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I.INTRODUCTION

The need for high-performance processor 

architectures that can carry out intricate 

computational tasks with low latency and high 

energy efficiency has greatly increased due to 

the quick development of embedded 

computing, the Internet of Things (IoT), 

artificial intelligence, industrial automation, 

and real-time digital systems. Its modular 

design, adaptability and royalty free nature 

makes it one of the most flexible and scalable 
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ABSTRACT: 

Ripple carry and carry look-ahead adders are commonly used in the Arithmetic Logic Unit (ALU) of traditional 

RISC-V processors, significantly impacting processor speed and resulting in a substantial carry propagation delay 

during arithmetic calculations. In this work, we address these constraints with the design and FPGA 

implementation of a multi-cycle RISC-V Embedded Processor with high performance using the Kogge-Stone 

Adder for low latency arithmetic operations. The suggested processor is designed using the Verilog Hardware 

Description Language (HDL) and implemented with the Xilinx Vivado Design Suite. For reducing carry 

propagation delay and accelerating arithmetic calculation, a 32-bit Kogge-Stone Adder (KSA) is used in the ALU 

and Program Counter (PC). A multi-cycle control architecture coordinates the various parts of the processor, such 

as the Control Unit, Datapath Unit, Register File, ALU, Instruction Memory, Data Memory, Program Counter 

and Kogge-Stone Adder, to make sure they perform the instructions correctly. Behavioral simulation, RTL 

synthesis, timing analysis and implementation of the suggested hardware design are used to validate the accuracy 

and stability of the design for different instruction contexts. Experimental results indicate faster arithmetic 

processing, reduced processing delay, efficient usage of FPGA resources and lower on-chip power consumption 
when compared to the traditional RISC-V processor architectures. The design of the system can be scaled up and 

down for future improvements like pipelined execution, cache memory integration, floating-point arithmetic, AI 

accelerators, cryptographic extensions, and Internet of Things (IoT) embedded applications. Overall, the proposed 

FPGA-based RISC-V processor offers a high-speed, scalable, and power-efficient computing solution for modern 

embedded systems, real-time digital signal processing, edge computing, industrial automation, robotics, and 

beyond. 

Keywords: : Xilinx Vivado, RISC-V Processor, FPGA, Verilog HDL, Kogge-Stone Adder (KSA), Arithmetic 

Logic Unit (ALU), Multi-Cycle Processor, Low-Latency Computing, Parallel Prefix Adder, Hardware 

Acceleration, Digital System Design. 
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instruction set architectures available today, the 

Reduced Instruction Set Computer Version 

Five (RISC-V). While proprietary processor 

architecture can be optimized for specific 

applications, RISC-V is suitable for different 

application-specific customization of various 

processor components, which allows using it in 

embedded systems, edge computing, robotics, 

automotive electronics, devices for healthcare, 

aerospace systems, and industrial control. 

Although RISC-V processors have many 

advantages, conventional multi-cycle RISC-V 

processors still experience performance 

bottlenecks in terms of ALU delay associated 

with carry propagation delay when employing 

conventional ALU architectures like Ripple 

Carry Adders (RCA) and Carry Look-Ahead 

Adders (CLA). The execution times, 

throughput and overall efficiency of the 

computation are among the major bottlenecks 

at high operating frequencies of processors that 

affect the instruction execution time, with 

arithmetic delay being one of them. This 

latency is getting reduced in the modern digital 

system design with the increasing reliability of 

the digital hardware, a new research area in 

digital system design. Field Programmable 

Gate Arrays (FPGAs) provide an ideal 

hardware environment for the realization of 

optimal processor designs thanks to their 

capability of parallel execution, reconfiguration 

of the hardware, short execution latency and 

efficient utilization of programmable logic 

resources. The FPGA-based processor can be 

enhanced with high-speed arithmetic circuits to 

achieve faster computations without adding too 

many complexities. Therefore, designing a 

parallel-prefix adder based more efficient 

RISC-V processor would be a possible solution 

to improve system performance, reduce 

arithmetic latency, and accelerate the processor, 

as shown in [1], [2] and [3]. 

Numerous researchers have suggested 

different ways to augment the ability of RISC-

V processors to execute instructions faster by 

optimizing the arithmetic units, control logic, 

memory organization and the way instructions 

are executed. The Ripple Carry Adders are 

usually employed in the conventional 

arithmetic logic units due to its simple hardware 

implementation. However, the carry signals 

have to be propagated sequentially across each 

bit-position for larger bit-width operations, 

which introduces significant propagation delay. 

Keep an Eye on the Future: Adder's hardware 

complexity grows rapidly as the size of the 

operands increases, making them less suitable 

for big arithmetic units, but they can enhance 

the speed of the arithmetic unit by generating 

carry signals in parallel. A carry tree can be 

used to perform carry computation in parallel, 

and parallel prefix adders, particularly the 

Kogge-Stone Adder (KSA), can circumvent 

these problems, with latency of only log(N), 

where N is the number of addends, and greatly 

enhance arithmetic performance. The Kogge-

Stone Adder has become one of the most 

successful adder designs for high-performance 

CPUs due to its regularity of connectors, its 

balanced fan-out and high speed operation. The 

researchers are able to introduce the KSA 

architectures with a success rate into the digital 

signal processor, cryptographic acceleration 

units, and arithmetic units, in order to shorten 

the computation time and boost the computing 

power. A significant number of existing RISC-

V implementations on FPGAs, however, still 

rely on the traditional adder design, thereby 

impacting the performance of the processor in 

complex arithmetic operations, and also 

introducing an arithmetic latency. Also, most of 

the current solutions focus on the correctness of 

function, rather than on optimizing temporal 

performance, power consumption and FPGA 

resource usage. A multi-cycle optimised RISC-

V processor with a high-speed arithmetic unit, 

that will still be modular, scalable and hardware 

efficient is therefore sorely needed. This type of 

architecture may enable future changes that are 

needed for current embedded computing 

applications and enhance instruction execution 

speed without increasing the complexity of the 

architecture [4, 5, 6]. 
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             To overcome these problems, this work 

is forward-looking to design and implement a 

high-performance multi-cycle RISC-V 

embedded processor on FPGA for low latency 

arithmetic operation using Kogge-Stone adder. 

Once implemented using the Xilinx Vivado 

Design Suite and built in the Verilog Hardware 

Description Language (HDL), the suggested 

processor is then implemented on an FPGA. 

The architecture features a 32-bit Kogge-Stone 

Adder (KSA) both in the Arithmetic Logic Unit 

(ALU) as well as the Program Counter (PC) to 

speed up bits arithmetic calculations and also to 

lessen carry propagation delay during the 

execution of instructions. The Control Unit, 

Datapath Unit, Register File, Instruction 

Memory, Data Memory, Program Counter, 

ALU, Immediate Generator, Multiplexers, and 

Kogge-Stone Adder are some of the functional 

modules that make up the CPU. All the modules 

are controlled with a multi-cycle control 

mechanism. During the execution of each 

instruction, there are a set of sequential steps: 

Instruction Fetch, Instruction Decode, Operand 

Execution, Memory Access, and Write-back. 

With the improved KSA, it performs the 

arithmetic computations much quicker. The 

accuracy and stability of the proposed hardware 

architecture have been tested with the help of 

behavioural simulation, RTL synthesis, 

implementation, timing and power analysis 

with the Xilinx Vivado Design Suite. 

Experimental results are compared with the 

conventional implementation of RISC-V 

processors to prove the arithmetic execution 

speed improvement, the critical route latency 

reduction, efficient utilization of FPGA 

resources and power saving. The modular 

FPGA design also has the potential to be 

extended in the future with pipelined execution, 

floating-point arithmetic units, vector 

processing extensions, cache memory, Internet 

of Things (IoT) enabled embedded systems, AI 

and machine learning accelerators, and 

cryptographic processors. The recommended 

processor is therefore a scalable computing 

platform and has high performance, energy 

efficiency and is suitable for next generation 

embedded applications, real-time digital signal 

processing, industrial automation, autonomous 

systems, robotics and smart electronic devices 

[7, 8 and 9]. 

II SURVEY OF RESEARCH 

Typical RISC-V processors use an arithmetic 

logic unit (ALU) that includes ripple carry or 

carry look-ahead adders that slow the processor 

speed and can result in a large carry propagation 

delay during arithmetic operations. Here, a way 

to address these limitations is proposed to 

design and implement a high-performance 

multi-cycle RISC-V embedded processor using 

a Kogge-Stone adder for low latency arithmetic 

operations. The suggested processor is 

implemented in the Verilog Hardware 

Description Language (HDL) by Xilinx Vivado 

Design Suite. ALU and Program Counter (PC) 

use a 32 bit Kogge-Stone Adder (KSA) to 

remove propagation delay from carries and to 

increase the speed of the arithmetic operations. 

A multi-cycle control architecture that 

coordinates the different parts of the processor: 

the Control Unit, the Datapath Unit, the 

Register File, the ALU, the Instruction 

Memory, the Data Memory, the Program 

Counter and the Kogge-Stone Adder to execute 

instructions effectively. For different 

instructions, correctness and stability of the 

proposed hardware design are checked by 

performing behavioral simulation, RTL 

synthesis, timing analysis and implementation. 

From the experimental results, it can be seen 

that the proposed architecture of a processor is 

found to be better than the conventional RISC-

V processor architectures in terms of arithmetic 

execution time, processing delay, FPGA 

resources utilization, on chip power 

consumption. The modular design of the chip 

makes it easy to add future extensions, 

including pipelining, cache memory, floating-

point, AI accelerators, support for 

cryptographic extensions, integration into 

applications with an Internet of Things (IoT) 

connection and more. The proposed FPGA 

based RISC-V processor therefore is a very 
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good prospect for next generation of smart 

hardware applications such as real time digital 

signal processing, Edge computing, industrial 

automation, robotics etc. 

The topics covered are: Xilinx Vivado, RISC-V 

Processor, FPGA, Verilog HDL, Kogge-Stone 

Adder (KSA), Arithmetic Logic Unit (ALU), 

Multi-Cycle Processor, Low-Latency 

Computing, Parallel Prefix Adder, Hardware 

Acceleration, Digital System Design. 

Given its open source nature, moduled design, 

and customizability to meet the requirements of 

embedded system design, the RISC-V 

Instruction Set Architecture (ISA) has been a 

popular choice in the world of computing. One 

important difference from proprietary 

processor architectures is that RISC-V 

processor architectures allow the freedom to 

design processors to match the application 

needs without the burden of licensing. RISC-V 

processors have demonstrated their exceptional 

scalability and versatility, and they are suitable 

for use in edge computing, robotics, industrial 

automation, artificial intelligence and the 

Internet of Things (IoT). There are a number of 

implementations of RISC-V processors that are 

able to verify them using Verilog HDL and 

VHDL that are successful. The designs can 

provide reliable instructions execution and 

modular hardware implementation, but still 

many processors implement traditional 

arithmetic units which will create more 

processing delays. Hence, the researchers have 

concentrated on optimizing the performance of 

the processors involving the use of optimized 

arithmetic circuits and hardware acceleration 

techniques without modifying the instruction 

set architecture (ISA) of the processors with the 

standard RISC-V architecture (RV64IMcF) [2], 

[1]. 

FPGAs are one of the most popular embedded 

computer hardware platforms because of its 

programmability, parallel processing and 

flexibility. In order to test the performance of 

the fabricated processor before the actual 

fabrication of ASICs, different embedded 

processors have been designed on FPGA 

platforms by using Verilog HDL. In addition to 

custom integrated circuits, other advantages of 

FPGA implementation include fast prototyping, 

low development cost and hardware debugging. 

FPGA devices provide a number of built-in 

capabilities that can dramatically boost the 

performance of a processor such as 

configurable logic blocks, embedded 

memories, DSP slices, and high-speed 

interconnections. The study has also 

demonstrated the ability of an FPGA-based 

RISC-V processor to emulate software and 

enhance the timing performance and efficiency 

of the hardware. But most of the currently 

available solutions are based on functional 

verification and not aimed at optimizing the 

arithmetic speed and minimizing the execution 

time. Therefore, to increase the arithmetic 

efficiency of the processors, FPGA based 

processors with high speed arithmetic designs 

were found to be a large research area [3],[4]. 

The Kogge-Stone Adder (KSA) is one of the 

fastest parallel prefix adders is used in modern 

digital circuits, because its carry propagation 

has a logarithmic delay. The Kogge-Stone 

Adder calculates carry signals in parallel, in a 

tree structure, as opposed to the Ripple Carry 

Adders where carry signals are calculated one 

at a time. The overall speed is increased and the 

relative decrease of the arithmetic delay is 

because the carry is computed in parallel. The 

architectures of KSA have proven to be suitable 

for researchers working with high performance 

embedded processors, digital signal processors, 

cryptographic hardware and image processing 

systems. Based on operating frequency and 

latency, it can be seen that FPGA 

implementations of KSA are better than those 

of Ripple Carry Adders (RCA) and Carry Look-

Ahead Adders (CLA). Despite the advantages 

of the RISCV design, there are many processor 

variants that have used the slower arithmetic 

designs that are more popular. Thus, the Kogge-

Stone Adder can be incorporated into the ALU 

and Program Counter without compromising 

the hardware efficiency of the processor, and 
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make it faster, with no extra hardware 

components added to the system [5], [6]. 

The most important part of any processor is the 

Arithmetic Logic Unit (ALU) which carries out 

logical and arithmetic operations needed to 

execute instructions. Different studies have 

been conducted to propose the best possible 

ALU architectures, so as to improve the 

processor throughput and reduce the execution 

time. The various approaches to improving the 

arithmetic performance are carry select adders, 

carry skip adders, carry look-ahead adders and 

parallel-prefix adders. But in high speed 

applications, parallel-prefix adders are better 

than other adders in that they can minimize the 

propagation of the carry without compromising 

accuracy. Processors' frequency and efficiency 

have also been improved by tuning their ALUs 

using FPGA. However, there still exist a few 

embedded CPU implementations, which use 

the classic ALU architecture, which is less 

efficient for computation. Some of the 

advanced arithmetic units in ALU such as 

Kogge-Stone Adder are able to perform an 

arithmetic operation within a shorter time, and 

can also reduce the processing time of the 

embedded system and improve the overall 

performance of the embedded system [7], [8]. 

Multi-cycle processor architectures execute 

instructions over a number of processor cycles 

so that common hardware components (such as 

ALU, memory units) can be shared in each 

cycle. The results from the studies have shown 

that the multi-cycle processors get a better use 

of the hardware and also have lower 

implementations cost than single cycle 

processors, as the hardware is reused in 

multiple cycles of an instruction. These are 

typical execution steps, such as instruction 

fetch, instruction decode, execution, memory 

access and write-back. These phases are 

synchronized and sequenced correctly with the 

help of the controllers that are based on Finite 

State Machines (FSM). The multi-cycle 

processor solution with FPGA is much more 

scalable, adaptable and verifiable, as a 

hardware design. Even with traditional 

architectures of adders, however, many multi-

cycle CPUs are still plagued with sub-optimal 

arithmetic performance. Therefore use of 

parallel-prefix adders instead of the usual 

arithmetic units used in multi-cycle processors 

can greatly enhance the performance of this 

processor organization. 

While much research has been done on parallel 

prefix architectures, multi cycle processor 

design, ALU optimization and FPGA based 

RISC-V processors, there are still several 

problems with existing parallel-prefix 

implementations. Most of the CPUs are still 

utilizing Carry Look-Ahead Adders or Ripple 

Carry Adders, thus decreasing the computing 

performance and the arithmetic delay. 

Furthermore, most of the researches consider 

only the functional correctness without taking 

into account at the same time the optimization 

of time, power utilization and FPGA resources 

utilization. To overcome these, the proposed 

work includes an embedded processor based on 

a High-Performance Multi-Cycle RISC-V 

(MPRV) processor with a modification of the 

Program Counter (PC) and Arithmetic Logic 

Unit (ALU) by embedding a 32-bit Kogge-

Stone Adder. The architecture is designed in 

Verilog HDL and validated by performing 

behavioral simulation, RTL synthesis, 

implementation and timing and power analysis 

in Xilinx Vivado. As it achieves reduced 

arithmetic latency, high run-time performance, 

low power consumption and efficient FPGA 

resource utilization, the suggested processor is 

appropriate for various applications such as 

embedded computing, real-time processing, 

digital signal processing, Internet of Things 

devices, robotics, and artificial intelligence and 

next generation high performance computing 

application [11, 12]. 

 

III. PROPOSED SYSTEM 

In conventional RISC-V processors, 

the Arithmetic Logic Unit (ALU) is often 
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configured with ripple carry or carry look-

ahead adders that have slow processing speeds 

and large carry propagation delay in arithmetic 

operations. To overcome the aforementioned 

limit, we introduce the Design and FPGA 

Implementation of a High-Performance Multi-

Cycle RISC-V Embedded Processor based on 

Kogge-Stone Adder for Low-Latency 

Arithmetic Operations.To meet the 

aforementioned limitations, we introduce a 

High-Performance Multi-Cycle RISC-V 

Embedded Processor designed using Kogge-

Stone Adder for Low-Latency Arithmetic 

Operations. The suggested processor is 

designed in the Vivado Design Suite of Xilinx 

using the Verilog Hardware Description 

Language (HDL). A 32-bit Kogge-Stone Adder 

(KSA) is added to the ALU and Program 

Counter (PC) designs to decrease the carry 

propagation delay and speed up arithmetic 

computations. The modules of the processor 

(Control Unit, Datapath Unit, Register File, 

ALU, Instruction Memory, Data Memory, 

Program Counter and Kogge-Stone Adder) are 

synchronized using a multi-cycle control 

architecture to execute the instructions. The 

accuracy and stability of the proposed hardware 

design in different instructions contexts is 

verified by behavioral simulation, RTL 

synthesis, timing analysis and implementation. 

The experimental results show that the 

proposed architecture is efficient in terms of 

improving arithmetic execution speed, 

minimizing processing delay, efficient resource 

utilization on FPGA, and minimizing on-chip 

power consumption compared to the 

conventional RISC-V processor architectures. 

The modular design allows for scaling future 

improvements such as pipelined execution, 

integration of cache memory, floating-point 

arithmetic, AI accelerators, cryptographic 

extensions, Internet of Things (IoT) enabled 

embedded applications, etc. Therefore, the 

proposed FPGA-based RISC-V processor 

offers a speedy, scalable, and energy-efficient 

computing solution for modern embedded 

systems, real-time digital signal processing, as 

well as in industrial automation, robotics and 

next-generation intelligent hardware 

applications. 

The recommended system is a high-

performance multi-cycle RISC-V embedded 

processor, designed and implemented in FPGA 

and using Kogge-Stone adder architecture, 

which provides low latency arithmetic 

operations. The processor is designed in the 

VHDL (Verilog Hardware Description 

Language) and designed to FPGA using the 

Xilinx Vivado Design Suite to speed up the 

processor and reduce its arithmetic latency to 

enhance the overall processor performance. The 

proposed design is different from the traditional 

RISC-V design in which Carry Look-Ahead 

Adders (CLA) or Ripple Carry Adders (RCA) 

are used in the ALU, it has a 32-bit Kogge-

Stone Adder (KSA) in ALU and PC. The KSA 

is parallel-prefix, which significantly reduces 

the carry propagation delay and can execute 

instructions and carry out arithmetic operations 

quickly. A number of functional modules make 

up the CPU, such as the Control Unit, Datapath 

Unit, Register File, Instruction Memory, Data 

Memory, Program Counter, Immediate 

Generator, Arithmetic Logic Unit, 

Multiplexers, and Kogge-Stone Adder. The 

multi-cycle execution strategy is managed by a 

Finite State Machine (FSM) to control the 

coordinated operation of the hardware modules, 

the instruction memory and data memory are 

stored in SRAM for efficient memory access 

during program execution, and to be able to 

easily expand and upgrade the design in future. 

Functional simulation, RTL synthesis, 

implementation and timing evaluation through 

the Xilinx Vivado Design Suite also proves the 

scalability of the proposed system, making it 

suitable for real-time digital applications and 

next-generation high performance embedded 

systems with further enhancements, such as 

integration of cache memory, pipelining of 

instructions, integration of floating-point 

processing, integration of AI accelerators, 

integration of cryptographic extensions, 

integration of vector processing, and integration 

of embedded computing through the IoT. 
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Fig1 : Proposed Architecture 

IV. WORKING METHODOLOGY 

The development and implementation of the 

proposed processor is done using a FPGA and 

the Xilinx Vivado develop Suite, implemented 

in the Verilog Hardware Description Language 

(HDL). The design that is proposed aims to 

increase the execution speed of the processor by 

modifying the Arithmetic unit of Arithmetic 

Logic Unit (ALU) with the Kogge-Stone Adder 

(KSA) and the Program Counter (PC) with the 

proposed design (also known as Hybrid 

Program Counter (HPC)). The instructions 

from the processor in a multi-cycle execution 

architecture go through a series of sequential 

stages: Instruction Fetch (IF), Instruction 

Decode (ID), Execute (EX), Memory Access 

(MEM), Write Back (WB), Halt. They all run 

under a single Finite State Machine (FSM) that 

allows to execute them in sync, and control 

communication between the hardware units. 

The processor architecture is made up of the 

Control Unit, Datapath Unit, Register File, 

Program Counter (PC), Instruction Memory 

(IM), Data Memory (DM), Immediate 

Generator (IG), ALU, Multiplexers and Kogge-

Stone Adder. CPU's modules operate in parallel 

mode as all of them are executed in high speed 

parallel mode; CPU is based on FPGA tech, 

which has better execution latency & 

computational speed than traditional processor 

architectures. 

 

The Instruction Fetch (IF) step is the first step 

in the execution of the processor. The address 

of the instruction being executed is stored in the 

Program Counter (PC) which fetches the 

instruction from the Instruction Memory. The 

proposed architecture has a 32-bit Kogge-Stone 

Adder which is added to the Program Counter, 

to reduce the number of clock cycles required 

to generate the address and thus increase the 

rate of instructions to be fetched as compared to 

the conventional processors. The updating of 

the Program Counter is shown as: 

 

Thus, the address of the next instruction that is 

to be executed is moved up by one each time 

one is fetched. The Instruction which is 

retrieved is stored in the Instruction Register 

and sent to the next step. The reduction of idle 

clock cycles while effective instruction fetching 

ensures the activity of the processor. It is also 

designed to take advantage of the improved 

propagation of address information from the 

Program Counter in address computation, 

resulting in significant improvement of 

instruction throughput. 

Instruction Decode (ID): Decoding the 

instructions that the CU fetches and 

determining what the instruction will do.The 

value is obtained if the instruction has an 

immediate value, and extended to the necessary 

amount of bits by the Immediate Generator. The 

ALU is controlled by the control signals 

generated by the CU, which also control the 

selection of the data registers, memory access 

and write-back. In the processor, the program is 

processed using a Finite State Machine (FSM), 

to guarantee that instructions are executed in 

the correct order and that there are no 

instruction conflicts. One execution stage to 

another is indicated by 

 

The state of execution to which the next 

transition leads is represented by (S_{n+1}), 

the control signals by (Input); and the state of 

execution of the current step by (S_n). This 

method based on FSM will ensure the correct 
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implementation of instructions, and enhance the 

synchronization of the hardware modules. 

Execute (EX): Carries out the Arithmetic and 

Logical Operation necessary to the instruction. 

The ALU (Arithmetic Logic Unit) of the 

recommended processor has 32-bit Kogge-

Stone Adder to speed up arithmetic operations. 

The Kogge-Stone Adder can also be computed 

in parallel (with not so much propagation of 

carry bits) than it can be computed in Ripple 

Carry Adders. Arithmetic operations (addition): 

 

The control signals are used to control logical 

operations like AND, OR, XOR, etc. and 

compare instructions which are implemented at 

the decode stage. Also, ALU sets status flags, 

that are used to indicate arithmetic conditions 

like overflow, carry, zero or negative value. As 

the number of arithmetic design has increased, 

it not only enhances the speed of instructions 

execution but also reduces the critical path of 

CPU. 

On each load / store operation after an 

instruction is executed, the CPU will enter into 

Memory Access (MEM) stage. This step in 

which the Data Memory holds or fetches data 

for the command. In the Store Instructions the 

instructions are stored in memory - so that they 

are remembered for the next instruction in the 

execution phase. Memory can be accessed in 

the memory through memory addresses 

generated by ALU in SRAM. Effective 

memory management guarantees dependable 

CPU functioning while lowering data access 

latency. The modular memory architecture also 

enables future modifications like cache 

memory and advanced memory hierarchy to 

cater to high performance embedded 

applications. 

After the memory operations, the processor 

moves to the next stage the Write Back (WB) 

stage. Now the computation result in the ALU 

or the Data Memory is returned to the 

destination register of the Register File. It can 

be shown as the update action to the register can 

be depicted as 

 

Result is either memory data or the Output of 

the ALU and register R_d contains the result. 

This process finishes the current instruction's 

execution cycle and gets the processor ready to 

acquire the subsequent instruction. The FSM is 

centralized and it ensures only after 

successfully completing the previous execution 

steps, write-back is performed to guarantee 

successful write-back after each successful 

execution step to maintain consistency of the 

processor. 

Moreover, the efficient hardware control 

methods for realizing the efficient hardware 

control methods are provided to the proposed 

CPU, which can give high-speed hardware 

control efficiency and time performance. The 

carry propagation delay is minimised in the 

Kogge-Stone Adder, where carry signals are 

generated concurrently. Generation can be 

shown in the form of: 

 

The parallel arithmetic operations are 

completed in a very short time as compared to 

the traditional adder architectures, because 

these signals are used to perform the parallel 

arithmetic operations (i.e., on multiple logic 

levels). The carry calculation is very efficient 

and because of the significantly reduced critical 

path delay, a processor can run at high 

frequencies. 

Finally, behavioral simulation, RTL synthesis, 

implementation, timing and power analysis 

performed using Xilinx Vivado Design Suite 

ensure the overall processor architecture fulfills 

the requirements. Long test benches are used 

for various processor control logic, memory 

operations, register operations and any 

arithmetic operation and immediate instruction 

in various runs. From the timing analysis, the 

integration in the Kogge-Stone Adder results in 



International Journal of Technology, Leadership and Sciences (IJTLS)                                ISSN:3107-9083                                  

   

2026- Volume 2, Issue 5, September-October                                                                                149 
 

high operating frequency, and efficient 

utilization of the FPGA resources of the 

synthesized design, which is generated from the 

original design, verifies the synthesized integral 

RTL design architecture. A power analysis also 

indicates that the chip's power consumption is 

also lower than the conventional RISC-V chips. 

Support for future extensions such as: 

instruction pipelining, cache, branch prediction, 

floating point, cryptographic instruction 

extensions, AI acceleration, vector processing 

and embedded IoT. The recommended RISC-V 

processor architecture designed for the FPGA 

enables a very rapid and scalable design of 

digital signal processing, robotics and industrial 

automation, embedded systems, and other 

applications such as future high-end 

computing, which are very fast, very low power 

and very reliable. 

V. IMPLIMENTATION 

The proposed Design and FPGA 

Implementation of a High-Performance Multi-

Cycle RISC-V Embedded Processor Using 

Kogge-Stone Adder for Low-Latency 

Arithmetic Operations is implemented using 

the Verilog Hardware Description Language 

(HDL) and the Xilinx Vivado Design Suite. It 

is implemented by creating an embedded 

processor which can perform arithmetic, 

logical, instantaneous and memory instructions 

within a lesser calculation time while 

maintaining high speed, reliability and energy 

efficiency. The suggested architecture features 

a 32-bit Kogge-Stone Adder (KSA) not only for 

the ALU, but also for the Program Counter 

(PC), which is different from regular RISC-V 

processors that employ Ripple Carry Adders or 

Carry Look-Ahead Adders for ALU. This 

improvement reduces greatly the carry 

propagation time, improving the execution 

speed of the processors and arithmetic 

performance. The technique of modular design 

of the implementation process is realized and 

each hardware component is designed, 

simulated, synthesized and tested individually 

before being included in the architecture of the 

processor as a whole. This modular architecture 

makes it easier to design, improve the 

architecture later on without changing the 

structure of the processor and easier to test.The 

processor modules are designed using Verilog 

HDL at design entry phase of implementation. 

The hardware components include the Program 

Counter, Instruction Memory, Control Unit, 

Register File, Immediate Generator, Arithmetic 

Logic Unit (ALU), Data Memory, 

Multiplexers, Datapath Unit and Finite State 

Machine (FSM) Controller. Each module is 

designed as a separate Verilog module, clearly 

defined by its inputs and outputs for easy 

understanding and modification. The Program 

Counter holds the address of the next 

instruction to be executed, and fetches it from 

the Instruction Memory. The high-speed 

Kogge-Stone Adder, which reduces address 

generation delay, is used to carry out the 

Program Counter increment operation in 

contrast to conventional implementations. The 

Control Unit retrieves the instruction, decodes 

it and generates the necessary control signals 

for the next instruction(s) to be carried out. 

Before the processor is fully integrated, each 

hardware block can be independently tested 

thanks to the modular coding technique. 

The Control Unit is a central control unit which 

controls all the operations of the processors. 

Post-instruction op code decoding, it produces 

the control signals for register accesses and 

operations, memory access, write back 

operations. A multi-cycle execution 

architecture of the processor enables the use of 

hardware resources in several phases. The 

sequential execution of the Instruction Fetch, 

Instruction Decode, Execute, Memory Access, 

Write Back and Halt phases are controlled by a 

centralized Finite State Machine (FSM). If any 

transition is incorrect between states, the FSM 

aborts the transition and synchronizes all the 

modules correctly. This would enable a single 

piece of arithmetic hardware to execute several 

kinds of instructions, and would require the 

same hardware for several cycles, using more 

resources and decreasing the complexity of the 
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hardware in comparison to single-cycle 

processors. The Arithmetic Logic Unit (ALU) 

is proposed for the processor's computing 

component. In the implementation, the 

traditional arithmetics circuits are replaced by a 

32-bit Kogge-Stone Adder with parallel-prefix 

carry computing, which is used to carry out 

high speed additions. The ALU is capable of 

doing arithmetic operations like addition and 

subtraction, and logical operations like AND, 

OR, XOR and comparison. Arithmetic 

execution delay is greatly decreased since the 

carry signals are created simultaneously rather 

than sequentially. By speeding up the creation 

of instruction addresses, the Kogge-Stone 

Adder further enhances the Program Counter's 

functionality. This change enhances the 

instruction throughput, increases the top 

frequency and reduces the critical path delay in 

the CPU. The modular design of the ALU is 

also advantageous for possible future expansion 

to include multiplication, division, floating-

point and vector processing instructions. 

The Register File is used to temporarily hold 

operands to the processor and the results of the 

operations. It consists of multiple registers of 

general purpose which can read and write data 

concurrently. The Register File carries the 

outcomes of the computations until they are 

returned to it again, and provides the operands 

to the ALU while the program is running. The 

program may be stored in the Data Memory 

which is used to handle load and store 

operations, and the instructions to be executed 

may be stored in the Instruction Memory. 

Effective and reliable memory access, low 

memory latency using Sram based memory 

block. The datapath's multiplexers choose the 

proper operands and memory outputs based on 

the control signals produced by the Control 

Unit. All processing modules may 

communicate easily thanks to the integrated 

Datapath Unit, which guarantees that every 

instruction is carried out effectively. A 

behavioural simulation of the processor is then 

performed in the Vivado Simulator after coding 

the processor in Verilog HDL. All kinds of 

instruction including arithmetic, instantaneous, 

logical, access to memory and register write-

back instructions are tested in extensive test 

benches under various operations. Each 

processor stage is checked for proper operation 

by a series of simulation waveforms, in order, 

as a result of the intended FSM. After 

functional verification the next step in the 

processor is to pass through the RTL synthesis 

phase, optimizing the HDL description to a gate 

level hardware description that can be 

implemented in the FPGA. The synthesized 

RTL schematic will display the proper 

organization and utilization of hardware 

resources, and confirm that all CPU modules 

have proper connections. In the implementation 

step, placement, routing, timing optimization 

and physical mapping are automatically 

performed using the Xilinx Vivado Design 

Suite. To verify that all of the timing 

requirements are met to maintain a stable 

processor operation at higher clock frequencies, 

timing analysis can be performed on the 

circuit.Timing analysis may be performed on 

the circuit to verify all timing requirements, 

ensuring stable operation of the processor at 

higher clock frequencies. 

Lastly, a FPGA configuration file is generated 

that can program the target development board. 

These suggestions are provided for creating a 

processor for real-time implementation in 

FPGA hardware via the Vivado Hardware 

Manager download of the generated bitstream. 

Experimental results show that the arithmetic 

operations delay is reduced by integrating the 

Kogge-Stone Adder and the processor can 

execute arithmetic, logical, immediate and 

memory operations. The synthesized results 

show that the FPGA resources are used 

optimally and the power analysis results show 

that the synthesized designs are more energy-

efficient compared to the conventional RISC-V 

designs. In addition, the architecture is modular 

and very scalable to support future integration 

of instruction pipelining, cache memory, 

branch prediction, floating-point processing 

units, cryptographic instruction extensions, 
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Artificial Intelligence (AI) accelerators, vector 

processing units and Internet of Things (IoT) 

enabled embedded applications. The proposed 

High-Performance Multi-Cycle RISC-V 

Processor is a reliable, scalable and energy-

efficient computing solution that can be used in 

a variety of applications including embedded 

systems, Digital signal processing, Industrial 

automation, Robotics, and next-generation 

high-performance processor applications. 

VI .RESULTS EXPLANATIONS 

 

Fig. 2: FPGA Floorplan and Placement Layout 

of the Proposed High-Performance Multi-Cycle 

RISC-V Processor 

The FPGA floor plan and placement layout of 

the proposed High-Performance Multi-Cycle 

RISC-V Processor after implementation in the 

Xilinx Vivado Design Suite is displayed in 

Figure 2. The figure depicts a physical 

placement and routing of the synthesized 

hardware modules on the target FPGA device 

after placement and routing. The processor 

components: Arithmetic Logic Unit (ALU), 

Program Counter (PC), Control Unit, Register 

File, Instruction Memory, Data Memory, and 

Kogge-Stone Adder (KSA); are well spread 

over the many configurable logic regions which 

make up the floorplan. The colored regions 

indicate the use of routing channels, 

connectivity resources and programmable logic 

blocks (CLBs) to provide communication 

between different processing modules. 

Implementation tool optimizes placement to 

reduce routing congestion and signal 

propagation delay, and to satisfy scheduling 

requirements. The even distribution of logic 

pieces also demonstrates good utilization of 

FPGA resources to improve the processor's 

operating frequency. In addition, the design 

ensures that routing of instructions between the 

different hardware modules is optimised, 

guaranteeing reliable data transfer with low 

latency during instruction execution. The 

placement and routing of the suggested RISC-

V processor design were successful and free of 

resource conflicts or timing violations on the 

FPGA. The FPGA floorplan demonstrates the 

effectiveness of the proposed processor 

architecture for modern embedded applications 

and high-performance computing systems, 

highlighting an optimized design that enables 

high-speed computing, efficient utilization of 

resources, minimal delay in critical paths, and 

reliable real-time operation. 

 

 

Fig. 3 RTL Schematic of the Proposed High-

Performance Multi-Cycle RISC-V Processor 

After the Verilog HDL design was synthesized 

using the Xilinx Vivado Design Suite, the 

Register Transfer Level (RTL) schematic of the 

suggested High-Performance Multi-Cycle 

RISC-V Processor is shown in Figure 3. The 

RTL schematic represents a structural 

description of the processor architecture, 

showing how the data and control signals move 

through the processor, and how the major 
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hardware blocks are connected. The Control 

Unit (CU), Arithmetic Logic Unit (ALU), 

Register File (RF), Program Counter (PC), and 

32-bit Kogge-Stone Adder (KSA) are added to 

the central logic block to efficiently execute 

processor instructions. The output ports are for 

output data and execution results, and the input 

ports are for input of clock, reset, instruction 

and control signals. The interconnections 

among functional modules are indicated by a 

large number of connecting wires, allowing 

instructions to be executed simultaneously 

among the processor pipeline stages. The 

Kogge-Stone Adder reduces carry propagation 

time and increases processor speed, 

significantly improving arithmetic 

performance. Besides, the RTL schematic 

checks all CPU modules are connected 

correctly based on design needs and ensures 

there are no structural conflicts in the 

synthesized hardware. Signal delay can be 

decreased and FPGA resource usage can be 

enhanced with effective routing and optimal 

logic placement. In general, the RTL schematic 

demonstrates the architecture's suitability for 

high-speed, low-latency embedded computing 

applications, ensuring reliable performance, 

efficient use of resources, and scalability for 

modern FPGA-based RISC-V processor 

implementations. This also proves the 

successful implementation of the proposed 

processor hardware. 

 

Fig. 4 RTL Block Diagram of the Proposed 

High-Performance Multi-Cycle RISC-V 

Processor 

The high performance proposed multi-

cycle RISC-V processor is synthesized using 

the Xilinx Vivado Design Suite and the Verilog 

Hardware Description Language (HDL) and is 

shown in the RTL block diagram of figure 4. 

The diagram illustrates the principal 

components of a computer and the way they are 

interconnected with one another to carry out 

instructions of the CPU. The architecture has 

the following components: Control Unit (CU), 

Register File (RF), Arithmetic Logic Unit 

(ALU), Program Counter (PC), Instruction 

Memory (IM), multiplexers and comparison 

logic. After receiving the instruction, the 

Control Unit produces the control signals: used 

to access memory, increment the program 

counter, write to registers, and select ALU 

operations. The address of the instruction being 

executed is stored in the Program Counter, 

which fetches the instructions sequentially from 

the Instruction Memory. The result of the 

decoding of the instruction is loaded into the 

Register File and the required operands are 

fetched. These operands are then fed to the 

Arithmetic Logic Unit (ALU) where some 

arithmetic and/or logical operations are carried 

out. The results of the computation performed 

by the ALU depend on the type of instructions 

and are stored in the register file or sent to other 

processing modules. Furthermore, the RTL 

diagram contains the logic for comparison in 

controlling decision making process, and 

immediate instruction detection logic. The 

output alu_result_out will be used for the 

operations completed by the processor. The 

instruction_out instruction returns the name of 

the executed instruction. The output pc_out is 

the address of the processor which is already 

performed successfully. Each module is linked 

to each other ensuring effective flow of data, 

simultaneous control and communication in the 

processor architecture. The RTL block diagram 

shows the structure of the proposed design is 

correct, synthesizable, optimized for 

implementation in FPGA, can achieve high-

speed computation, low execution latency, save 

hardware resources, and has stability in modern 

embedded and real-time computing 

applications. 
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Fig. 5 On-Chip Power Analysis of the 

Proposed High-Performance Multi-Cycle 

RISC-V Processor 

After successful synthesis and 

implementation, the on-chip power analysis of 

the proposed High-Performance Multi-Cycle 

RISC-V Processor has been depicted in Figure 

5, using the Xilinx Vivado Design Suite. Power 

report provides detailed information on the total 

power consumption of all the different FPGA 

components during processor execution. The 

findings suggest that the static power 

consumption (not when the device is in use) of 

the device is 0.717 W, which is 90% of the total 

power consumption, while the dynamic power 

consumption (when the device is in use) is only 

0.079 W, which is only 10% of the total power 

consumption. I/O power (0.524 W, 73%), 

signal power (0.132 W, 18%), and logic power 

(0.061 W, 9%) are the other divisions of the 

dynamic power. It is because of the constant 

transfer of instructions, data and control signals 

between processor and external interfaces 

during the course of instruction execution, that 

it consumes more I/O power. In contrast, the 

logic power remains relatively low, indicating 

that the logic resources on the FPGA have been 

used effectively by integrating the 32-bit 

Kogge-Stone Adder (KSA) as well as the 

enhanced processor architecture, which also 

reduces the internal switching activity. It has 

low static power consumption indicating 

minimal static power usage for low-power 

embedded applications. In summary, the power 

analysis confirmed the proposed RISC-V 

processor using the FPGA has very good 

computational capabilities and utilizes energy 

efficiently. The results also indicate that the 

architecture has the right set of processing 

speed, hardware efficiency and power 

consumption, making it suitable for embedded 

systems, robotic applications, real-time digital 

signal processing, Internet of things (IoT) and 

other energy efficient computing applications. 

VII.CONCLUSION 

The authors of this paper introduced the 

design and FPGA realization of a high 

performance multi-cycle RISC-V processor 

with 32-bit Kogge-Stone adder (KSA) to 

achieve the following: lesser latency arithmetic 

operations and better computational 

performance. The suggested processor was 

successfully designed and implemented on 

FPGA using the Xilinx Vivado Design Suite 

and the Verilog Hardware Description 

Language (HDL). The processor significantly 

reduces the propagation delay of carries in its 

arithmetic logic unit (ALU) and program 

counter (PC) by incorporating the Kogge-Stone 

Adder. This increases the instruction 

processing performance and speeds up 

arithmetic processing. The architecture 

includes the following basic modules: Control 

Unit, Register File, Instruction Memory, Data 

Memory, Program Counter, ALU, and Finite 

State Machine (FSM). These modules work 

together to execute instructions efficiently that 

is in a multi-cycle execution paradigm. 

Functional simulation, RTL synthesis, 

implementation, timing and power analysis 

were used to validate the accuracy, stability and 

dependability of the proposed hardware 

architecture. Compared with the traditional 

designs of RISC-V processors, the 

implementation outcomes demonstrated the 

efficient utilization of FPGA resources, 

reduction of critical route delays, raise of 

operating frequencies, and reduction of on-chip 

power consumption. Moreover, the modular 

design facilitates debugging, hardware testing 

and future architectural enhancements. 

Moreover, the proposed processor has a 

scalable platform that can be extended with 

such advanced features as instruction 

pipelining, cache memory, floating-point units, 

branch prediction, vector processing, hardware 
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support for artificial intelligence, and Internet 

of Things (IoT) connectivity. The 

recommended High-Performance Multi-Cycle 

RISC-V Processor with FPGA is a reliable, 

energy-efficient and high-speed computing 

solution for embedded systems, digital signal 

processing, industrial automation, robotics, 

edge computing and next-generation intelligent 

electronic applications that require rapid, 

powerful processor performance. . 
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