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ABSTRACT:

The design presents the FPGA implementation of a UART data buffering system based on a synchronous FIFO
with Axi4-lite interface. The design is for the Cyclone Il FPGA development board EP2C5T144 device and was
created using Intel Quartus Prime for synthesis and ModelSim for functional simulation, with all RTL written in
synthesizable Verilog. A 50 MHz onboard oscillator powers the system, and a baud rate divider CLK_DIV =434
allows UART operation at 115200 baud. Two 16-deep, 8-bit synchronous FIFOs buffer data between the UART
receiver and transmitter, addressing the speed mismatch of serial connection 86.8 s per byte at 115200 baud and
providing data transfer. Functional simulation confirms proper UART framing, FIFO read/write operations, and
timing behavior, whereas post-synthesis results demonstrate efficient resource utilization with fewer than 300
logic elements (LES) and positive temporal slack at 50 MHz. Hardware validation using a USB-to-UART interface
confirms reliable real-time data transmission and system stability.

Keywords: UART, Synchronous FIFO, FPGA, Cyclone Il, Verilog, Quartus Prime, ModelSim,Serial Communication, RTL
Design

INTRODUCTION

Modern embedded systems demand efficient and dependable communication between high-speed processor units
and low-speed peripheral devices. In such systems, standardised bus protocols such as AXI4-Lite provide a
lightweight, fully handshaked interface for register-based communication, allowing for organised data flow
between components. However, because of its simplicity and low hardware requirements, UART is still one of
the most popular serial communication protocols for external communication and debugging.

A major challenge in integrating these systems is the data-rate mismatch between internal digital logic and serial
communication interfaces. FPGA-based logic often operates at nanosecond-scale speeds using system clocks in
the range of tens of megahertz, while UART transmission at 115200 baud takes around 86.8 ps to convey a single
byte. If not correctly controlled, the large variation in operating speeds might result in data loss, buffer overflow,
or inefficient use of system resources.

To overcome this issue, a synchronous FIFO buffer is introduced to decouple the data transfer between modules
operating at different speeds. The FIFO temporarily stores incoming data from the faster domain and allows
controlled, sequential transmission to the slower UART interface. This buffering mechanism ensures smooth data
flow, prevents overflow conditions, and enables continuous communication without requiring tight
synchronization between producer and consumer modules. The UART connection in this design adheres to the
conventional 8N1 frame structure, which consists of one start bit, eight data bits transferred in least significant bit
(LSB) first order, and one stop bit. Because UART does not have a shared clock, a baud rate generator is used to
ensure accurate timing. To achieve a baud rate of 115200 with a 50 MHz system clock, use a clock divider value
of CLK_DIV 434. This ensures accurate bit timing and reliable data transfer.

The synchronous FIFO architecture employs (ADDR_W+1)-bit read and write pointers to reliably detect full and
empty circumstances, removing ambiguity during pointer wrap-around. In this paper, a 16-byte FIFO buffer is
used to efficiently manage data transfer between the UART receiver and transmitter modules. This architecture
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not only increases data integrity but also boosts system performance by permitting burst data handling and
lowering reliance on immediate processing, making it ideal for FPGA-based embedded communication systems.

LITERATURE SURVEY

To evaluate system reliability and robustness under radiation-induced errors. Overall, these works [1] highlight
the importance of efficient AXI-based communication in improving data transfer performance and system
efficiency. However, existing approaches [2] mainly focus on bridging techniques between AXI and FIFO for
data transfer without addressing complete system-level integration and optimization. Similarly, the work in [3]
emphasizes UART design with AXI interfaces, concentrating on communication functionality, but lacks deeper
enhancements in buffering strategies and efficient data handling mechanisms. The asynchronous FIFO techniques
discussed in [4] effectively solve clock domain crossing issues using synchronization methods, yet they are not
integrated with higher-level communication protocols such as AXI and UART. Therefore, there is a clear need to
combine these individual concepts into a unified and optimized architecture[5]. The proposed work [6] builds
upon these limitations by developing an AXI-FIFO-UART system that ensures efficient, reliable, and scalable
communication suitable for modern embedded and FPGA-based applications.

The work proposed in [7] uses Chisel-based modular and parameterized design techniques to enhance scalability,
flexibility, and performance in FPGA-based hardware accelerators, making it easier to design reusable and high-
performance systems. Finally, the work in [8] introduces an FPGA-based platform for SEU characterization in
memory devices, incorporating fault injection and monitoring techniques to analyse system reliability, thereby
contributing to the development of more robust and fault-tolerant FPGA-based designs.

SYSTEM ARCHITECTURE

Methodology:

The system is designed, with UART communication, synchronous FIFO buffering, and an AXI4-Lite interface
on FPGA. The UART receiver uses a baud rate generator to transform serial data into parallel form, whilst the
FIFO stores data momentarily and regulates flow using full and empty signals respectively. The AXI4-Lite
interface provides controlled data access via memory-mapped registers. All modules are combined into a top-
level design and implemented in Verilog, which is then simulated and hardware verified.

Block diagram:

The block diagram shows the overall architecture of the FPGA-based UART data buffering system. It enables
communication between a host PC and the FPGA using a USB-to-UART module, while internally using FIFO
buffers and an AXI4-Lite interface for efficient data handling.

Host PC
(Terminal)

'

USB-to-UART Module

UART Interface
(RX, TX, GND)

FPGA SYSTEM
v
rx_data[7:0] AXld-Lite S| tx_data[7:0]
UART RX » RXFIFO " (R i;'LfBI:C‘S —> TXFIFO » UART TX >
9 UART TX Output

A (To USB-UART Module)

A 4

LED Indicators

Fig 3.1. Block diagram of AXI14-Lite based UART FIFO system implemented on FPGA
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As shown in the figure 3.1, the host PC communicates with the FPGA through a USB-to-UART module, which
converts USB signals into UART-compatible serial signals. The UART interface consists of RX, TX, and GND
connections, enabling bidirectional communication between the external system and the FPGA.

The host PC communicates with the FPGA through a USB-to-UART module. Inside the FPGA, the UART RX
receives serial data and converts it into parallel data rx_data [7:0], which is stored in the RX FIFO. The AXI4-
Lite slave interface controls data transfer between the RX FIFO and TX FIFO using register-based access.

The TX FIFO stores outgoing data, which is then transmitted through the UART TX back to the PC. LED
indicators provide status information such as FIFO conditions and data activity. This design ensures reliable data
transfer by handling the speed mismatch between UART communication and FPGA logic.

Design Flow:The design flow of the proposed FPGA-based UART FIFO system follows a structured sequence
to ensure correct implementation and verification. It includes stages from initial specification to final hardware
validation, covering both design and testing aspects.

| Specification |

!

| RTL Design |

!

| Simulation |

il

Synthesis

l

| Pin Mapping |

!

| Programming |

!

Hardware Testing

1

Results

Fig 3.2. Design flow of the proposed AXI14-Lite based UART FIFO system on FPGA

As shown in the figure 3.2, the process begins with defining system specifications, followed by RTL design using
Verilog. The design is then verified through simulation and synthesized to generate hardware logic. Pin mapping
assigns FPGA resources, after which the design is programmed onto the board. Finally, hardware testing is
performed to validate system functionality and analyze results.

IMPLEMENTATION

Hardware Implemetation

The hardware setup shown in the figure 4.1 illustrates the practical implementation of the proposed system using
an FPGA development board interfaced with a host PC through a USB-to-UART module. The host PC runs a
serial terminal application to transmit and receive data over a USB connection. The USB-to-UART module
(FT232/CP2102) converts USB signals into UART-compatible serial signals.
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Fig. 4.1. Hardware implementation of UART FIFO system using USB-to-UART interface and FPGA
board

The transmitter (TXD) of the USB-to-UART module is connected to the UART receiver (uart_rx) pin of the
FPGA, while the receiver (RXD) is connected to the UART transmitter (uart_tx) pin, ensuring proper cross-
connection for bidirectional serial communication. A common ground (GND) connection is maintained between
the module and the FPGA to provide a stable voltage reference and ensure reliable signal transmission. The serial
communication is configured at a standard baud rate of 115200, allowing synchronized data exchange between
the host PC and the FPGA.

The FPGA operates using an onboard 50 MHz clock, which serves as the primary timing source for UART
operation, FIFO control, and internal logic. A reset mechanism is provided to initialize the system and ensure
proper startup conditions. Internally, the UART modules handle serial-to-parallel and parallel-to-serial data
conversion, while the synchronous FIFO buffers incoming and outgoing data to manage the speed mismatch
between the UART interface and high-speed FPGA logic. Control logic coordinates data movement and ensures
correct sequencing. LED indicators are used to represent system status signals such as FIFO empty, FIFO full,
and data activity, providing visual feedback during operation. This hardware setup enables real-time testing,
confirms correct data buffering and transmission, and demonstrates reliable communication between the host
system and the FPGA.

Software Implemetation

The RTL implementation is divided into five functional modules: a UART transmitter, a UART receiver, a
synchronous FIFO, an AXI4-Lite slave interface, and a top module that connects these blocks and handles overall
data flow and control.

The proposed system is implemented using a modular RTL design in Verilog HDL, integrating UART
communication, synchronous FIFO buffering, and an AXI14-Lite interface within a unified top-level architecture.
The UART receiver operates using a finite state machine (FSM) that transitions through idle, start-bit detection,
data reception, and stop-bit validation states, with sampling controlled by a baud rate generator derived from the
system clock (CLK_DIV = 434 for 115200 baud at 50 MHz). The received serial bits are shifted into a register
and presented as parallel data (rx_data[7:0]) with a corresponding rx_valid signal. This data is written into the
receive FIFO, which uses synchronous read/write operations and pointer-based addressing to maintain data order.
The FIFO employs (ADDR_W-+1)-bit pointers to distinguish full and empty conditions, using logic such as assign
empty = (wr_ptr == rd_ptr); to ensure safe data access and avoid ambiguity during pointer wrap-around. The
AXI4-Lite interface manages data transfer using independent read and write channels with VALID/READY
handshaking, enabling memory-mapped communication and proper synchronization between modules. On the
transmission side, the UART transmitter is controlled by an FSM that sequences start, data, and stop bits, with
timing governed by the baud rate generator to ensure correct bit intervals. Data is fetched from the transmit FIFO
using control logic such as assign tx_fifo_rd_en = tx_ready && !tx_fifo_empty;, allowing continuous data
transmission without underflow. The integration of these modules within the top-level design ensures efficient
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handling of the speed mismatch between high-frequency FPGA logic and low-speed UART communication,
providing reliable and synchronized data transfer across the system.
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Fig.4.2. Top-level RTL schematic of AXI4-Lite based UART FIFO system on FPGA

The figure 4.2 represents the top-level RTL implementation of the proposed system, where all submodules are
interconnected to achieve efficient and synchronized data communication. The UART receiver samples the
incoming serial signal (uart_rx) using a baud rate generator and converts it into parallel data (rx_data[7:0]),
asserting a rx_valid signal upon successful reception of a byte. This data is written into the receive FIFO using
wr_en, while the FIFO generates status signals such as rx_fifo_empty and rx_fifo_full to control data flow. The
AXI4-Lite slave interface performs memory-mapped communication by decoding addresses (awaddr, araddr) and
handling read/write transactions using VALID/READY handshake signals (awvalid, wvalid, arvalid, rvalid,
bvalid). It controls FIFO operations through signals like rx_fifo_rd and tx_fifo_wr, enabling data transfer between
the receive and transmit FIFOs. On the transmission side, the transmit FIFO provides data (tx_data[7:0]) to the
UART transmitter, which initiates serial transmission when tx_valid is asserted and indicates readiness through
tx_ready. The transmit FIFO read operation is governed by logic such as tx_fifo rd_en = tx_ready &&
Itx_fifo_empty, ensuring continuous data flow without underflow. Overall, the use of FIFO status flags,
handshake signals, and control logic ensures proper synchronization, prevents data loss, and enables reliable
communication between high-speed FPGA logic and the low-speed UART interface.

RESULTS AND DISSCUSION

Simulation Results

Figure 5.1 illustrates the UART transmission process for the data byte OxA5 written through the AXI interface.
The data is first stored in the transmit FIFO, as indicated by the FIFO control signals. When the UART transmitter
becomes ready (tx_ready = 1), the system asserts the tx_valid signal for one clock cycle, enabling the transfer of
data from the FIFO to the UART module.
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Fig.5.1 AXI to UART Data Transmission Waveform through FIFO Buffer

The signal tx_data_reg holds the transmitted value (10100101), confirming correct data propagation. The
tx_fifo_rd_en signal indicates that data is being read from the FIFO. Following this, the UART transmitter
serializes the data and produces the corresponding bitstream on the uart_tx line. The waveform clearly shows the
transition of bits corresponding to the transmitted data.

Figure 5.2 presents a detailed view of the UART transmission. The serial output on uart_tx follows the standard
UART frame structure, beginning with a start bit (logic low), which indicates the start of data transmission. This
is followed by eight data bits (10100101), transmitted in a sequential manner, and finally a stop bit (logic high),
marking the end of the frame.

82 .
& FALWAYS246  axi_uart_| 4 Jaxi_uart_top_thjdut/tx_fifo_rd_en [st0
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Fig.5.2 Detailed UART Bitstream Showing Start Bit, Data Bits, and Stop Bit
Each bit is transmitted over a fixed time interval, determined by the configured baud rate, resulting in uniform

spacing between transitions in the waveform. This consistent timing confirms that the baud rate generator within
the UART module is functioning correctly.
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The observed waveform validates that the UART transmitter successfully converts parallel input data into a
serialized bitstream while maintaining proper synchronization and timing accuracy. This ensures reliable
communication between the transmitting and receiving ends.

Hardware

The hardware implementation of the proposed AXI-based UART system was verified on an FPGA platform. The
AXI interface successfully writes input data into the transmit FIFO, which acts as an intermediate buffer between
the processor interface and the UART module. Upon detection of valid data and UART readiness, the control
logic enables data transfer from the FIFO to the UART transmitter.

The system ensures proper synchronization using ready-valid handshaking, allowing reliable data movement
without loss. The FIFO prevents data overflow and maintains continuous data flow, even when there is a mismatch
between AXI and UART operating speeds.

Fig.5.3 Hardware Setup for AXI-Based UART Communication System

As shown in Figure 5.3, the transmitted data is successfully serialized on the uart_tx line. The UART output
follows the standard communication protocol, consisting of a start bit, eight data bits, and a stop bit. The observed
bit pattern corresponds to the transmitted data (OxA5), confirming correct functionality of the system.

The uniform timing between signal transitions indicates accurate baud rate generation and stable clock operation.
The results demonstrate that the designed system correctly integrates AXI communication, FIFO buffering, and
UART transmission, achieving reliable hardware-level data transfer.

FPGA Resource Utilization
Table: 5.1 FPGA Resource Utilization of the Proposed AXI-FIFO-UART System

Resource Used Available (10M50) | Utilization
ALMs (Adaptive Logic Modules) ~275 49,760 0.55%
Flip-Flops / Registers ~260 99,520 0.26%

MOIK Block RAM bits 0 1,677,312 0% (distributed)
1/0 Pins 6 360 1.7%

PLLs 0 4 0%

Table 5.1 represents the FPGA resource utilization of the proposed system implemented on the Intel 10M50
device. The design occupies a very small fraction of available resources, utilizing only 0.55% of ALMs and 0.26%
of registers. The FIFO is implemented using distributed logic instead of dedicated block memory, resulting in
zero M9K usage. The low resource consumption demonstrates that the proposed design is lightweight and suitable
for integration into larger FPGA-based systems.

Timing and Performance Analysis
Table: 5.2 Timing and Performance Characteristics of the Proposed System

Parameter Value
Clock Frequency (Target) 50 MHz (20 ns period)
Fmax (Post-Fit) > 120 MHz
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CLK_DIV (115200 baud) 434 clock cycles

UART Bit Period 8.68 us

UART Byte Latency 86.8 ps

AXI Write Latency 60-100 ns

AXI Read Latency 60-80 ns

Maximum TX Throughput 11,520 bytes/sec

FIFO Burst Transfer (16 bytes) ~320 ns load, 1.39 ms drain

Table 5.2 summarizes the timing and performance characteristics of the proposed design. The system operates at
a target clock frequency of 50 MHz, while achieving a post-fit maximum frequency greater than 120 MHz,
indicating robust timing performance. The UART operates at a baud rate of 115200, corresponding to a bit period
of 8.68 ps and a byte transmission latency of approximately 86.8 ps.

The AXI interface demonstrates low latency, with write and read operations completing within a few clock cycles.
The system achieves a maximum throughput of 11,520 bytes per second. Additionally, the FIFO enables burst
data handling, allowing multiple bytes to be loaded rapidly and transmitted sequentially.

CONCLUSION

This work presented the complete design and FPGA implementation of an AXI14-Lite based UART data buffer
using a synchronous FIFO on the Intel DE10-Lite platform. The system employs AXI communication, FIFO
buffering, and UART transmission to ensure efficient and dependable data transfer between a CPU interface and
a serial communication channel. The design assures accurate timing and reliable operation by using a 50 MHz
clock and a calibrated CLK_DIV = 434 for 115200 baud. Functional simulation confirmed proper AXI
handshaking, FIFO operations, and UART serialisation, whilst synthesis results revealed very low resource
utilisation and positive timing slack. The parameterised architecture provides for simple scalability in terms of
FIFO depth and baud rate, making the solution adaptable and portable across many FPGA platforms.

The proposed system is suitable for a variety of real-world applications, such as embedded system communication,
FPGA-based data logging, and serial debugging interfaces. It has applications in industrial automation for real-
time data interchange, as well as 10T and edge devices for transferring sensor data to external systems.
Furthermore, the design can be integrated with soft processors such as Nios Il or other AXI-based systems,
allowing for use in custom SoC designs. Overall, the provided approach offers a lightweight, scalable, and
efficient communication interface for FPGA-based applications.

FUTERSCOPE

The AXI-FIFO-UART system can be further improved by adding an interrupt-based mechanism using an rx_irq
signal, which avoids continuous polling of the status register and reduces processor load. Additionally, making
the CLK_DIV parameter configurable through an AXI register would allow dynamic adjustment of baud rates,
improving flexibility for different communication requirements.
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