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ABSTRACT: This project presents the design and simulation of a 5-stage pipelined RISC-V (RV32I) processor 

implemented using Verilog HDL. The motivation behind this work is the increasing demand for efficient, open-source 

processor architectures in academic and embedded system applications. The primary objective is to develop a 

functional processor core that demonstrates key pipelining concepts such as instruction-level parallelism and 

performance improvement through overlapping execution stages. The proposed design includes the five standard 

pipeline stages: Instruction Fetch (IF), Instruction Decode (ID), Execute (EX), Memory Access (MEM), and Write 

Back (WB). To enhance performance and correctness, important mechanisms such as data forwarding, load-use hazard 

detection with stalling, and branch handling with pipeline flushing are implemented. A small instruction memory and 

data memory are integrated to execute a sequence of instructions including arithmetic, load/store, and branch 

operations. The processor is simulated using a testbench in Verilog to validate functionality. The results demonstrate 

correct execution of instructions with proper handling of hazards and pipeline control. Performance metrics such as 

cycle count, instruction count, and Cycles Per Instruction (CPI) are calculated to evaluate efficiency. The design shows 

improved throughput compared to a non-pipelined approach and serves as a foundational model for understanding 

modern processor architectures. This work can be further extended for advanced features such as branch prediction and 

superscalar execution. 
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I. INTRODUCTION 

 

The field of computer architecture has evolved significantly from early stack-based and complex instruction set designs 

to more efficient and optimized architectures such as Reduced Instruction Set Computing (RISC). RISC architecture 

emphasizes simplicity by using a limited set of instructions, fixed instruction formats, and faster execution cycles. 

RISC-V is a modern, opensource Instruction Set Architecture (ISA) developed to overcome the limitations of 

proprietary architectures. Unlike commercial ISAs such as ARM and Intel, which require costly licensing and restrict 

customization, RISC- V is freely available, making it highly suitable for academic research, industrial applications, and 

innovation in embedded and high-performance systems. 

 

In earlier processor designs, single-cycle architectures were widely used, where each instruction is executed in a single 

clock cycle. Although simple and easy to design, this approach suffers from performance inefficiencies because the 

clock cycle duration is determined by the slowest instruction. As a result, faster instructions also take the same amount 

of time, leading to underutilization of system resources. To address this limitation, pipelining was introduced as a key 

technique to improve processor performance by allowing multiple instructions to overlap during execution.A pipelined 

processor divides the instruction execution process into multiple stages, typically  

 

Instruction Fetch (IF), Instruction Decode (ID), Execute (EX), Memory Access (MEM), and Write Back (WB). Each 
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stage performs a specific function, and pipeline registers are used to store intermediate results between stages. This 

enables concurrent execution of multiple instructions, significantly increasing throughput. However, pipelining 

introduces challenges such as data hazards and control hazards, which must be properly managed to ensure correct 

execution. Techniques such as data forwarding, stalling, and branch handling are used to overcome these issues and 

maintain pipeline efficiency. 

 

 

 

Figure 1.1: Five-Stage Pipeline Instruction Flow in a RISC-V Processor. 

 

In this project, a 5-stage pipelined RISC-V processor based on the RV32I instruction set is designed and implemented 

using Verilog HDL. The design includes key components such as the Arithmetic Logic Unit (ALU), register file, 

instruction memory, data memory, and pipeline registers.Hazard handling mechanisms, including forwarding logic, 

load- use hazard detection, and branch control with pipeline flushing, are incorporated to ensure accurate and efficient 

operation. The processor is verified through simulation using a testbench, and performance metrics such as cycle count, 

instruction count, and Cycles Per Instruction (CPI) are evaluated. This project highlights the advantages of pipelining in 

modern processor design and provides a strong foundation for future enhancements such as cache integration and 

advanced control mechanisms. 

 

II. LITERATURE REVIEW 

 

In existing systems, RISC-V processors are commonly implemented using a single-cycle architecture, where each 

instruction is executed completely within one clock cycle. In this design, all stages of instruction execution—
Instruction Fetch, Decode, Execute, Memory Access, and Write Back— are performed sequentially in a single cycle. 

While this approach simplifies the design and control logic, it limits the overall performance of the processor. 

 

The architecture consists of two main components: the datapath and the control unit. The datapath includes components 

such as the Program Counter (PC), instruction memory, register file, ALU, and data memory, which are responsible for 

executing instructions. The control unit generates control signals based on the instruction opcode to direct the operation 

of the datapath.In this system, the instruction is first fetched from instruction memory using the Program Counter, then 

decoded to determine the required operation and operands. The ALU performs the necessary arithmetic or logical 

computation. For load and store instructions, data memory is accessed to read or write data, and finally, the result is 

written back to the register file. Since all these operations are completed within a single clock cycle, the clock period 

must be sufficiently long to accommodate the slowest instruction, particularly memory access operations. 

 

As a result, single-cycle processors suffer from limitations such as long critical path delay, inefficient hardware 

utilization, and increased design complexity. Only one instruction is executed at a time without overlap, which reduces 

throughput and overall performance. These drawbacks highlight the need for pipelined architectures, which improve 

performance by enabling parallel execution and better resource utilization. 

 

III. CIRCUIT DESIGN 

 

a) Overall Architecture 

The proposed processor is a 5-stage pipelined design based on the RISC-V (RV32I) architecture, implemented using 

Verilog HDL. The design follows the principle of instruction pipelining, where multiple instructions are executed in an 

overlapped manner different stages. The five stages—Instruction Fetch (IF), Instruction Decode (ID), Execute (EX), 
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Memory Access (MEM), and Write Back (WB)—are connected through pipeline registers (IF/ID, ID/EX, EX/MEM, 

MEM/WB). These registers store intermediate results and ensure proper synchronization between stages, thereby 

enabling continuous instruction flow and improved throughput. 

 

Figure 2.1: Architecture of a 5-Stage Pipelined RISC-V Processor Datapath 

 

b) Instruction Fetch (IF) 

The IF stage is responsible for fetching instructions from instruction memory using the Program Counter (PC). The PC 

holds the address of the current instruction and is incremented by 4 after each fetch to point to the next instruction. In 

case of branch instructions, the PC is updated with the computed branch target address. The fetched instruction and the 

current PC value are stored in the IF/ID pipeline register. This stage ensures a steady supply of instructions to the 

pipeline and plays a crucial role in maintaining pipeline efficiency. 

 

c) Instruction Decode (ID) 

In the decode stage, the fetched instruction is analyzed to 

identify opcode, source registers (rs1, rs2), destination register (rd), and immediate values. The register file provides 

operand values corresponding to the source registers. Immediate values are generated and sign-extended for use in later 

stages. This stage also includes a hazard detection unit, which checks for dependencies between instructions, 

particularly load-use hazards. If such a hazard is detected, a stall signal is generated to pause the pipeline and maintain 

correct execution. The decoded information is stored in the ID/EX pipeline register.. 

 

d) Execute (EX): 

The execute stage performs arithmetic and logical operations using the Arithmetic Logic Unit (ALU). It also calculates 

effective addresses for memory operations and evaluates branch conditions. To minimize delays caused by data 

dependencies, a forwarding unit is implemented, which selects operands from later pipeline stages (EX/MEM or 

MEM/WB) instead of waiting for write-back. This reduces pipeline stalls and improves performance. The results of 

Aoperations, along with control signals, are stored in the EX/MEM pipeline register for further processing. 

 

e) Memory Access (MEM): 

The MEM stage handles interactions with data memory. For load (lw) instructions, data is read from memory, and for 

store (sw) instructions, data is written into memory. The memory address is obtained from the ALU output generated in 

the EX stage. This stage ensures proper data transfer between processor and memory. The output data or ALU result is 

then passed to the MEM/WB pipeline register. 

 

f) Write Back (WB): 

The Write Back stage is the final stage of the pipeline where the result of an instruction is stored in the register file. The 

value produced either by the ALU (from the Execute stage) or fetched from memory (from the Memory Access stage) is 

written into the destination register. This makes the result available for future instructions and marks the completion of 

the instruction execution 

. 

IV. EXPERIMENTAL FINDINGS AND ANALYSIS 

 

The simulation results of the 5-stage pipelined RISC-V (RV32I) processor validate both functional correctness and 

theoretical concepts of pipelined execution. In theory, pipelining improves processor performance by overlapping 
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instruction execution, thereby increasing instruction-level parallelism (ILP). This behavior is clearly observed in the 

waveform, where multiple instructions are simultaneously present in different stages (IF, ID, EX, MEM, WB). The 

absence of undefined (X) states and the smooth propagation of signals across pipeline registers confirm proper 

synchronization and stable datapath design. 

 

 

Figure 4.1: Simulation results 

 

Figure 4.2: Simulation of 5-Stage Piplelined results 

 

g) Functional Results 

The observed register values (x1 = 5, x2 = 10, x3 = 15, x4 = 15) match the expected results based on the instruction 

sequence. The correct execution of addi, add, sw, lw, and beq instructions demonstrates that the processor correctly 

implements RISC-V instruction semantics. Theoretically, each instruction completes after passing through all five 

stages, and the results confirm that data is correctly written back to the register file. The successful memory read/write 

operations validate the proper interaction between the processor and data memory.x1 = 5 (from addi x1, x0, 5) x2 = 10 

(from addi x2, x0, 10) x3 = 15 (from add x3, x1, x2) x4 = 15 (from lw x4, 0(x0))Additionally, memory location 

data_mem[0] stores the correct value 15, verifying proper store (sw) and load (lw) operations. The branch instruction 

(beq) is successfully executed, as seen from the pipeline behavior where the next instruction is skipped, confirming 

correct control flow handling. 

 

h) Pipeline Operation Analysis 

According to pipeline theory, once the pipeline is filled, one instruction completes per clock cycle, significantly 

improving throughput. The waveform reflects this behavior, where instructions advance stage-by-stage in each clock 

cycle. The theoretical concept of pipeline latency vs throughput is also observed: although the first instruction takes 

multiple cycles to complete, subsequent instructions complete faster due to overlapping execution. 
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i) Hazard Handling Results 

The signals in the waveform confirm correct hazard handling: 

• Forwarding signals (forwardA, forwardB) are activated when dependencies occur. 

• Stall signal is asserted during load-use hazard conditions. 

• Branch_taken signal is triggered correctly, and pipeline flushing is observed. 

 

 

Figure 4.3: Operational Analysis 

 

These results indicate that hazards are properly detected and resolved without affecting correctness. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Hazard Handling 

 

j) Performance Results 

From the simulation: 

Cycle Count ≈ 14 Instruction Count ≈ 12 CPI ≈ 1.11 

The CPI value close to 1 indicates efficient pipeline performance. Although minor stalls and branch penalties are 

present, the processor achieves significantly improved throughput compared to a non-pipelined design. 

 

k) Overall Theoretical Findings 

 

• Pipelining increases throughput by enabling parallel instruction execution 

• Pipeline registers ensure stage isolationand synchronization 

• Hazard handling mechanisms are essential for maintaining correctness 

• CPI serves as a key metric for evaluating pipeline efficiency 

• The design closely matches theoretical expectations of a 5-stage pipeline. 

 

Analysis 

The experimental results strongly align with theoretical principles of pipelined processor design. The implementation 

successfully demonstrates how instruction-level parallelism, hazard management, and pipeline control contribute to 

improved processor performance, making it a practical realization of modern CPU architecture concepts. 
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V. CONCLUSION 

 

The project focuses on the design and implementation of a 5- stage pipelined RISC-V processor using Verilog HDL. 

The pipelined architecture improves system performance by enabling the parallel execution of multiple instructions 

across different stages. This results in 42 higher throughput and efficient utilization of hardware resources compared to 

single- cycle designs. 

 

The processor is designed with key components such as the Program Counter, Instruction Memory, Register File, 

ALU, Data Memory, Control Unit, and Pipeline Registers. Additionally, hazard handling techniques such 

as data forwarding, load-use stalling, and branch handling are implemented to ensure correct execution of instructions 

and maintain pipeline efficiency.The design is successfully simulated using Vivado, and the results confirm correct 

execution of arithmetic operations, memory access, and branch instructions. The pipeline stages operate 

simultaneously, and hazard handling mechanisms effectively resolve data and control dependencies. In conclusion, the 

pipelined RISC-V processor provides a high- performance and efficient solution for modern computing applications. 

Although it introduces additional design complexity, the significant improvement in speed and throughput makes it 

more suitable than single-cycle processors for real-time and high-speed systems. 

 

VI. FUTURE SCOPE 

 

The proposed 5-stage pipelined RISC-V processor offers several opportunities for improvement in performance and 

efficiency. Techniques such as pipeline balancing, reducing stalls, and advanced hazard handling methods like dynamic 

branch prediction and out-of-order execution can enhance overall execution. Additionally, extending the instruction set 

can enable better support for specialized applications such as digital signal processing, cryptography, and embedded 

systems. 

 

Further enhancements can be made in memory and architecture. Integrating instruction and data cache memory can 

significantly reduce access time and improve speed, while extending the design to multicore architectures allows 

parallel task execution for higher performance. Power optimization methods such as clock gating, power gating, and 

dynamic voltage scaling can also make the processor more energy- efficient and suitable for low-power applications. 

Finally, implementing advanced control flow techniques can reduce performance loss due to branching. The processor 

can be deployed on FPGA platforms or developed into ASICs for real-world applications. Improving toolchain support 

and integrating the processor with modern technologies like IoT systems and AI accelerators will further enhance its 

usability and relevance. 
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