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Abstract

This paper discusses the development of a lightweight 32-bit pipelined processor implementing the RISC-
V instruction set architecture. The processor uses a 5-stage pipeline scheme that provides hazard detection
and data forwarding. To address the needs of the computational-intensive processing, the design uses a
more advanced version of the standard RV32l instruction set with built-in multiplication—accumulation
operation in the ALU complemented by lightweight SIMD computations and ReLU operation. The
processor is modeled in Verilog HDL code and verified on the Xilinx Artix-7 FPGA board. Results of
synthesis show that the design requires only 1.5% of LUTSs and less than 1% of registers. The design is
clocked by 100 MHz clock generator and all timing requirements are satisfied with 3.661 ns of slack.
Energy consumption simulation shows on-chip power consumption of about 0.075 W. Simulation
confirms proper operation of arithmetic and memory instructions, as well as MAC operation. The
proposed architecture achieves a balance between performance, efficiency, and computational capability,
making it suitable for embedded and edge-Al applications.
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1. INTRODUCTION

There is a significant need for effective, affordable, and adaptable CPU designs due to the quick
development of embedded systems, Internet of Things (IoT) devices, and edge computing applications.
Conventional proprietary instruction set architectures (ISAs) like x86 and ARM [1] [2] [3] sometimes
impose restrictions on extension, flexibility, and licensing. Because of its modular architecture, open-source
nature, and support for user-defined extensions, the RISC-V ISA has become a viable substitute in this
regard [2] [3]. Because of these characteristics, it is especially well suited for domain-specific processor
development, education, and research. [4]
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In addition to general-purpose computation, modern embedded and edge applications, such digital signal
processing and lightweight artificial intelligence (Al) inference, increasingly need fast execution of
arithmetic-intensive workloads [10] [12]. Although they offer a straightforward and effective basis,
conventional RISC-V processors built on the RV32lI instruction set lack the specialized computing power
required for such applications. However, improving speed through sophisticated methods like superscalar
architectures or out-of-order execution results in substantial hardware overhead [7], higher power
consumption, and design complexity [8], all of which are undesirable for situations with limited resources
[11].

In order to overcome performance bottlenecks without compromising complexity, pipelining of processors
is extensively used. The basic 5-stage pipelined architecture includes fetching instructions, decoding them,
executing them, accessing memory, and writing back results, thereby increasing the efficiency of
instruction execution through concurrent stage execution. But with the introduction of pipelines, issues like
data hazards, control hazards, and pipeline stalls arise, which negatively impact performance, if not
mitigated effectively [10].

Various approaches have been considered in recent years to enhance the performance of RISC-V processors
using stall minimization, instruction set extensions, and low-power processor design. [17] Although these
approaches have significantly contributed to achieving improvements in their respective domains, there is
no existing solution that addresses both the pipelined and application-specific requirements together.

A 5-stage pipelined RV32I processor with hazard detection and forwarding capabilities is designed and
synthesized by Verilog HDL and implemented on a Xilinx Artix-7 FPGA board in this study. To improve
the functionality of the processor, domain-specific instructions have been added to the existing RV32I
instructions. In particular, a multiply-accumulate (MAC) computation instruction was introduced, which is
executed directly in the ALU block. Moreover, simple SIMD-type instructions have been implemented to
provide an effective execution of arithmetic-heavy kernels.

The proposed processor achieves very low resource consumption, robust timing behavior, and low power
dissipation on FPGAs. It shows promising potential for the design of application-specific processing cores
with high-performance computation engines.’

2. Literature Review

The open-source RISC-V instruction set architecture (ISA) has become more popular due to the rising need
for effective and adaptable processor architectures in embedded and edge computing. [15] Researchers may
investigate different optimization tactics spanning performance, power efficiency, reliability, and
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Fig. 1: High level block diagram of the proposed 5 stage pipelined architecture

application-specific acceleration because to its modular and extensible design. [16] Several works in recent
literature have addressed these aspects from different perspectives.

Several pieces of research concern themselves with increasing pipeline efficiency and solving performance
problems. For example, the recent study on bubble-free pipelining RISC-V architecture (Ray, and K.C) [4]
describes ways of removing load-use hazard and thereby greatly boosting CPI and benchmark performance.
[14] Pipelining without using out-of-order execution results in increased throughput [13] and is relatively
simple architecturally, but the problem remains limited to general-performance improvement only, without
any special application-oriented computation enhancement.

However, there is another kind of research which places greater emphasis on simplicity and energy
consumption. Specifically, the paper about the bitRISC architecture (Jain, Sharma, et al) [5] introduces
BMI to increase efficiency in executing certain instructions in embedded systems. In addition, some
processors use a serial data path combined with pseudo-pipelining methods to decrease energy consumption
and make hardware simpler. These processors have high energy efficiency and can be effectively used in
0T nodes; however, they have a much higher CPI and lower throughput because of their simple data paths.
Other research endeavors involve designing highly optimized processors based on aggressive
microarchitecture enhancements and benchmarking. High levels of performance can be seen in the metrics
DMIPS/MHz and CoreMark/MHz [6], where their performance is similar to or even better than that of
commercial ARM Cortex processors. Such processors optimize instruction execution and high frequency
operations; they are often implemented on both FPGAs and ASICs. Yet, they do not possess specialized
computational units for novel tasks such as edge Al.

In addition to performance and power consumption, reliability has been another key topic in RISC-V
research. Fault tolerant RISC-V processors with TMR (triple modular redundancy) and DMR (double
modular redundancy) schemes (Ray, Shukla, and K.C.) [7] have been developed for mission-critical
applications in high-radiation areas. Although they improve system reliability, there is substantial overhead
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in terms of area and power consumption; therefore, they are unsuitable for resource-limited embedded
systems.

Moreover, there are some works that deal with advancements made at the system level rather than those
related to the processor core itself. To give an example, RISC-V-based computing platforms have been
utilized to study novel NVM technologies like STT-RAM and racetrack memory [8]. Such researches offer
insights into issues of power consumption and scaling, yet do not advance the field of processor
microarchitecture per se.

3. PROPOSED SYSTEM

From the above literature analysis, it can be clearly seen that current studies concentrate on particular
aspects of the design and implementation process such as pipelining optimization, low power
implementation, performance evaluation, reliability, and memory subsystems. There are, however, few
studies concentrating on combining pipelining efficiency with application-level acceleration, especially
those related to recent edge-based Al applications.

In this regard, the current study will be focused on developing a five-stage pipelined RV32I processor with
additional instruction extensions dedicated to specific application computations, namely MAC and SIMD-
like instructions. Different from the previous processors designed with respect to general-purpose
optimization and extremely low-power consumption, the proposed processor will strive to find the best
combination of performance and computational abilities within limited resources.

I. IMPLEMENTATION
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Fig. 2: RTL elaborated schematic of the processor

To facilitate effective execution within the embedded and FPGA systems, the proposed processor design
employs a 32-bit pipelined RISC-V (RV32]) CPU implemented using Verilog HDL. The implementation
process leverages a Xilinx Artix-7 xc7a35tcsg324-1 device for synthesis and prototyping, which utilizes a
conventional 5-stage pipeline configuration. For applications requiring real-time processing capabilities,
the selected clock frequency of 100 MHz achieves a balance between reliability and efficiency.

The multiply (MUL) instruction constitutes one of the arithmetic instructions from the M-extension
supported by the processor besides the basic RV32l instruction set. Increased processing capability is
achieved through this strategic inclusion without increasing the level of complexity in hardware resources.
Input programs written in hexadecimal machine codes can be processed by the developed instruction
decoder, while instruction execution follows conventional RISC-V instruction coding.
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The instruction memory will be structured such that its size is 32 KB and therefore able to hold up to 8192
instructions of 32-bit width. This structure is made possible by mapping the instruction memory onto
BRAM on the FPGA such that it enables efficient fetching of instructions. Data memory and register file
structures will be formed from distributed memaories within the FPGA chip.

The processor structure is defined by a modular architecture, where separate Verilog files are provided for
important modules including the program counter, instruction memory, control unit, register file, ALU, and
pipeline registers. Hazard detection and data forwarding modules are included to maintain proper execution
flow and avoid stalls in the pipeline. Simulations and syntheses will be done with standard FPGA-based
tools.

Instead of implementing the entire set of multiplication and division instructions, this version simply uses
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Fig. 3: Waveform obtained in Vivado validating the operation of the processor

the MUL instruction from the M extension and adds a special Multiply-Accumulate (MAC) instruction.
The intended application domain of edge-Al acceleration, hardware efficiency, and architectural simplicity
all play a role in this design choice. The memory subsystem is closely linked with the control and hazard
detection units to guarantee efficient pipeline execution. Additionally, by avoiding data from subsequent
pipeline stages wherever feasible, forwarding methods aid in lowering performance penalties.

4. VVERIFICATION

The functional correctness of the 32-bit pipelined RV321 processor was checked by extensive simulation
and testing done using the Xilinx Vivado Simulator. Verification was done at the RTL level to ensure that
all the pipeline stages, control unit, and data path operate correctly in different instructions.
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A special testing environment was created to provide clock and reset signals to the circuit, load instructions
into the instruction memory, and capture outputs from the processor while executing them. In this respect,
the system clock was set at 100 MHz and was generating periodic toggle signals for use by the circuit.
Further, an asynchronous reset was used to initialize all the registers and pipeline stages to specific values
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Fig. 4: Total utilization represented in the overall target board area,
shaded in cyan

at the beginning of simulation. Machine instructions were loaded into the instruction memory in
hexadecimal notation.

A series of testing programs was developed to verify the various functional blocks of the processor.
Arithmetic operations such as addition, subtraction, bit-wise AND, OR, XOR, and shifting instructions
were implemented using a sequence of instructions to make sure ALU worked correctly. The functionality
of loading and storing instructions was also examined by executing memory operations with different bit
widths to make sure the data was properly aligned.

Particular attention was paid to the verification of the arithmetic extensions added to the processor in the
current version. Multiply and multiply—accumulate operations were performed iteratively and checked for
proper data accumulation and interaction with the ALU pipeline. The correctness of these operations was
made sure using comparisons of simulation output registers with the expected register values.

Pipeline analysis was conducted by looking at waveforms. All instructions should pass all five pipeline
stages correctly: Instruction Fetch (IF), Instruction Decode/Read Instruction Registers (ID),
Execution/Read Data Registers (EX), Memory Access (MEM), and Write Back (WB). To make sure the
data hazards were handled correctly, we executed dependent instructions sequences and inspected
simulation waveforms. Debug outputs, such as program counter updates and register write-back operations,

AIJFR26046867 Volume 7, Issue 4 (July-August 2026) 6


http://www.aijfr.com/

Advanced International Journal for Research (AlJFR)
E-ISSN: 3048-7641 e Website: www.aijffrcom e Email: editor@aijfr.com

were also included to track internal processor states. These outputs made it easier to validate pipeline
transitions and instruction execution step-by-step.

II. RESULTS AND ANALYSIS

A. Functional Verification

The pipeline RV32I processor with MAC support was tested using simulation in Xilinx Vivado, and the
test outcomes show that instructions have been executed appropriately, data paths operate well, and all
hardware components have been integrated properly. During the stage of testing in a single cycle
implementation, all instructions of RV32l have been tested and shown to work fine. Outputs were
calculated appropriately by the ALU, registers worked well, and the program counter has incremented well.
Instruction decoder has been able to produce control signals for all types of instructions, namely R-type, I-
type, S-type, B-type, U-type, and J-type instructions.

Within the pipelined design, waveform analysis verifies the correctness of the instruction flow at the five
different pipeline stages, namely Instruction Fetch (IF), Instruction Decode (ID), Execute (EX), Memory
(MEM), and Write Back (WB). Overlapping of instructions occurs during the execution process, whereby
the different stages are synchronized appropriately. Pipeline write-back ensures that the correct output is
achieved. The hazard detection techniques have been verified to function properly within the system. Data
hazards are solved via forwarding and stalls to ensure that no incorrect instruction flow occurs because of
data dependency issues.

The MAC unit was also proven to be successful. The simulation showed that multiplication and
accumulation processes were successful for different inputs. The MAC unit increases the efficiency of the
calculations by decreasing the number of instructions used in mathematical tasks.

B. Performance and Area Analysis

The designed architecture has been successfully synthesized and tested for hardware utilization. The
hardware analysis shows that the designed architecture has highly efficient resource utilization.

The designed architecture utilizes only 313 Slice LUTs (1.50%) and 201 Slice Registers (0.48%) from the
total FPGA resources, indicating its compactness. In addition to this, one Block RAM (BRAM) is used
(1%) for instruction memory, which helps in fetching instructions efficiently. Furthermore, no DSP blocks
have been used as arithmetic operations are handled by logic units. This proves that the designed
architecture is highly efficient but still can be enhanced through use of DSPs for MAC operations. Also, 10
bonded 1/Os pins (4.76%) and one BUFG (3.13%) clock buffer are utilized. Hence, total FPGA resource
utilization is 10.87%.

TABLE I. FPGA RESOURCE UTILIZATION SUMMARY
Resource Type Used Available Utilization
Slice LUTs 313 20,800 1.50%
Slice Registers 201 41,600 0.48%
Block RAM (BRAM) 1 100 1.00%
DSP Blocks 0 90 0.00%

AIJFR26046867 Volume 7, Issue 4 (July-August 2026) 7


http://www.aijfr.com/

Advanced International Journal for Research (AlJFR)
E-ISSN: 3048-7641 e Website: www.aijffrcom e Email: editor@aijfr.com

Bonded I/O 10 210 4.76%
BUFG (Clock Buffer) 1 32 3.13%
Total Utilization 10.87%

C. Timing Analysis

The static timing analysis indicates that the design satisfies all timing requirements for operation at the
targeted clock speed of 100 MHz. The value of the Worst Negative Slack (WNS) is +3.661 ns, meaning
there is enough timing slack to ensure that there are no setup timing violations. There is also an absence of
timing violations in the hold time analysis because the Worst Hold Slack (WHS) is +0.087 ns, which
indicates that the data is captured reliably. There are also no pulse width violations because the Worst Pulse
Width Slack (WPWS) is +3.750 ns.

TABLEI.  TIMING SUMMARY

Parameter Value
Clock Requirement 10 ns
Worst Negative Slack (WNS) +3.661 ns
Total Negative Slack (TNS) 0.000 ns
Worst Hold Slack (WHS) +0.087 ns
Total Hold Slack (THS) 0.000 ns
Worst Pulse Width Slack +3.750 ns
Maximum Frequency Achieved 193 MHz

D. Power Analysis

The power consumption estimated via Vivado tool amounts to a total on-chip power consumption value of
0.075 W, signifying that the project can be considered to be a very efficient project in terms of energy
consumption. Dynamic power consumption has been measured at only 0.004 W, whereas static power
consumption is at its peak, measuring up to 0.072 W. The small dynamic power consumption rate is owed
to the decreased switching of components. In terms of temperature, a junction temperature of 25.4°C is
achieved, which is very near the ambient temperature value.

TABLE Ill.  POWER REPORT

Parameter Value
Total On-Chip Power 0.075W
Dynamic Power 0.004 W
Static Power 0.072 W
Junction Temperature 25.4°C
Max Ambient Temperature 84.6 °C
Confidence Level Medium

COMPARATIVE ANALYSIS

The pipelined RV32l architecture is compared to state-of-the-art RISC-V processors concerning
performance, energy efficiency, and computing ability. Recent literature such as the design of bubble-free
pipelined RV32l processors [4] presents modest CPI enhancement (19%) without any domain-specific

AIJFR26046867 Volume 7, Issue 4 (July-August 2026) 8


http://www.aijfr.com/

Advanced International Journal for Research (AlJFR)

E-ISSN: 3048-7641

o Website: www.aijffrcom e Email: editor@aijfr.com

accelerations. Lightweight processors like bitRISC [5] and SDPF pseudo-pipelined structures [6], which
aim at energy savings and simplicity, have high CPIs due to the lack of deep pipelining.
RISC-V processors for high performance [7] are characterized by higher efficiency on benchmarks (4.13
CoreMark/MHz), but no accelerator structures specific to any applications have been employed. Likewise,
the fault-tolerant multi-core structure [8] uses redundant cores to provide higher reliability but at the
expense of higher area consumption and energy efficiency, and system-oriented memory-based approaches

[al.

The suggested architecture, on the other hand, integrates a Multiply-Accumulate (MAC) unit and SIMD-
style improvements for increased computational efficiency while achieving a balanced design with CPI =
1 and low FPGA power consumption (~75 mW). The suggested solution is more appropriate for edge-Al
workloads than previous efforts since it incorporates lightweight Al-oriented operations like MAC and
ReLU-style computing capabilities within a pipelined RV32I framework. It provides a good trade-off
between performance, power, and computational capabilities on FPGA even though it does not yet have
fault-tolerant redundancy or conventional benchmark validation.

TABLEIV.  COMPARISON OF EXISTING WORKS AND PROPOSED PROCESSOR
Work /| Architectur | Key Performance Power /| Al /| Limitations
Reference e Type Contributio | (CPI / | Efficiency | Compute
n Benchmark) Capabilit
y
LW Bubble- | 5-stage Eliminates | ~19% CPI | Moderate | None No Al
Free RV32l | pipelined load-use improvement, acceleration,
(2025) [4] stalls CoreMark 1 limited scope
bitRISC Single- Custom bit | High CPI | Low None No pipelining,
(BMI-based) | cycle manipulatio | (single-cycle) | power, limited
[5] n simple performance
instructions
SDPF Serial Ultra-low CPI = 36 (very | Very low | None Extremely low
Pseudo- datapath, 2- | power high) power throughput
Pipeline [6] | stage design
High- Optimized | Benchmark- | 1.71 Very high | None No
Performance | pipeline driven DMIPS/MHz, | efficiency application-
RISC-V optimization | 4.13 (MW/MHz specific
Core [7] CoreMark/MH |) acceleration
z
Fault- Multi-core | Reliability | Performance Higher None High
Tolerant (4 cores) via penalty (~10%) | power/are complexity,
Quad-Core redundancy a area overhead
(DMR/TMR
) [8]
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NVM RISC-V + | Evaluates Benchmark- Energy- None Not focused on
Evaluation | memory emerging driven efficient processor
Platform [9] | emulator memory memory design
systems focus
Proposed 5-stage MAC + | CPI = 1, high | Low MAC + | No benchmark
Work pipelined SIMD + | throughput FPGA SIMD + | standardization
RV32I efficient power RelLU , ho fault
datapath (~75 mW) tolerance

The comparison shows that current research mostly concentrates on certain areas including fault tolerance,
instruction set expansions, low-power design, and pipeline optimization. By combining a pipelined
architecture with application-specific computational improvements like MAC and SIMD operations, the
suggested processor, on the other hand, offers a balanced design. Because of this, the suggested approach
is more suited for developing edge-Al and embedded computing applications.

CONCLUSION

The processor design is a 32-bit RV32IM pipelined processor based on Verilog HDL designed on a Xilinx
Artix-7 FPGA. The design guarantees efficient implementation of functionality with a robust 5-stage
pipeline, hazards resolution, and MAC operation support. From the findings, there is reduced resource
utilization (~10.87%) on the FPGA, stable operating speed of 100 MHz, and low power dissipation (~75
mW). Generally, the processor design shows a balance of efficiency, power optimization, and enhanced
functionality that qualifies it for embedding applications.

FUTURE WORK

In future studies, inclusion of cache memory hierarchy and branch prediction as well as proper
benchmarking against other popular RISC-V processors using CoreMark/Dhrystone will be necessary.
Furthermore, more enhancements such as extended SIMD and Al accelerator modules can be added to it
alongside SoC integration.
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