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Abstract.High-speed and dependable data transfer systems are required by the
increasing need for effective embedded system communication. A commonly
used synchronous protocol enabling smooth communication among microcon-
trollers, memory devices, and peripheral components, the Serial Peripheral In-
terface (SPI) allows for great interaction. The design and execution of an SPI-
based embedded system using the MicroBlaze soft processor on a ZedBoard
7000 FPGA platform are given here. Custom Verilog-designed SPI Master and
Slave modules combined with an AXI interface for effective FPGA-based de-
sign produce the system. First building a Vivado block design including the Mi-
croBlaze processor, AXI interconnect, and SPI module, followed by HDL
wrapper creation, simulation, and bitstream deployment on hardware is part of
the implementation. S25FL256SAGMFB003 SPI Flash Memory confirms the
functionality of the system, with UART communication used for verification.
The experimental results validate effective FPGA-based SPI read/write opera-
tions, therefore showing the dependability and effectiveness of such implemen-
tation with MicroBlaze. Real-time hardware testing and Vivado simulations
offer performance validation. The study emphasizes the benefits of FPGA-
based SPI controllers over conventional microcontroller-based solutions in
terms of speed, adaptability, and reliability. Future research might concentrate
on maximizing SPI communication speed, adding more peripherals, and enlarg-
ing the system for real-time industrial uses.

Keywords:SPI protocol, MicroBlaze processor, FPGA, Verilog, AXI
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Overview

1.1 Introduction
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From consumer electronics to industrial automation and automotive systems,embedded
systems are essential in modern electronic devices. Efficient and high-speed communi-
cation protocols are absolutely necessary as these systems get ever more complicated.
The Serial Peripheral Interface (SPI) stands out among several communication stand-
ards for its simplicity, low power usage, and high-speed data transfer possibilities. SPI
is a synchronous serial communication standard that allows for perfect communication
among other peripheral elements including microcontrollers, memory devices, sensors.

Ranging from consumer electronics to industrial automation and automotivesystems,
embedded systems are quite important in contemporary electronicapplications. The need
for effective and fast communication protocols gets crucial as these systems get more
sophisticated. The Serial Peripheral Interface (SPI) stands out among othercommunica-
tion standards because of its simplicity, low powerusage, and rapid data transfer capa-
bility. Enabling perfect interaction between microcontrollers, memory devices, sensors,
and other peripheral components, SPI is a synchronous serial communication protocol.

Because of their parallel processing features, adaptability, and reconfigurability, Field-
Programmable Gate Arrays (FPGAs) have proven to be a strong substitute for conven-
tional microcontroller-based systems. Developed by Xilinx, the MicroBlaze soft proces-
sor enables FPGA platforms to implement custom embedded systems with programma-
ble logic and software control. Designers may enable efficient and reliable data trans-
mission by combining SPI communication with the MicroBlaze processor on an FPGA,
therefore using the hardware acceleration advantages of FPGA-based designs.The
creation and deployment of an SPI-based embedded system using the MicroBlaze soft
processor on a ZedBoard 7000 FPGA platform is this research's main emphasis. Custom
SPI Master and Slave modules written in Verilog and integrated with an AXI-based
interconnect guarantee effective communication between the CPU and SPI peripherals
in the suggested system. Designing the system in Vivado, producing an HDL wrapper,
simulating the design, and then transferring the bitstream onto the hardware define the
implementation procedure. Through UART communication, the operation of the system
is confirmed using an SPI Flash memory module (S25FL256SAGMFB003).

The main goal of this study is to highlight the benefits of FPGA-based SPI controllers
over traditional microcontroller-based solutions. Regarding speed, flexibility, and
dependability, the study underlines the advantages of FPGA-based SPI connection.
Moreover, performance verification using Vivado simulations and real-time hardware
testing validates the system's efficiency in SPI read/write operations.Further research
might aim at increasing SPI connection speed, adding additional peripherals, and ex-
tending the system for real-time industrial applications.

1.20bjectives

Designing, creating, and deploying an SPI-based embedded system using theMicro-
Blaze soft processor on an FPGA platform is the main objective of this research. De-
signing and creating unique Verilog SPI Master and Slave modules guarantees fast and
effective communication between the MicroBlaze processor and SPI Flash Memory. An
AXT interface will be combined with the SPI module for smooth communication inside
the FPGA environment, therefore allowing for effective data transfer. To build a totally
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operational system, a whole Vivado block design will use the SPI module, MicroBlaze
processor, and AXI interconnect. Simulated in Vivado, the design will be validated then
hardware testing on theZedBoard 7000 FPGA will guarantee flawless performance.
Furthermore, with system validation done via UART communication to verify reliabil-
ity and performance, read and write operations utilizing SPI Flash Memory
(S25FL256SAGMFBO003) will be carried out.

1.3. Motivation

The growing demand for high-speed, reliable, and flexible communication in embedded
systems highlights the limitations of traditional microcontroller-based SPI
implementations, which often struggle with processing power, fixed hardware
resources, and lower data transfer speeds. FPGAs provide a more efficient alternative by
enabling custom hardware implementations with parallel processing, reconfigurable
architectures, and high-speed communication interfaces. Integrating an SPI controller
with the MicroBlaze soft processor on an FPGA enhances communication efficiency
while leveraging hardware acceleration. Additionally, SPI Flash Memory is essential for
storing firmware, bootloaders, and configuration data in applications such as industrial
automation and consumer electronics. This study aims to develop an optimized SPI
controller in Verilog, integrated with the AXI interconnect, to demonstrate the
advantages of FPGA-based solutions over traditional microcontroller implementations
in terms of speed, flexibility, and scalability.

2.  LiteratureSurvey

Using the MicroBlaze soft core, Peng et al. [1] examined the multiboot capability of K7
FPGA. Their approach guaranteed system flexibility for several embedded applications
by including a multiboot method via SPI Flash and FPGA reconfiguration. The findings
showed greater system update flexibility and better FPGA bitstream reloading efficiency
without need for external assistance.

Using the MicroBlaze soft processor, Acharya and Rani [2] introduced an FPGA
prototyping technique for a multi-core system-on-chip (SoC). With AXI interconnects,
they built a multi-core processing architecture then assessed the system via standard tests.
Improved parallel processing skills were shown in the results, lowering FPGA-based
SoCs' execution time and hence boosting computational efficiency.

For FPGA-based applications, Liu et al. [3] developed a generic SPI bus IP core. Their
strategy was the design of a parameterized and reusable SPI module using Verilog
integrated inside an FPGA-based architecture. High-speed, low-latency communication
with better scalability that the experimental results showed qualified the SPI IP core for
industrial use.

In FPGA, Qiang et al. [4] employed a state machine-based SPI bus transmission.
Managing SPI transactions effectively, they used a hierarchical finite state machine
(FSM). Reduced communication overhead and better synchronizing between SPI master
and slave devices shown by hardware validation and the simulation resulted in a 20% rise
in data transfer efficiency.

Kalkundri et al. [5] incorporated MicroBlaze on a ZYNQ FPGA and created a Wi-Fi-
based LED matrix control system. Their approach involved creating a customized AXI-
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based communication interface to enable wireless data transmission. Real-time testing of
the system revealed dependable Wi-Fi connection with a response time of under 50 ms, so
it is appropriate for remotely controlled embedded projects.

To get quick data transmission, Zhang and Wang [6] developed and deployed an FPGA -
based SPI controller. Using pipelining approaches, they improved the SPI architecture to
minimize communication delays. Compared to traditional SPI implementations, the
results showed a 30% boost in data throughput, hence assuring real-time processing
capacity.

To boost performance, Chen and Zhao [7] suggested a high-speed SPI interface for
FPGA-based systems using parallel processing methods and clock-domain crossing
tools. Their experimental results indicated a 40% decrease in SPI transaction delays,
hence improving the responsiveness of time-sensitive embedded applications.

For embedded systems, Li and Sun [8] built an SPI master controller on FPGA. Their
approach concentrated on employing AXI-based memory-mapped SPI integration with
a soft processor core. The hardware validation results demonstrated effective data
read/write operations, therefore making the design appropriate for industrial automation
applications and high-speed data logging.

Using Verilog, Wang and Liu [9] created a configurable SPI slave interface that permits
dynamic changes to SPI clock frequency and data frame size. Experimental findings
showed better adaptability across several SPI masters and a notable decrease in data
transfer mistakes under various clock speeds.

Implementing an adaptive clock synchronization method in FPGA-based embedded
systems, Zhao and Tang [10] optimized SPI communication. Their method resulted in a
25% decrease in data transmission mistakes and a 15% boost in system stability, hence
making the design more robust for real-time applications.

3. Implementation

The implementation of the SPI-based embedded system using MicroBlaze on FPGA
involves multiple stages, beginning with the design of custom SPI Master and Slave
modules in Verilog, ensuring efficient data transfer through the AXI interface. The
system is developed using Vivado, where a block design is created integrating the
MicroBlaze soft processor, AXI interconnect, and SPI module. An HDL wrapper is then
generated to facilitate communication between these components. Functional validation
is performed through simulation in Vivado to verify the correctness of SPI transactions
before deploying the bitstream onto the ZedBoard 7000 FPGA. The system is tested
using S25FL256SAGMFB003 SPI Flash Memory, with UART communication
employed for debugging and result verification. Real-time hardware testing confirms
the successful execution of SPI read/write operations, demonstrating the reliability and
efficiency of FPGA-based SPI communication.

3.1 Block Diagram

The block diagram of the SPI-based embedded system, Fig 1, shows how important
parts like the MicroBlaze processor, AXI interconnect, bespoke SPI controller, and SPI
Flash memory interact. Managed by the central control unit, the MicroBlaze processor
regulates SPI communication by setting the SPI controller through memory-mapped
registers accessed via the AXI interconnect. Through the UART module, it detects
mistakes and debugs while sending read and write commands to the SPI Flash memory.
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Ensuring low-latency communication and effective memory-mapped register access for
SPI transactions, the AXI interconnect serves as a fast data transfer bridge between the
CPU and peripherals. Acting as the SPI Master by creating SPI signals, regulating the
SPI clock (SCLK), and overseeing data transmission through the MOSI (Master Out
Slave In) and MISO (Master In Slave Out) lines, the Verilog-implemented custom SPI
controller helps in the process. It also controls the Slave Select (SS) signal to start and
finish SPI activity. The SPI Flash memory (S25FL256SAGMFB003) acts as non-
volatile memory by retaining application data, firmware, and configuration parameters.
Based on commands from the MicroBlaze processor, it performs read and write
activities and supports several SPI communication modes (Single, Dual, and Quad SPI)
for improved performance. The MicroBlaze processor configures the SPI controller and
enables SPI communication, beginning the signal flow inside the system. The SPI
controller then starts data transmission by issuing instructions over the MOSI line and
collecting replies through MISO. SPI Flash memory processes these queries
appropriately, keeping data during write operations and sending stored data back to the
SPI controller during read operations. The MicroBlaze processor then checks and
extracts the data before sending it to the UART module for logging and debugging. At
last, the SPI controller deactivates the SS signal, signifying the conclusion of the
transaction, and the MicroBlaze processor analyses the data for subsequent use.
Simplifying design comprehension, maximizing debugging, and enabling flawless
system adjustments and enhancements, the block diagram offers a lucid and arranged
view of the system architecture.

MicroBlaze Processor

(Configures and controls SPI communication)
» SPI Flash Memory

¥
< (Stores firmware, configuration, and data)
SPI Controller
(MOSI, MISO, SCLK, SS)
(Manages SPI signals, clock, and data lines)

Fig. 1. Block diagram of the SPIbasedEmbeddedSystem.

Fig 2 describes and verifying the proper operation of important signals, the simulation
waveform shows the SPI communication mechanism implemented on an FPGA utiliz-
ing a MicroBlaze processor. While the active-low reset (rst_n) is de-asserted indicat-
ing the module is working, the system clock (clk)maintains a steady oscillation guar-
anteeing correct synchronizing of processes. The SPI transaction starts when the start
signal is triggered, loading an 8-bit data value (0xAA) into the SPI shift register (da-
ta_in[7:0]). Driven by the master, the SPI clock (sclk) drives the bitwise transfer of
data through the MOSI (Master Out, Slave In) line. Data is precisely shifted out in
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time with the rising and falling edges of sclk, so guaranteeing dependable communica-
tion, when seen on the waveform. Low along the transaction, the ss_n (Slave Select)
signal affirms that the proper SPI slave device is engaged. The done signal remains
low at the same time, showing the trade is still in flight. This simulation confirms that
the SPI module operates as designed, with precise clock synchronization, proper data
transfer, and correct slave selection. These findings support the accuracy of the SPI
implementation and guarantee its availability for real-time data validation and hard-
ware installation.

Name

Fig. 2. Simulation Results of SPI Master Showing Data Transmission on MOSI.

Figure 3 shows the simulation results of the AXI Module, therefore proving its suc-
cessful use. The Top Module integrates the SPI Master, SPI Slave, and AXI compo-
nents, serving as the central unit that coordinates data transactions between the Mi-
croBlaze processor, SPI Flash Memory, and peripheral devices. Among the main
features of this module are a custom SPI Master and Slave for data transmission and
clock control, a UART module for debugging SPI transactions, and the AXI intercon-
nect for high-speed communication. Chosen for its high-speed, low-latency, and par-
allel processing features, the AXI protocolpart of the AMBA architectureenabled
direct memory-mapped register access and so lowered CPU overhead. The AXI-Lite
interface simplifies control and register configuration operations, enabling the proces-
sor to efficiently manage SPI settings, clock synchronization, and data transfers with
minimal software complexity. The AXI Address Decoder ensures memory-mapped
access, allowing seamless SPI register management, while the AXI Data Bus supports
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bidirectional data flow between the MicroBlaze processor and SPI peripherals. The
AXI Clock Synchronization mechanism aligns system clock signals with the SPI
clock to prevent timing mismatches and maintain data integrity. Additionally, AXI-
based address mapping allows the processor to directly configure SPI registers,
send/receive data, and monitor system status without complex peripheralcommunica-
tion protocols. In Verilog implementation, the AXI-Lite interface serves as a bridge
between the system bus and the SPI module, ensuring efficient and low-latency trans-
actions. By supporting real-time, low-power embedded applications, this organized
integration of AXI and SPI improves system performance, increases dependability,
and allows for future scalability.

80 ns (100 ns 120 ns 140 ns (160 ns 180 ns 200 ns 220 ns 240 ns

| 00000000 00000010

| 00000000 deabect

fooooooo

00000000 deadbeef

Fig. 3. Simulation Result of the AXI Module.

4 Results

The Vivado simulator generated waveform outputs that visually represented SPI
signal behavior, aiding in the analysis of timing characteristics and signal transi-
tions. The results confirmed the correct generation of the SPI clock (SCLK) at the
expected frequency and duty cycle, ensuring synchronization between the Micro-
Blazeprocessor and SPI peripherals. Data shifting on MOSI and MISO lines was
verified, confirming accurate transmission and reception at appropriate clock edges.
The simulation also validated the correct assertion and de-assertion of the Slave Se-
lect (SS) signal, preventing interference with other peripherals. The waveform anal-
ysis further confirmed data integrity, showing that received data on MISO matched
expected values without corruption. Additionally, the latency and timing constraints
were examined to ensure transactions were completed within the expected duration.
The SPI read operation was successfully verified, with s_axi_araddr set to 0x6C and
correct data responses observed. The AXI handshaking mechanism, including



2344 P. Kavitha et al.

s axi_arvalid and s axi arready signals, functioned correctly, enabling seamless
communication between the SPI master and slave. The SPI clock and Slave Select
behavior were consistent, confirming proper device addressing. Lastly, the correct
bit shifting on MOSI and MISO was observed, ensuring error-free SPI transac-
tionsnd reliable communication between the MicroBlaze processor and SPI periph-
erals.

5.0 el

P800

Fig.4. Simulation Results of the SPI-Based Embedded System.

Figure 5 shows how a C test program was created for the MicroBlaze processor to
enable data transmission and reception via the SPI interface in order to verify SPI
communication in an actual hardware configuration. Initializing the SPI controller
through the configuration of parameters like SPI mode, clock frequency, and chip
select settings was part of the test procedure. In order to ensure correct data load-
ing into the SPI transmit register, the processor sent a predefined test byte (for ex-
ample, 0xAS5) to SPI Flash Memory via the MOSI line. The integrity of the re-
ceived data was then confirmed by the processor's attempt to read back the stored
data via the MISO line. To verify successful SPI communication, the retrieved da-
ta was compared to the expected value; any discrepancies suggested possible prob-
lems with data transfer, timing,or gain access by registering. Compiling and load-
ing the test program onto the MicroBlaze processor, initializing SPI, carrying out
read/write transactions, and comparing the output with the received data comprised
the execution flow. While failures necessitated additional debugging, such as sig-
nal probing and stepwise execution analysis, to find and fix underlying problems
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like improper register mapping, clock misalignment, or defective data buffering, a
successful match confirmed the SPI's functionality.

Fig.5.SPI Transaction Output on Hardware Implementation.

5. Conclusion

An effective and scalable method for combining FPGA-based soft processors with
high-speed SPI communication has been successfully demonstrated by the design
and implementation of an SPI-based embedded system usingMicroBlaze. Thedevel-
oped system guarantees dependable and low-latency data exchange with SPI-based
memory devices thanks to its custom SPI Master and Slave module interfaced with
an AXI interconnect. Extensive simulation and real-time testing on the Zed Board
Zyng-7000 FPGA validated the system's accuracy and resilience in performing
read/write operations. System performance for embedded applications was improved
by the efficient reduction of processing overhead brought about by the integration of
AXI with the SPI controller. This work opens the door for more extensive industrial
and research applications by laying a solid foundation for developing FPGA -based
microprocessor architectures that need dependable, fast SPI communication.

6. Future Scope

Further improvements to the suggested system include increasing support for multi-
slave SPI communication to effectively interface with numerous peripherals, opti-
mizing SPI clock speed for higher data transfer rates, and enhancing error handling
through CRC-based verification and timeout mechanisms. Its applicability will also
be increased by incorporating external memory interfaces like I?*C/UART modules
and SD card communication. Performance can be further improved by implementing
DMA-based SPI transfers, which allow for high-speed bulk data exchange. The sys-
tem will become more reliable, scalable, and appropriate for use in edge Al pro-
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cessing, secure data storage, embedded bootloaders, and real-time data logging be-
cause of these developments.
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