-bit
	5.7849
	6.0328
	2.371
	2.456
	1.02168

	16-bit
	76.365
	72.83
	54.11
	57.55
	12.93306

	32-bit
	357.51
	341.77
	216.46
	166.3
	47.4468

	32-bit
	357.51
	341.77
	216.46
	166.3
	47.4468



Table 4. Transistor count comparison of different PPAs.

	Transistor count

	Bit Size
	Kogge–Stone adder
	Han–Carlson adder
	Ladner–Fischer
	Brent–Kung adder
	Proposed TG-based Brent–Kung adder

	4-bit
	252
	184
	174
	174
	103

	8-bit
	582
	426
	414
	396
	244

	16-bit
	1452
	1062
	1052
	876
	556

	32-bit
	3330
	2352
	2034
	1860
	1202



Table 4 presents a comparison of transistor count, demonstrating that the TG-based design reduces the number of transistors and contributes to lower power consumption. The proposed design shows an approximately 35–41% reduction in the number of transistors across different bit sizes. Specifically, the reduction is about 40.8% for the 4-bit, 37.9% for the 8-bit, 35.8% for the 16-bit and 34.9% for the 32-bit implementations. This reduction in transistor count directly contributes to lower power consumption and improved area efficiency, highlighting the effectiveness of the proposed design.
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Figure 8. Power–Delay Product comparison of different parallel prefix adders for different bit widths at a 1 V power supply.
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Figure 9. Transistor count comparison of different parallel prefix adders.

Figure 8 illustrates the comparative graph of the Power–Delay Product (PDP) for different Parallel Prefix Adders (PPAs) evaluated at a supply voltage of 1 V and an operating frequency of 1 GHz. The graph demonstrates the overall energy efficiency of the considered PPA architectures and highlights the improved PDP performance achieved by the proposed TG-based Brent–Kung adder. The obtained results indicate that the proposed architecture achieves a lower PDP compared with the conventional PPA structures, reflecting a better balance between power consumption and propagation delay. Since PDP is an important metric for evaluating the energy efficiency of digital circuits, the reduction in PDP confirms the suitability of the proposed design for low-power and high-speed VLSI applications. The improvement can be attributed to the reduced transistor count and efficient signal propagation offered by the transmission-gate-based implementation.
Figure 9 presents the transistor count comparison of different PPA architectures. The comparison indicates that the proposed TG-based design reduces the transistor count compared with conventional CMOS implementations. This leads to lower hardware complexity, reduced silicon area and improved power efficiency. Furthermore, a lower transistor count contributes to reduced switching activity and lower parasitic capacitances, which positively affect the overall power consumption of the circuit. The reduction in hardware resources also enhances the practicality of the proposed design for large-scale arithmetic units and energy-constrained applications. Therefore, the proposed TG-based Brent–Kung adder provides an efficient trade-off between hardware complexity and performance while maintaining reliable operation.

5. CONCLUSIONS
This work presented a transistor-level optimisation of parallel prefix cells, including white, grey, black and sum cells, using transmission-gate logic and static CMOS techniques for implementation in a Brent–Kung adder. The proposed architecture was designed and simulated in Cadence Virtuoso using 45 nm CMOS technology at a 1 V supply voltage and 1 GHz operating frequency. Comparative evaluation was carried out against conventional CMOS-based Kogge–Stone, Han–Carlson, Ladner–Fischer and Brent–Kung adder architectures across different bit widths. The results show that the proposed transmission-gate-based Brent–Kung adder reduces transistor count and average power consumption while maintaining reliable carry generation and sum computation. For the 32-bit configuration, the proposed design achieved a delay of 1.14 ns, power consumption of 41.62 µW and a PDP of 47.4468 fJ. The transistor-count reduction was approximately 40.8%, 37.9%, 35.8% and 34.9% for 4-bit, 8-bit, 16-bit and 32-bit implementations, respectively, compared with the conventional Brent–Kung structure. These findings indicate that optimising the prefix-cell design can provide a balanced improvement in power efficiency and hardware complexity for high-speed arithmetic circuits. The proposed design is therefore a suitable candidate for low-power VLSI systems requiring efficient adder architectures and compact transistor-level realisation within nanoscale applications.
6. LIMITATIONS
This study is limited to schematic-level design and simulation using Cadence Virtuoso in a 45 nm CMOS process. The analysis considers delay, average power consumption, PDP and transistor count under a 1 V supply voltage, 1 GHz operating frequency and FO4 load condition. However, post-layout parasitic extraction, process-voltage-temperature variation, noise-margin analysis and physical layout verification were not included. The proposed transmission-gate-based design also requires true and complementary control signals, which may increase routing and signal-generation complexity in larger integrated systems. The comparison is restricted to selected parallel prefix adder architectures and the evaluated bit widths; therefore, the results may vary for other adder structures, technology nodes or load conditions. Further work is required to assess layout-level performance, scalability in advanced nodes such as 28 nm, 16 nm and FinFET technologies, and integration within complete arithmetic units under practical design constraints and broader operating conditions for more complete validation and integration.
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