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Abstract. This article explores the impact of different baud rates on Universal Asynchronous 
Receiver/Transmitter (UART) asynchronous serial communication. It discusses the frame format and 
calculation method of baud rate error, as well as the main reasons for error, such as clock error, 
sampling error, line noise, data bit error, and software delay. To ensure reliable communication, it is 
essential to test and debug the actual baud rate and adjust it accordingly. The study found that higher 
expected baud rates resulted in higher baud rate errors, affecting transmission distance, speed, 
reliability, and system complexity. The appropriate baud rate should be selected based on specific 
application scenarios and requirements. Higher baud rates are needed for high-speed transmissions, 
while lower baud rates are required for long transmission distances or high reliability requirements. 
However, further research is needed to determine the impact of unallocated baud rates on data. 
Overall, this article provides valuable insights into the development of UART. 

Keywords: UART communication, frame format, baud rate, transmission distance, transmission 
speed. 

1. Introduction 

UART (Universal Asynchronous Receiver/Transmitter), that is, a universal transceiver, is a 

commonly used integrated serial bus in microprocessors, and it is also the most widely used full-duplex 

serial data communication interface [1, 2]. UART is widely used in serial communication, data 

acquisition and processing, debugging, and troubleshooting. The main function of UART is to convert 

parallel data into serial data and send it on the communication line, while being able to accept serial 

data and convert it to parallel data for system use [3]. The baud rate, as an indicator of the rate of serial 

communication, has an important impact on the waveform of UART. In the case of higher baud rates, 

on the one hand, since the recognition of data bits is determined by clock cycles, if the clock cycles 

are too short, data bits may not be recognized, resulting in errors. On the other hand, data at high baud 

rates change quickly and are susceptible to noise and crosstalk, which can deform the signal, cause the 

receiver to not correctly identify the data bits, and even cause data transmission failure. In this paper, 

the related principles of UART and the calculation and research methods of baud rate are introduced, 

and then the influence of different baud rates on the same waveform is analyzed by ModelSim, and 

the waveform graph is obtained and the data is calculated to analyze the error and its causes. And 

further optimization, draw relevant conclusions, aiming to provide certain reference significance for 

the development of UART. 

2. Theoretical basis 

2.1. Structure of the UART 

The UART is asynchronous serial communication, comparing with parallel communication, though 

the serial communication has a low transfer efficiency, but it costs not very high and supports long-
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distance transmission; comparing with synchronous serial communication, a synchronous serial 

communication does not require clock synchronization between the sending and receiving sides [4]. 

A synchronous serial communication frame format shown in the following figure 1. 

 

Figure 1. A synchronous serial communication frame format 

In asynchronous communication, the first bit of the data frame is the start bit, and it is in the logical 

"1" state when there is no data transmission on the communication line; If you are ready to send data, 

you first send a logical "0", that is, tell the receiver to start sending data, and this logical "0" is the start 

bit. When the receiver detects this low level, it is ready to receive data. After the start bit is followed 

by the data bit, generally there are 8 data bits by default, when sending data, the low bit is first, the 

high bit is behind, and it is sent bit by bit. The check digit is used to verify whether there is an error in 

the transmission of data, this check digit is one of the ways of limiting error detection agreed in advance 

by the sending and receiving parties, or it cannot use the check digit. The last bit of the data frame 

format stops the bit, the logical "1" is valid, and it occupies are 1/2 bits, 1 bit, 2 bits, and 2 bits used in 

this article. The stop bit is a sign of the end of transmitting a frame of data, and prepares for the next 

set of data to be passed later. The idle bit refers to the state when there is no data transmission on the 

communication line, that is, the idle state, the logic "1" is valid, the circuit is in the waiting state at this 

time, if the jump becomes a logical "0" means that there is new data about to be transmitted, the logical 

"0" is the start bit. In this loop, various data are transmitted on the communication line [5, 6]. 

2.2. The calculation method of the band rate 

UART transmits data based on the selected baud rate, so an accurate baud rate is critical to the 

success of the data transfer. The baud rate error refers to the difference between the actual baud rate 

and the desired baud rate, usually expressed as a percentage or partial thousandth (PPTH). Here is the 

general formula for calculating the UART baud rate error: 

In the case that the stop bit sampling error is allowed, the data bit is eight bits, the parity bit is not 

set, and the tolerance margin is 10%, the error in the transmission bit is calculated, that is, when the 

last stop bit is just 90%. 

The bit period of a Tx device is defined as follows in formula (1) [7]. 

 

( )
100

D
Trx Ttx =                                 (1) 

 

Where D means received baud rate, Ttx  means transmit baud rate, D means the percentage 

difference between the received baud rate and the sent baud rate. 

The calculation process is simplified from the starting bit sampling to 50% of the initial work, and 

the last data bit 8ΔTrx turns off RX as the sampling time. Therefore, we arrive at the calculation 

formula if it is accurate enough:8ΔTrx<0.4Ttx, D<5 

It is concluded that the communication can be considered valid when the baud rate error between 

the sending end and the receiving end is less than 5%. 

2.3. Baud rate deviation adjustment 

The actual baud rate of UART may produce errors in testing, so adequate testing and debugging is 

required in practical applications to ensure reliable and stable communication. The main reasons for 

the error are as follows: 

• Clock error: UART uses clock signals to send and receive data bits at regular intervals. If the 

frequency of the clock signal is inaccurate, it can cause an error between the actual baud rate and the 

expected baud rate. Clock errors can be caused by factors such as crystal oscillators, temperature, 

voltage changes, and more[8]. 
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• Sampling error: UART needs to sample the data when receiving it to determine the state of the 

data bits. If the sampling timing is inaccurate, it will result in the wrong bit of data received. Sampling 

errors can be caused by the UART receive clock being out of sync with the transmit clock, or by noise 

interference[7]. 

• Line noise: UART communication uses serial communication, and data is transmitted through a 

single line. If there is noise interference in the line, it will cause the received data bit to be wrong, 

resulting in an error between the actual baud rate and the expected baud rate[1]. 

• Data bit error: The data bits in UART communication can be configured as 5, 6, 7 or 8 bits. If 

the data bit settings of the receiver and sender are inconsistent, it will cause the received data bit error, 

resulting in an error between the actual baud rate and the expected baud rate[1]. 

• Software delay: In UART communication, the CPU needs to perform certain processing after 

sending or receiving data. If the CPU processing time is insufficient or too long, it will cause an error 

between the actual baud rate and the expected baud rate[1]. 

In summary, the actual baud rate error of UART may be caused by a variety of factors and needs 

to be analyzed and solved according to the specific situation. This paper compares the actual baud rate 

with the set theoretical baud rate, if there is a large deviation between the two, it needs to be adjusted, 

and the adjustment principle is as follows: 

• Expected baud rate refers to the average baud rate expected during communication. The 

expected baud rate can be calculated according to the following formula (2) [7]. 

Expected baud rate = (data bit + stop bit + check digit) 

 

* transfer rate                                 (2) 

 

• To correctly calculate the actual baud rate, it is necessary to measure the time when the UART 

is sent and received and compare it with the theoretical baud rate. The steps to calculate the actual 

baud rate are: set the theoretical baud rate through the registers of the UART controller, generally 

using standard UART baud rate settings. Send a piece of data of a known length, then start a timer to 

record when data is sent. Receives data sent by UART and records the time it takes to receive the data. 

To calculate the actual baud rate, you can use the following formula (3): 

Actual baud rate = length of data sent /  

 

time required to send data                          (3) 

 

3. Baud rate simulation design and result analysis  

3.1. Introduction to the ModelSim platform 

ModelSim is a simulation software for HDL language developed by Mentor, which provides a 

friendly simulation environment for those who need it, and is currently the only simulation software 

that supports single-core VHDL and Verilog hybrid simulation. It not only compiles simulations 

quickly, but also supports cross-platform simulation, and supports system and description languages 

such as System Verilog, System C, PSL. And because its compilation code is platform-independent, 

it is more convenient to protect IP cores [9]. It also features a personalized graphical and user interface 

that provides a powerful means for users to speed up error tuning, making it the simulation software 

of choice for FPGA/ASIC designs [10]. In this paper, the Verilog language is used to program and 

debug the transmitting module and receiving module of UART on this platform, and the waveform 

results of the experiment are obtained. 
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3.2. Code flow 

This design requires that the UART that transmits data receives data from the data bus and transmits 

it to the receiving data bus which is shown in the following figure 2. This design takes the system 

clock to 50MHZ and calculates the clock cycle from the system clock and the set baud rate variable. 

In the transmit module: we first define the relevant signal, then collect the data and use the transmission 

process starting with low bytes. Falling edge detection is performed in the receiver module and the 

two-bit start and two-bit stop positions are detected. If the validation succeeds and continues running, 

otherwise re-receive the data and verify. After successful verification, the data is received into registers 

and latched, and finally the data is tested and a waveform graph is generated. 

  

Figure 2. Experimental code flowchart 

3.3. Simulation results  

The expected baud rate is shown in the figure 3, 4, 5 below. 

 

Figure 3. Experimental simulation results 1 

 

 

Figure 4. Experimental simulation results 2 
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Figure 5. Experimental simulation results 3 

The figure 3 is a waveform plot with an ideal baud rate of 9600. The waveform plot shows that the 

time required to receive data is 1249380ns. The sent data is 12 bits, the input is a binary number 

11010011, the output is a binary number 11001011, the start flag is the binary number 10, and the end 

flag is the binary number 01. 

The figure 4 shows the waveform with an ideal baud rate of 115200. The time required to receive 

data from the waveform plot is 1041740ns. The sent data is 12 bits, the input is a binary number 

11010011, the output is a binary number 11001011, the start flag is the binary number 10, and the end 

flag is the binary number 01. 

Figure 5 is a waveform plot with an ideal baud rate of 19200. The waveform plot shows that the 

time required to receive data is 625016ns. The sent data is 12 bits, the input is a binary number 

11010011, the output is a binary number 11001011, the start flag is the binary number 10, and the end 

flag is the binary number 01. 

3.4. Analysis of the results 

The baud rate error in Figure 1 is 16.625%, and the baud rate error in Figure 2 is 16.669%, Figure 

3 The baud rate error is 16.672%. 

From the simulation results, it can be obtained that as the expected baud rate increases, the baud 

rate error increases. The influence of different baud rates on UART is mainly manifested in the 

following aspects: 

• Transmission distance: As the baud rate increases, the transmission distance decreases. This is 

because high-speed transmission requires higher voltages, and high-voltage signals are prone to 

distortion and interference, which reduces the transmission distance. 

• Transfer speed: The higher the baud rate, the faster the transmission speed. Of course, the 

transmission speed is also affected by factors such as serial port bandwidth and system processing 

speed. 

• Reliability: When the baud rate is low, the transmitted signal is more stable and reliable, and the 

probability of errors is smaller. However, if the baud rate is too low, it will not meet the actual demand. 

• System complexity: High baud rates require higher processing speeds and more complex circuit 

designs, so the complexity of the system will increase accordingly. 

In summary, the selection of the appropriate baud rate needs to be determined according to the 

specific application scenarios and requirements. In general, high-speed transmission requires a higher 

baud rate, while applications with long transmission distances or high reliability requirements require 

a lower baud rate. In this paper, the baud rate of this experiment is not assigned enough times, so only 

an approximate range of its impact on the data can be obtained. Only 11001011 data were used, and 

no other data was used to verify that the results were generalizable. Further research is needed on 

whether the above analysis results have an impact on the conclusions of the simulation plot by the 

code used in this paper. 
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4. Conclcusion 

This article summarizes the structure and points of UART, and further explains the baud rate 

research principle that this article focuses on. After determining the algorithm and the experimental 

process, set different baud rates to simulate on the ModelSim platform. After obtaining the waveform 

diagram, the error is calculated and analyzed and compared. As the baud rate increases, the error 

becomes larger and the baud rate error is an important influence on data transmission. Improving the 

influence of baud rate error on UART and reducing UART error are very important for UART. This 

paper provides some help for the study of the tolerance range of UART communication baud rate error. 

Higher rate and wider application range: The data transmission rate of UART is usually between tens 

of Kbps and hundreds of Kbps, and the rate of UART may be further improved in the future. With the 

development of the Internet of Things, communication between devices needs better security and 

reliability. Future UART may add security and reliability features such as data encryption, error 

detection, and correction. 
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