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Abstract. With the rapid development of integrated circuits, asynchronous FIFO, as a core
component in digital system design, plays a significant role in data transmission and storage across
clock domains. This paper designs a configurable bit-width asynchronous FIFO system on the
Verilog platform that supports data widths of 8, 16, 32, and 64 bits. The system is partitioned into
several key modules, including a write control module, a read control module, a storage module, a
cross-clock pointer synchronization module, a bit width configuration module, and a top-level module.
Functional verification and performance evaluation are carried out employing functional simulation,
with comparative tests conducted under various write/read clock frequencies and bit-width
configurations. The results show that under different write clock and read clock frequencies, this
design can complete data transmission without loss or out-of-order, with the delay within a
controllable range, and it can still maintain a high throughput efficiency even at a high write rate. This
design can maintain the advantage of cross-clock domain transmission of asynchronous FIFO while
flexibly adjusting the data width through hardware parameterization or runtime configuration, thereby
adapting to more application requirements and improving system universality and resource utilization.
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1. Introduction

In recent decades, innovative System-on-Chip (SoC) design has become a critical area of research,
driven by emerging trends and complex application demands [1]. An SoC integrates a variety of IP
cores, such as multi-core CPU, GPU, DSP, dedicated accelerators, various peripheral controllers,
memory, and so on. The efficiency of the CPU is crucial in SoC designs as it directly impacts system
performance [2]. The GPU, which was originally designed for graphical data processing, is
increasingly being used in parallel computing in general engineering and science because of the
efficiency arising by having thousands of computing cores [3]. A DSP works well in signal processing
applications because it is optimized to process signals efficiently, is relatively not expensive, and has
a well-defined development path and fixed hardware configuration [4]. Meanwhile, asynchronous
FIFO is widely used in digital systems to temporarily store and transfer data between components
that operate under different clocks [5]. Nowadays, there are many performance optimization schemes
for Asynchronous FIFO. For example, designer use Gray code to solve the substability problem,
increase the bit width and the number of bits of the empty-full warning flag [6]. The design quality
of the asynchronous FIFO determines the data throughput, transmission delay, and other aspects of
the SoC. The configurable bit-width design of asynchronous FIFO can maintain the advantage of
cross-clock domain transmission of the asynchronous FIFO, while realizing flexible adjustment of
data width through hardware parameterization or runtime configuration, adapting to more application
requirements, improving system versatility, and optimizing resource utilization.

With the continuous expansion of integrated circuit design scale and the increasing complexity of
systems, the design of asynchronous FIFO is facing multiple technical challenges, and scholars at
home and abroad have conducted in-depth research on this. In the design of asynchronous FIFOs, the
problem of metastability is particularly prominent. When data signals cross clock domains, the
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asynchrony of clock phases and frequencies may cause flip-flops to enter an uncertain state, which in
turn leads to system errors. Many domestic researchers have proposed various solutions to this
problem. Synchronization of FIFO pointers into the opposite clock domain is safely accomplished
using Gray code pointers [7]. The article studies and analyzes the influence of memory cells and sense
amplifiers on access speed, which greatly shortens the access time of FIFO [8]. The FPGA-based
asynchronous FIFO buffer data overflow control system performs excellently in both data monitoring
and control performance. By establishing a storage overflow model and designing a data overflow
control algorithm, the system can effectively address the issue of data overflow [9]. A delay-
controllable asynchronous FIFO circuit that achieves high-precision delay control through integer
delay and fractional delay. When multiple chips are working simultaneously, this circuit can eliminate
the offset between data sources and achieve multi-chip synchronization [10]. Meanwhile, foreign
researchers have brought new possibilities to the design of asynchronous FIFO in terms of new
materials and new technologies. low-power design methodologies like DVFS for efficient energy
use.Explores novel materials such as carbon nanotubes for improved data transfer and efficiency [11].
A high-speed and large-capacity asynchronous FIFO based on an FPGA and DDR2 SDRAM is also
designed. FIFO access control of DDR2 memory based on FPGA is realized by WFIFO, RFIFO, and
FIFO controller. This design supports parallel data reading and writing, has fixed access cycle, and
can provide high access rate [12].

Although significant progress has been made in the research of asynchronous FIFO, there are still
many challenges. This paper aims to design and implement an asynchronous FIFO structure with
dynamic bit-width configuration to address the limitations of traditional asynchronous FIFOs, such
as fixed data width and insufficient flexibility.

2. Methods

2.1. Design of Configurable Asynchronous FIFO System Architecture

The asynchronous FIFO designed in this paper adds a switchable bit-width module based on the
traditional structure to adapt to the data throughput requirements in different application scenarios.
The overall system architecture primarily consists of a write control module, a read control module,
a data storage module, a pointer synchronization module, and a bit-width switching control module.
Among them, the write control module is responsible for receiving data from the write clock domain
and performing storage operations; the read control module completes data retrieval under the read
clock domain; the storage unit uses a dual-port RAM to achieve parallel data access; the pointer
synchronization module utilizes a two-stage register for synchronization; and the bit-width switching
control module enables flexible transitions between different bit-widths through data splicing and
segmentation technologies. The program running flowchart is shown in Figure 1.

This design implements an asynchronous FIFO with configurable data width (supporting
8/16/32/64 bits). Its core lies in using Gray code pointers and a synchronization mechanism to safely
transfer states across clock domains, and adapting to different data widths through data segmentation
and recombination. The following is its overall operation mode. The algorithm which is aynchronous
FIFO of configurable width is shown in Algorithm 1.

Initialization Yes
« Clear the FIFO .
. 3 7
S'rart Set the default bit width <Write operation

Reset the read and write pointers
Result output
» Output empty and full signals W‘d‘h su:l:chu Read opmatlon’
= Output current bit width reques

Fig 1. Program running flowchart
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Algorithm 1: Asynchronous FIFO Operation with Configurable Width

Input: wr_clk, rd_clk, rst_n, wr_en, wr_data[W-1:0], rd_en, cfg_width_in[1:0], cfg_valid
Output: rd_data[W-1:0], rd_data_valid, wr_full, rd_empty, cfg_ready

/I Initialization
upon rst_n asserted do
wr_ptr_bin « 0; wr_ptr_gray « 0
rd_ptr_bin « 0; rd_ptr_gray < 0
wr_full « 0; rd_empty « 1; rd_data valid < 0
current_width « 2'b00 // Default to 32-bit
cfg_ready « 1

oprwNE

/' Width Configuration Process
if cfg_valid and cfg_ready then

current_width « cfg_width_in
cfg ready < 0

10. /I Wait for safe context switch

11. cfg_ready « 1

12. end if

/' Write Domain Operation
13.  if wr_en and —wr_full then

©o~N

14. /I Data decomposition & storage based on current_width
15. case current_width

16. 2'b00: // 8-bit

17. mem[wr_ptr_bin] < wr_data[7:0]

18. 2'b01: // 16-bit

19. mem[{wr_ptr_bin, 1'b0}] < wr_data[7:0]

20. mem[{wr_ptr_bin, I'bl}] « wr_data[15:8]

21. /I Cases for 32-bit and 64-bit

22. end case

23. next wr_bin « wr ptr bin + 1

24. wr_ptr_gray « next_wr_bin @& (next_wr_bin >> 1) // Binary to Gray
25.  endif

/I Read Domain Operation
26.  if rd_en and —vd_empty then

27. // Data read & reassembly based on current width — rd_data
28. case current_width

29. 2'b00: rd_data[7:0] «— mem[rd_ptr bin]

30. 2'b01: rd_data[15:0] « {mem[{rd ptr_bin, I'b1}], mem[{rd_ptr_bin, 1'00}]}
31. /I Cases for 32-bit and 64-bit

32. end case

33. rd_data_valid « 1

34. next_rd_bin < rd_ptr_bin + 1

35. rd_ptr_gray < next rd _bin @ (next_rd_bin >> 1)

36, else

37. rd_data_valid < 0

38.  endif

/I Pointer Synchronization
39. J/ Synchronize wr_ptr_gray to rd_clk domain:
40.  on every rd_clk rising edge do

41, wr_sync_regl «— wr_ptr_gray
42. wr_sync_reg2 «— wr_sync_regl
32 synced_wr_ptr «— wr_sync_reg2

45. /I Synchronize rd_ptr_gray to wr_clk domain:
46. on every wr_clk rising edge do
47. rd_sync regl « rd ptr gray

48. rd_sync_reg2 < rd_sync_regl
49. synced_rd_ptr « rd_sync_reg2
/I Status Flag Generation
gg next_wr_gray « (wr_ptr_bin + 1) & ((wr_ptr_bin + 1) >> 1)
50 wr_full « (next_wr_gray == synced_rd_ptr)
53.

54 next_rd_gray < (rd_ptr_bin+ 1) @ ((rd_ptr_bin + 1) >> 1)
' rd empty <« (next rd gray == synced wr ptr)

2.2. Simulation and Verification Methods

The design was tested via functional simulation. A testbench written in Verilog is used for
functional verification of the asynchronous FIFO. The top-level module async_fifo_top and the
testbench fifo_tb are loaded to run the simulation. The test focuses on the following aspects.

(1) Write Operation: Verify whether wr_data is successfully written into the RAM when wr_en is
valid;

(2) Read Operation: Verify whether rd_data outputs correct data when rd_en is valid;
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(3) Empty and Full Status: Verify whether the wr_full and rd_empty flags are correctly set and
reset when the FIFO reaches the full or empty state.

By changing the value of cfg_width_in, test the write and read functions of the FIFO under
different bit-widths (8-bit, 16-bit, 32-bit, 64-bit), and observe whether there is data loss, duplication,
or out-of-order phenomena during the write and read processes.

3. Test Results and Analysis

3.1. Function Simulation Results

Figure 2 presents the overall waveform diagram. In the simulation waveform diagram, the
operation process of the system can be divided into the following four stages:

& [fifo_tbjwr_full o Data- . | |

& /fifo_thjwr_en o Data- AR

& [fifo_tbjwr_data No Data- OO Go0000000006000f | 1000 000000000600000: O G0000000 0000 000F

& (fifo_thjwr_ck o Data-

& ffifo_tbjrst_n o Data- J

& [fifo_thjrd_en o Data-

@ (fifo_thjrd_empty 4o Data- (] (Il Il M

& ffifo_toird_data_vaiid | o Data- UL 0 0 W W 1) 0 0 O
& [ffo_thjrd_data No Data- (0000 00 OO seossoneossnnaor ) Y OO0 Y Teososeensossel. 000 Y oooeeenooesanoot ) 3 I 0
& ffifo_tbjrd_ck No Data-

Fig. 2 Simulation waveform diagram

(1) Reset stage (0 ps—20000 ps)

Figure 3 presents the reset stage clearly in the simulation process. At the initial time, the reset
signal rst_n is at a low level, and the read and write pointers inside the FIFO are reset to zero. The
rd_empty signal is at a high level, and the wr_full signal is at a low level. When 20000 seconds pass,
the rst_n signal will be released from reset, changing from a low level to a high level, and the system
enters the normal work state.

* [fifo_tbfwr_ful “No Data- L
& [fifo_tb/rst_n “No Data- [
* [fifo_tbfrd_empty No Data- f
Now 4151000ps |, ' b 4'000'0 ps

Fig. 3 Reset stage

(2) Writing stage (approximately 35000 ps-345000 ps)

Figure 4 presents the writing stage clearly in the simulation process. When the rst_n signal is
released from reset, the write clock wr_clk will start to drive, and the write enable signal wr_en is
first changed into high level at approximately 35000 ps, and at the next rising edge of wr_clk, which
is at 45000 ps, wr_data begins to write the test data (0, ..., 9, a, ..., f) sequentially. The rd_empty
signal drops to a low level at approximately 63000 ps, indicating that there is already data inside the
FIFO.

& [fifo_thjwr_en o Data- (S S [ S gy Sy [y S Sy o S S N SN SR SRR gy

* [fifo_thfwr_data -No Data- (000000D00000G000 Y 000... {000... {000... Y000... {000... J000... {000... J000... {000... {000... L0DO... J0ODO... J0DO... Y0DO... J000000000000000f
& [fifo_thwr_dk -No Data- Uy L e L e
& ffifo_thfrst_n No Data-

& [fifo_thfrd_empty -No Data- f |

Fig. 4 Writing stage

(3) Reading stage (approximately 400000 ps-1057000 ps)

Figure 5 presents the reading stage clearly in the simulation process. After the writing operation is
completed, the read clock rd_clk will start to drive, and the read enable signal rd_en is pulled high at
approximately 400000 ps, rd_data_valid is pulled high at 413000 ps, and at the next rising edge of
rd_clk, which is at 427000 ps, rd_data begins to read the test data sequentially, and the sequence of
output data are as same as the write sequence (0, ..., 9, a, ..., ). After the last data is read out, the
rd_empty signal is pulled high again at 1057000 ps, indicating that the FIFO is empty.
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Fig. 5 Reading stage

(4) Switching between empty and full states

Figure 6 presents the switching between empty and full states clearly in the simulation process.
When the FIFO is full, wr_full is at a high level. The waveform shows that it remains at a low level
throughout the simulation, indicating that the amount of writing data has not reached the capacity
limit of the FIFO. When the FIFO is empty, rd_empty is at a high level. The waveform shows that it
becomes low after the data are written, and it returns to a high level after all the data have been read
out.
$hoomma | oo TR

O [fifo_tbfrd_empty | -NoData- — M N M i
& (fifo_tbjrd_data -No Data- 00D0D0DG00000000! D0D000DO000000AF 0D00U00000000. .. 000300000000000F

Fig 6. Switching between empty and full

Combining the logs and waveform diagrams, we can get the following conclusions:

(1) Bit widths are configurable: We test the write and read functions of the FIFO under different
bit widths (8-bit, 16-bit, 32-bit,64-bit) by switching the values of DATA_WIDTH in the fifo_tb. All
four tests write and read data successfully, and the read data are completely consistent with the written
data, without situations that result in data loss or disorder. This proves that the configurable bit widths
feature of the design is correct and valid, which verifies the function of configurable bit widths in the
ram_memory module.

(2) Empty and full states: The wr_full and rd_empty signals can correctly indicate the empty and
full states of the FIFO, ensuring the effectiveness of the read and write operations and preventing data
overflowing or reading invalid data.

3.2. Performance Test and Analysis

When the rst_n signal is released from reset, the write clock wr_clk will start to drive. After the
write enable signal wr_en is pulled high, the wr_data will begin to write the test data at the next rising
edge of the write clock wr_clk. This indicates that the time of write delay from the wr_en signal being
pulled high to when the data is actually written into memory is about half a wr_clk cycle, which is 5
ns. The write path is very short and there is almost no additional delay, so the performance of FIFO
is excellent. After the write operation is completed, the read clock rd_clk will start to drive. After the
read enable signal rd_en is pulled high and rd_data_valid is then pulled high, the rd_data will begin
to read out the test data at the next rising edge of the read clock rd_clk. This indicates that the time
of read delay from the rd_en signal being pulled high to when the data is actually read out is about
two wr_clk cycles, which is 28 ns. The read path is slightly longer than the write path, but still very
short, and the delay is acceptable. Overall, the synchronization logic inside the FIFO is very efficient.
Both the write and read delays are controlled within a few clock cycles. It is very important for a
high-frequency or real-time system to have low read and write delays.

The throughput rate calculated by dividing the total data volume by the transmission time is shown
in the following Table 1. Here, the total data volume is determined by the product of the number of
data items, and the bit width and the transmission time is obtained as the difference between the end
time and the start time. As the bit width of data increases, the throughput rate (MB/s) significantly
improves. When the bit width is 8 bits, the throughput rate is approximately 25.40 MB/s. When the
bit width is 16 bits, the throughput rate increases to 50.79 MBY/s, which is almost twice that of 8 bits.
When the bit width is 32 bits, the throughput rate further increases to 101.59 MB/s, which is almost
four times that of 8 bits. When the bit width is 64 bits, the throughput rate reaches a peak at 203.17
MBY/s, which is almost eight times that of 8 bits. This indicates that the FIFO can make full use of the
bit width of data for each transmission, and the larger the bit width, the higher the throughput rate.
The write clock is fixed at 100 MHz, and the read clock is 71.4 MHz. So the actual speed of data
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output is controlled by the read clock. Although the frequency of the read clock limits the amount of
data transmission per second, through flexible bit width configuration, the total amount of data
transmitted by the FIFO in unit time increases significantly. This proves that this design has high
practical value in data-intensive applications.

The results verified the advantages of configurable bit widths in the ram_memory module. It
enables this FIFO design to choose the appropriate bit width according to different application
scenarios, balancing throughput rate and resource occupation without designing new hardware, which
can reduce costs. We can use a smaller bit width in scenarios of small data volume or low speed to
save FPGA resources and use a wider bit width in high throughput rate scenarios to make full use of
the bus and clock frequency.

Table 1. Four Schemes comparing
Test Bitwidth (Bit)  Write clock (MHz)  Read clock (MHz) Throughput rate (MB/s)

1 8 100 71.4 25.4
2 16 100 71.4 50.8
3 32 100 71.4 101.6
4 64 100 71.4 203.2

4. Conclusion

This paper designs and realizes an asynchronous FIFO of configurable bit widths, supporting a
switch of 8, 16, 32, and 64 bits, and possessing data transmission capability of clock domain crossing
synchronization and a high utilization rate of hardware resources. This design use the minimum
granularity storage architecture, dynamic pointer stepping, and Gray code real-time encoding
technology to realize data transmission of low delay and high throughput. Simulation results show
that the FIFO can ensure data integrity and time stability under different bit widths, and the throughput
rate increases linearly with the bit width. The read and write delay is low, and the empty and full
signals reflect the storage status accurately, verifying the reliability of the design. Compared with
other schemes of fixed bit width or methods based on software, this design realizes higher flexibility
at the hardware level.

In the future, we can further optimize clock domain crossing synchronization and handshake
mechanisms to improve delay performance, introduce a configurable depth and multi-channel system
to enhance the throughput capacity of the system, and conduct actual tests combined with an FPGA
to verify power consumption and resource occupation. At the same time, we can strengthen
metastable state protection and synchronization optimization to further improve the reliability and
universality of the design in complex SoC.
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