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Abstract 

In order to improve the real-time and high-efficiency of data transmission in the label 
printer, an asynchronous FIFO controller based on FPGA (Field Programmable Gate 
Array) was designed, and the Verilog HDL hardware description language was used to 
realize the asynchronous FIFO data read and write control. A practical method to solve 
the problem of metastable state and competition risk in asynchronous FIFO. Through 
simulation experiment test, it is shown that the design of the controller is stable and 
reliable, the data can be input and read stably, and the utilization rate of system 
resources is improved, To ensure the high-speed data transmission requirements of the 
label printer. 
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1. Introduction 

With the continuous development of science and technology and the continuous improvement of 

industrial level, various scientific and technological products are becoming more and more intelligent, 

and the technical requirements for products are also more refined. Label printers belong to this 

category of products, which can classify and identify refined work divisions and products. Traditional 

label printers mainly use ARM as the control core, and the printing speed and accuracy are limited, 

which cannot meet the requirements of logistics transportation and intelligent storage. The large-

volume printing needs. At present, most label printers used in industry control the thermal print head 

by the ARM and FPGA control method. This presents the problem of multiple clock domains. How 

to transmit data can ensure that it will not be lost[1].  

Therefore, this article proposes a FPGA-based asynchronous FIFO controller design to improve the 

printing speed of industrial label printers from the data transmission level, and to ensure the stability, 

reliability and efficiency of the industrial label printer from the hardware level. The use of 

asynchronous FIFOs to transfer data quickly and conveniently between two different clocks has also 

been widely used. 

2. Introduction to Asynchronous FIFO 

The full name of FIFO is First In First Out queue, which is the first to push the contents of the storage 

space from the entrance and also the first to read from the exit. At two system interfaces with different 

clock paces, FIFO can not only effectively match the data transmission rate without causing data loss 

or invalid reading, but also can effectively improve the data transmission efficiency in the system. 

Play an important role in exchange sorting, synchronization and data caching[2,3]. 
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Asynchronous FIFO reads and writes use different clocks that are asynchronous with each other. 

Using asynchronous FIFOs can quickly and conveniently transmit real-time data between two 

different clock systems[4]. Therefore, using FIFO to synchronize data from different clock domains 

is a method often used in digital IC design. Common parameters of asynchronous FIFO include FIFO 

width and depth, full and empty flags, read clock and write clock[5]. The width is the data bits of a 

read and write operation; the depth is the number of data bits that can be stored; the full flag is a signal 

sent by the FIFO status circuit when the FIFO is full or about to be full to prevent the FIFO write 

operation from continuing writing data to the FIFO causes an overflow; the empty flag is a signal sent 

by the FIFO status circuit when the FIFO is empty or about to be empty to prevent the FIFO reading 

operation from continuing to read data from the FIFO and causing invalid data to be read[6]. The read 

clock is the clock followed by the read operation, and data is read at each clock edge; the write clock 

is the clock followed by the write operation, and data is written at each clock edge. The difficulty of 

asynchronous FIFO design is how to control the flip-flop to reduce the generation of metastability 

and how to design the correct empty and full signals[7]. 

The asynchronous FIFO controller of this article is composed of FIFO and dual-port RAM. Among 

them, FPGA contains FIFO monitor, buffer, dual-port RAM. The role of the FIFO monitor is to 

transform the state of the FIFO into a state machine read and write signals. If the operation is to write 

data to the dual-port RAM, when the FIFO is full, the FIFO monitor sends a signal to prevent the 

write operation from continuing to write data to the FIFO and cause overflow; if the operation is to 

read data to the dual-port RAM, the buffer When the device is empty, the FIFO monitor sends a signal 

to prevent the read operation from continuing to read data from the FIFO and cause invalid data to be 

read[8]. Figure 1 below is the block diagram of FIFO. 
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Figure 1. FIFO controller structure diagram 

3. Design 

This article is based on the asynchronous FIFO controller used by the label printer. The hardware 

level uses FPGA to control the thermal print head to ensure high-speed data transmission. Therefore, 

the asynchronous FIFO controller in this article is mainly used between the FPGA and the thermal 

print head. Data transmission, its composition structure diagram is shown in Figure 2 below: 

FPGA is mainly composed of FIFO controller, read/write control logic and RAM module. Among 

them, the FIFO controller is the core of the entire system, which implements RAM data read and 

write and control, ensuring reliable and stable operation of the entire system. At the same time, the 

control of the read and write address signal generation modules and the internal read and write 

pointers adopt clock synchronization technology to ensure that the address signal is in a stable state 

every time data is read and written, which ensures the correctness of timing and improves system 

performance ; Then, the read/write logic control provides address signals for the RAM module, uses 

a binary counter, and uses clock synchronization technology to communicate with the FIFO control 

module, which avoids the system’s metastable phenomenon and improves the security and stability 

of the system; finally The RAM module is used as system data storage for storage of print data. 
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Figure 2. Schematic diagram of composition structure 

 

The overall structure connection diagram of FPGA and thermal print head is shown in Figure 3: 
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Figure 3. Print head control circuit diagram 

 

Among them, the FPGA chip selected is Xilinx's Spartan-7 series XC7S15 chip, which has low power 

consumption and has thousands of logic units, as well as configurable look-up tables, BRAM and 

shift registers. The system clock used is 50MHz. The drive model is 74HCT245, 74HCT245 is an 

eight-way transceiver with in-phase three-state bus. The wide voltage working range is 3-5V. The 

output is compatible in both sending and receiving directions. It can be used for driving digital circuits 

and displays. It is safe and reliable to use; the print head model is Toshiba G5141F, the clock 

frequency used is 16MHz, and the number of heating elements is 1248 dots, dot density of 11.8 
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dots/mm, printing width of 105.7mm, among them, Strobe is strobe signal, Pulse is CLK signal, Latch 

is latch signal. 

4. Logic Realization 

In asynchronous FIFO design, the difficulty lies in the synchronization of the transmitted multi-bit 

data signal, reducing the occurrence of circuit metastable state, and judging under the premise of 

ensuring the correct writing and reading of data and no full and empty reading operations. The 

generation of empty and full flags. This article divides the design of asynchronous FIFO into five 

functional modules: storage module, read pointer synchronizer module, write pointer synchronizer 

module, read clock domain module, and write clock domain module. 

4.1 Module Design 

The storage module is defined as fifomen, and its main function is to store data. This module calls 

the BRAM block inside the FPGA as a storage unit block and performs data access according to the 

generated read and write addresses. 

The read pointer synchronizer module mainly completes the signal processing of two different clock 

domains. Cross-clock domain signal processing uses register beat mode. Synchronize the read pointer 

to the write clock domain by tapping the read pointer twice, as follows: 

wq1_rptr<= rptr; 

wq2_rptr<=wq1_rptr; 

Among them, rptr is a read pointer in Gray code format; wq1_rptr and wq2_rptr are read pointers 

synchronized to the write clock domain. 

Similar to the principle of the read pointer synchronizer module, the write pointer is synchronized to 

the read clock domain by beating the write pointer twice: 

rq1_wptr <= wptr; 

rq2_wptr <= rq1_wptr; 

Among them, wptr is a write pointer in Gray code format; rq1_wptr and rq2_wptr are write pointers 

synchronized to the read clock domain. 

The write clock domain module is wptr_full. The main function is to generate write address and write 

full control signals. Each time a beat of data is written, the data address is increased by 1, and the 

write address is generated in this way. When the write address is full, the write full signal is set 1; 

otherwise, the overwrite signal is 0, continue writing. In the same way, the read clock domain module 

is rptr_empty. The main function is to generate read address and read empty control signals. Each 

time the data address is read, 1 is added. When the read empty signal is set to 1, it means that all data 

has been read. The read operation can no longer be continued. 

Therefore, the FIFO state can be simply summarized into three states: idle state, write state and read 

state. The state machine is shown in Figure 4 below: 

IDLE WRITE READ

r_fifo=1&&empty_flag=0w_fifo=1&&full_flag=0

r_fifo=0

w_fifo=0

 

Figure 4. Print head control circuit diagram 
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As can be seen from the above figure, the initial state is IDLE state. When the w_fifo signal is 1 and 

the full signal is 0, the state machine jumps to the WRITE state, writes the data, and writes the data 

into the RAM until the w_fifo signal is at 0, the state machine jumps to the IDLE state; similarly, 

when the r_fifo signal is 1 and the empty signal is 0, the state machine will jump to the READ state 

and read the data from the RAM until the r_fifo signal is 0 When the state machine jumps to the IDLE 

state. 

4.2 Main Technical Issues 

Due to the asynchronous FIFO design, the read and write clocks are different. When the read empty 

signal and the write full signal are generated, the cross-clock domain problem will be involved. The 

solution adopted is two-level register synchronization and Gray code to eliminate metastability.  It 

is prone to problems when synchronizing a binary count value from one clock domain to another 

clock domain, because when a binary counter is used, all bits may change at the same time. 

Synchronizing multiple signal changes on the same clock edge will cause metastability State problem. 

With Gray code, only one bit changes, so synchronizing multiple bits between two clock domains 

will not cause problems. Therefore, a conversion circuit from binary to Gray code is needed to convert 

the address value to the corresponding Gray code, and then synchronize the Gray code to another 

clock domain for comparison, as the detection of the empty or full state. The Verilog code 

implementation can be expressed as: 

assign wbinnext = wbin + (winc & ~wfull); 

assign wgraynext = (wbinnext>>1) ^ wbinnext; 

Using Gray code[9] solves one problem, but it also brings another problem, how to judge empty and 

full in the Gray code domain. 

The judgment of empty is still based on the two equals, and the judgment of full, because Gray code 

has the characteristics of mirror symmetry in addition to the most significant bit[10], when the read 

pointer points to n and the write pointer points to n+1, except for the most significant bit , The other 

bits are the same, it cannot be said to be full. Therefore, it is not possible to simply detect the highest 

bit. When judged to be full on the Gray code, the following three must be met: the most significant 

bit of wptr and the synchronized rptr are not equal, because wptr must be folded back once more than 

rptr; wptr and rptr The second highest digits are not equal, and the most significant digits are different, 

which means one more return, and the same represents the same position; the remaining digits are 

completely equal. Therefore, it is judged when the read is empty: each bit of the Gray code rgray_next 

in the clock domain needs to be read and the write pointer rq2_wptr synchronized to the read clock 

domain is exactly the same; when the judgment is full: the Gray code wgray_next in the clock domain 

needs to be written and synchronized to the write The upper two bits of the read pointer wq2_rptr in 

the clock domain are different, and the rest of the bits are exactly the same. For example, the empty 

code is: 

assign rempty_val = (rgray_next == rq2_wptr); 

5. Waveform Simulation Test 

Use Xilinx's Vivado for programming and simulation, and use Verilog HDL for programming. The 

ideal simulation effect is obtained through program debugging. The following Figure 5 and Figure 6 

shows the logic simulation of asynchronous FIFO and the timing simulation diagram of data storage 

read. 

In the application of label printers in this article, the write clock frequency is faster than the read clock 

frequency. As shown in the figure above, wfull is a full write signal, and rempty is a read empty 

signal. When wfull is high, it enters the full state; when reempty is high, it enters the empty state. 

wdata and rdata are write data and read data respectively. It can also be seen from the figure that the 

write data signal is faster than the read data signal, but the read data and the written data correspond 

one to one, that is, the data transmission is correct. 
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Figure 5. Block diagram of asynchronous FIFO 

 

 

Figure 6. Data transmission sequence diagram 

6. Conclusion 

This article introduces the asynchronous FIFO and designs the use of the asynchronous FIFO 

controller in the label printer. Because the data transmission of the thermal print head is the most 

critical part of the logical design of the label printer, the correctness of the data transmission is 

guaranteed by the asynchronous FIFO controller. , And the thermal print head is controlled by FPGA 

to ensure the real-time performance of data transmission, effectively improve the printing effect, and 

solve the problem of data transmission between different clocks. After the simulation experiment test, 

the controller functions normally and the performance Stable, can be used in label printer system. 
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