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Abstract: Nowadays, the economy has developed to a high level, the construction of urban 

infrastructure grows in importance, and the vehicle parc is increasing quickly in our country. 

The Urban traffic congestion problem becomes more and more serious. Then it is one of the 

valid solutions to solve traffic issue in the reality. On the other hand, with the development 

and innovate of Programmable logic technology, Field Programmable Gate Array (FPGA) is 

used in the digital system design widely and becomes booming development. As a result, this 

article researches the Traffic signal controllers based on FPGA. Starting from the design 

requirements, the traffic light controller system is divided into three main parts to design, and 

it is simulated by using Verilog HDL language. Finally, the program is downloaded to the 

FPGA chip for hardware verification. The simulation and hardware verification results 

demonstrate that the traffic light control system not only achieves conventional traffic 

command functions but also adjusts traffic timing to some extent based on changes in traffic 

flow during peak and off-peak hours. Additionally, it includes a feature to prioritize 

emergency vehicles under special circumstances, effectively enhancing intersection traffic 

efficiency. 
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1. Introduction 

With the continuous advancement of the economy, urban infrastructure construction plays an 

increasingly pivotal role in urban development. The presence of wide streets and efficient traffic has 

also become a crucial criterion for assessing a city's level of development. However, simultaneously, 

there is a growing number of cars on the roads, leading to corresponding traffic issues that hinder the 

progress of many cities [1, 2]. To address and alleviate these problems, three general approaches are 

commonly adopted: firstly, enhancing the quality of urban infrastructure by constructing new viaducts, 

subways, and widening roads; secondly, implementing intelligent transportation systems; thirdly, 

promoting public transport usage while imposing restrictions on private car license plates [3]. The 

first approach entails significant costs and time consumption. The third method restricts citizens travel 

options to some extent. On the other hand, the second approach boasts low costs and has been 

successfully experimented with in Europe and the United States as evidenced by favorable outcomes 

from available data. 

The traffic control system discussed in this paper falls under the second approach category. By 

utilizing FPGA technology effectively, traffic lights can possess basic intelligence capabilities that 
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significantly alleviate congestion issues. This paper is mainly divided into the following three parts-

-The second chapter is the theoretical basis and system design of traffic signal control system, 

including FPGA technology and system framework design. The third chapter discusses the design of 

the hardware. This chapter analyzes the overall design of hardware, introduces the main chip of FPGA, 

and analyzes and designs the circuit of each unit of the system. Including Power module, clock 

module, power filter circuit, key circuit, traffic light circuit and seven-segment digital tube circuit. 

The fourth chapter is the software design and simulation of the system. Based on the system operation 

scheme of the system, this chapter mainly develops the environment through Quartus II integrated 

development, uses Verilog language to program each module of the traffic signal controller, and 

simulates it. Finally, according to the simulation results, the article analyzes whether the program can 

realize the operation requirements of the traffic light controller [4]. 

2. Theoretical foundation and comprehensive design framework 

2.1. FPGA Technology 

FPGA, or Field-Programmable Gate Array, is a type of integrated circuit that allows users to 

configure its internal hardware after manufacturing. Unlike traditional fixed-function chips, FPGAs 

are highly flexible and can be programmed to perform a variety of tasks. 

The history of FPGA development reflects its evolution from simple programmable logic devices 

to advanced, highly capable hardware components. The concept of programmable logic began with 

simple programmable logic devices (PLDs) in the 1980s. Early devices were limited in size and 

functionality, used primarily for basic logic functions. With the introduction of Xilinx's XC4000 

series in 1991, FPGA started to gain significant attention [5]. During that time, there was a substantial 

improvement in programmable core fabrication technology. For instance, the XC4003 utilized 0.7μm 

technology and incorporated 440,000 crystalline tubes. Hardware developers gradually began to 

recognize the potential of programmable tools as effective resources for circuit opening and testing. 

Subsequently, with advancements in digital signal processing technology, high-speed string receivers 

and transmitters, as well as embedded processing devices, FPGA progressively captured the interest 

of a wider audience - emerging as a rapidly developing star within the semiconductor industry. 

FPGA has quite a few advantages. The most important advantage is reconfigurability [6]. FPGAs 

can be reprogrammed to implement different logic functions or adapt to changing requirements. This 

flexibility allows for rapid prototyping and iterative design changes without needing new hardware. 

The traffic light control discussed in this article also emphasizes the significance of this aspect, as the 

operation of traffic lights may undergo changes with urban expansion. By leveraging FPGA 

technology, adjustments to traffic light settings can be promptly implemented without necessitating 

new hardware purchases. 

2.2. Design and framework of the controller system 

Due to the author's limited expertise, this paper only considers the most basic case of intersection, 

specifically focusing on traffic lights for straight movement and excluding those for left and right 

turns. This simplification greatly facilitates problem-solving. Additionally, it is important to note that 

the intersection comprises a main road and a branch road. However, it should be emphasized that the 

traffic light control system employed here differs from conventional ones as special circumstances 

have been fully taken into account during its design process. Include these conditions: 1. No car on 

the main road or branch road. 2.There is an emergency on the main road or branch road. 3.The main 

road is in rush hour. 4.Without special circumstances. The framework of the system is shown in the 

Figure 1. 
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Figure 1: The framework of the system 

As shown in the figure 1, the overall design framework of the system can be clearly seen. The 

LED stands for traffic light. The system is designed in accordance with specific traffic conditions—

the first is that there are cars on the main road, and also on the side road. As a result, the traffic light 

on the main road will keep green for 30 seconds, the traffic light on the branch road will keep green 

for 20 seconds, and there is a yellow light for 5 seconds after the green light ends. The second is that 

there is no car on the main road or side road, so at this time, the green light will be maintained on the 

other road with cars. The third is that there is an emergency on the main road or branch road. If there 

is an emergency on the main road, the traffic lights on the main road will remain green. On the 

contrary, if there is an emergency on the branch road, the traffic lights on the branch road will remain 

green. Finally, when the main road is in rush hour, the main road will have 90 seconds of green light, 

and the branch road will only have 15 seconds of green light. 

The traffic light controller system based on FPGA consists of the main control module, power 

module, clock module, program download module, traffic light module, key input module, and a 

seven-segment digital tube. Each module operates in synchronization under the supervision of the 

main controller. The system framework diagram is depicted in the figure 2. 

 

Figure 2: The framework of the system 

After the power supply circuit energizes the entire control system, the clock circuit generates a 

stable clock signal for system synchronization. The software development process of the system is 

carried out in Quartus II using programming language, and the program is subsequently downloaded 
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to the chip. By utilizing the key circuit, traffic conditions can be selected to effectively control both 

traffic lights and code tubes. The design of the system based on FPGA has been successfully 

accomplished in this manner. 

3. Hardware design of traffic light controller system 

3.1. The overall design of the hardware 

The system, being a typical traffic light controller, imposes stringent requirements on power 

consumption, size, and reliability. The hardware design of the FPGA-based traffic light controller 

primarily encompasses core device selection, configuration chip design, and configuration circuitry. 

The hardware structure of the system is depicted in the Figure 3. 

 

Figure 3: The hardware structure of the system 

The core device is Cyclone II series FPGA produced by Altera, and its key technology is to realize 

the design of configurable and tailorable system on Quartus II and Nios IDE platforms [7]. The power 

supply circuit is to supply the power needed for the whole control system. The clock circuit provides 

stable clock signal for FPGA controller and timing module, and completes the system control, 

calculation and normal operation of the module. The main function of the key input circuit is to power 

up and restore, low level has effect, and press the key to reset the system; The second is the work 

selection, by pressing the key to select the specific traffic conditions. The traffic light and seven 

segment digital tube are the display parts of the circuit, and the light on and off is controlled according 

to the control signal number of the inner control module, so does the time display of the digital tube. 

3.2. Analysis of the main chip 

The FPGA core chip utilized in the system is the Cyclone II series chip manufactured by Altera, with 

EP2C35F484C8N as its specific model. This chip boasts compact size and robust performance [8]. 

Cyclone II FPGAs offer 60% higher performance and half the power consumption of competing 90-

nm FPGAs [9]. The cost-effectiveness and optimized feature set of Cyclone II FPGAs render them 

an ideal solution for the system. 
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3.3. The design of the modular circuit  

3.3.1. Power module 

The hardware system requires a power supply for proper functioning in every component. This paper 

proposes the utilization of a 5V input power supply, with voltage conversion being achieved through 

the use of a regulator chip to meet the different operating voltages required by other chips. As the 

main control chip FPGA operates at 3.3V, an LM1804 voltage regulator chip can be employed to 

convert the 5V input voltage into the required 3.3V [10]. Figure 4 displays the circuit. 

 

Figure 4: The circuit of the power module 

3.3.2. Clock circuit 

The system utilizes an active crystal oscillator to generate a stable frequency of 50MHz [11]. The 

clock pin of the FPGA is directly connected to the output signal of the active crystal oscillator, 

ensuring a reliable and convenient frequency generation solution. Considering that the I/O pin voltage 

of the FPGA chip operates at 3.3V, we have opted for an active crystal oscillator powered by 3.3V, 

as shown in the Figure 5. 

 

Figure 5: The circuit of the clock module 

3.3.3. Power filter circuit 

The power filter circuit significantly enhances circuit stability by employing 10μF and 0.1μF 

capacitors between the 5V, 3V, and 1.2V power supplies and ground to eliminate interference [12]. 

Larger capacitance effectively filters low-frequency signals, while smaller capacitance efficiently 

filters high-frequency signals. Figure 6 shows the circuit. 
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Figure 6: The circuit of the power filter 

3.3.4. Key circuit 

The key input circuit is essential to the system. Firstly, FPGA is a typical digital logic circuit that 

imposes high demands on the entire system. Even slight phase deviations exhibited by any module 

or chip within the circuit can lead to faults in the operation of the entire system. Disconnecting the 

power source directly may cause damage to component elements as they need to be restored for proper 

functioning. Secondly, the key circuit directly influences traffic condition selection. As mentioned 

earlier, different traffic conditions are determined by the key circuit; therefore, only a well-designed 

key circuit system can ensure normal operation and facilitate smooth traffic condition conversion. 

This system utilizes a low-level reset mechanism where pressing a specific button triggers it, as 

illustrated in Figure 7. 

 

Figure 7: Key circuit 

3.3.5. Traffic light circuit 

The traffic light system comprises two main directions. When one side of the traffic light displays 

green or yellow, the other side shows red. During this process, the duration of green signal for each 

road is determined by different traffic conditions, which are in turn influenced by the key circuit in 

the preceding section. In this paper, the traffic light is directly controlled by FPGA, which ensures 

smooth flow of vehicles. The specific circuit is illustrated in Figure 8. 
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Figure 8: The circuit of the traffic light 

3.3.6. Seven-segment digital display circuit 

The seven-segment digital display is utilized for presenting the countdown of the traffic light within 

this system. In this study, a common anode configuration is employed, wherein the common terminal 

of all seven light-emitting segments is connected to VCC. Simultaneously, the digital display is linked 

to the FPGA's I/O interface, enabling control over which digital display illuminates and the display 

content of the digital display. Figure 9 illustrates the circuit. 

 

Figure 9: The circuit of the seven-segment digital tube 
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4. Tables Software design and simulation of traffic light controller system 

4.1. Design of timing control scheme 

The duration of traffic lights in this system will be adjusted based on varying traffic conditions. There 

are four different scenarios: 1. No car on the main road or branch road--the traffic lights will stay red 

on the road without cars. 2. There is an emergency on the main road or branch road-- the traffic lights 

will stay green on the road with emergency. 3. The main road is in rush hour-- The traffic lights on 

the main road display a green signal for a duration of 90 seconds, followed by a red signal for 15 

seconds. 4. Without special circumstances—the time of green light on the main road is 30 seconds, 

and it is 20 seconds on the side road. 

The green light is followed by a yellow light for a duration of 5 seconds in all of the aforementioned 

scenarios. The definition of input signal is shown in the Figure 10. 

 

Figure 10: The definition of the input 

4.1.1. State machine transition logic 

The state machine transition logic is the most basic part of the program, which determines how the 

traffic lights change. To begin with, we first need to define the state. There are four different states. 

The first state is S1, in which the main road light is green and the branch road one is red. After that, 

during State 2, the main road light turns yellow and the branch road one remains red. Then the color 

of the main and branch road lights turns to red and green in S3 and red and yellow in S4, respectively. 

Because the conversion of s3 and s4 is similar to that of s1 and s2, we will only carefully describe 

that of s1 and s2. As showed in the picture 10, the state can change in order or remain stable according 

to the input signal which include urgent_m, urgent_s, mhas_car==0&&shas_car==1, 

shas_car==1&&mcount==0 and so on. The conversion of four states is shown in the Figure 11. 

 

Figure 11: The conversion of four states 

During the state S1, if the urgent_m is 1, the state doesn’t change. But if the urgent_s is 1, the state 

will change to S2, which means there are urgent conditions in the branch road. When the mhas_car 

signal is 0 and the shas_car signal is 1, which means there are cars on the branch road and no car on 

the main road, the state change to S2. Significantly, if there are no special signals, the state will remain 

the same. However, if the mcount=0, which means the time of state is exhausted, the state will change 
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to S2. As for the output, m_yellow_flag changes to 1 if the state changes to S2. The counter of the 

red light in the side street has a five-second delay, indicating that it corresponds to the duration of the 

yellow light interval. 

It is much simpler when it comes to S2. As the Figure 11 shows, before the five seconds yellow 

time is finished. The mcount isn’t 0, and the state remains S2. When the yellow time is finished, the 

mcount changes to 0 and the state changes to the S3. Meanwhile, the m_yellow_flag changes to 0, 

and the s_flag changes to 1. The transition is displayed in the Figure 12. 

 

Figure 12: The transition of four states 

4.1.2. The counter module 

The counter module is a traffic light controller implemented with a state machine. It manages the 

timing of green, yellow, and red lights for both the main and side roads at an intersection. The 

discussion in this article will focus on state 1 and state 2 due to their similarity with state 3 and state 

4. The program begins by resetting the system when the enable signal (en) is low, initializing the 

main road (mcount) and side road (scount) timers based on whether it is in rush hour (is_busytime). 

In normal operation, the program switches between four states: S1 (Main Road Green), S2 (Main 

Road Yellow), S3 (Side Road Green), and S4 (Side Road Yellow). In S1, the traffic light on the main 

road is green, while the side road waits with a red light. If there's an emergency on the main road 

(urgent_m), the program resets the timers. If there's an emergency on the side road (urgent_s), the 

main road transitions to yellow (S2). The system continuously checks whether vehicles are present 

on the roads (mhas_car, shas_car) and dynamically adjusts the light duration. Similarly, in S3, the 

side road has a green light, and the program transitions between S3 and S4 (side road yellow) based 

on the same emergency and vehicle conditions. The counters control the timing, and after each yellow 

light state (S2 and S4), the timers are reset to prepare for the next cycle. 

The way of countdown in the Verilog traffic light controller is managed using two counters: 

mcount for the main road and scount for the side road. Additionally, a secondary counter, cnt, is used 

to count up to a predefined value MCNT, which represents one second. During each state, such as S1 

(main road green light) or S3 (side road green light), cnt increments until it reaches MCNT. Once cnt 

hits this threshold, it resets to zero and decrements either mcount (for the main road) or scount (for 

the side road), depending on which road has the active green light. This process repeats until mcount 
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or scount reaches zero, signaling the transition to the next state, such as switching to a yellow light 

or changing which road has the green light. The picture below shows a flowchart for state 2. It 

represents that in state 2, different value will be given to the countdown. The flowchart for the state 

2 is shown in the Figure 13. 

 

Figure 13: The flowchart for the state 2 

4.1.3. The traffic light module 

This part is mainly to control the display of traffic lights. The traffic lights simply need to be 

correlated with distinct states.  

In the S1 state, the light on the main road is green, and the light on the side road is red. Similarly, 

in the S2 state, the main road is yellow, and the side road is red. In the S3 state, the main road is red, 

and the side road is green. In the S4 state, the main road is red, and the side road is yellow. 

4.2. Simulation and verification 

In the program, mcount is a signal of the remaining time of the main road light. During the rush hour, 

mcount can reach a maximum value of 90 seconds. As shown in the Figure 14, mcounter changes 

from the maximum value of 90 in the simulation. Specifically, the signal mt_2 shows the digit number 

of mcount, and mt_1 shows the individual digit number of mcount. In the final simulation, mcount 

decrease one after every two clock periods, which achieves its goal perfectly. The simulation of the 

mcounter is shown in the Figure 14. 

 

 

Figure 14: Mcounter_control 
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Scount is similar to mcount and the Figure 15 shows its change from maximum value of 20. 

 

Figure 15: Scount_control 

Seven-segment display is used to show the countdown numbers on traffic lights. Specifically, the 

segment can show the number from 0 to 9 with the output signal SG_out, which depends on the imput 

signal called DATA_in. The conversion of signals is showed in Figure 16. 

 

 

Figure 16: Seven-segment display 

During the final test, the traffic light perfectly achieves the goal. Firstly, the main road light is red 

because m[2] is 1 and it will change to green after 12 seconds because mcount is 12. After that, the 

m[0] changes to 1, which means the main road light changes to green and mcount changes to 90. As 

a result, the green light will last for 90 seconds. Moreover, the logic of the side road light design is 

similar to that of main road light, which is showed in the Figure 17. 

 

Figure 17: Final light test 
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If some specific signals change, to fit in the new situation, the duration of traffic light will also 

change. For example, if the mhas_can changes from 1 to 0, which means the car on the main road all 

go through the cross. After that, the mcount will changes to five. The main road signal will transition 

from green to yellow. After a duration of 5 seconds, the countdown will reach zero and the signal will 

change to red. The simulation of this scenario has been tested and the results are presented in Figure 

18. 

 

Figure 18: Specific signal change 

5. Conclusion 

The paper studies and designs the traffic light controller system based on FPGA, taking into account 

various scenarios such as main road or branch road situations, emergency states, and peak periods. 

The traffic light controller system is divided into a top-level module and three sub-modules, namely 

the state machine module, timer module, and traffic light module, in terms of overall design. This 

thesis primarily accomplishes the following four aspects. 

1. Introducing the technical background and development history of FPGA while emphasizing the 

significance of FPGA technology for this system. 2. Completing core chip selection and peripheral 

circuit design by combining key parameters and selection principles to choose suitable chips. 

Additionally, summarizing chip characteristics and designing FPGA peripheral circuits, signal 

control circuits, and power supply circuits for these chips. 3. Realizing modular program design for 

the entire system based on hardware functional requirements. Designing top-level modules and clock 

modules, state machine conversion modules, timer modules, and traffic light control modules within 

the FPGA main control chip. 4. The simulation of each module has been implemented. In this paper, 

Quartus II is utilized to conduct functional and timing simulations for the top-level module, state 

machine conversion module, timer module, and traffic light control module based on the content of 

the module design. Additionally, a detailed analysis of the simulation waveforms for these modules 

is performed to validate the program design accuracy. 
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