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Abstract

:

As urbanization accelerates, the increasing number of vehicles and travel demands contribute to escalating road traffic noise pollution. Although passive noise control techniques such as noise barriers and green belts effectively mitigate noise, they occupy urban space, exacerbating the scarcity and high cost of already congested city areas. Emerging as a novel noise reduction strategy, active noise control (ANC) eliminates the need for physical isolation structures and addresses the noise within specific frequency ranges more effectively. This paper investigates the characteristics of urban road traffic noise and develops an ANC prototype. Utilizing the Least Mean Squares (LMS) algorithm, we conduct active noise control tests for various types of single- and dual-frequency noise within the prototype’s universal platform to validate its actual noise reduction capabilities. The study demonstrates that urban road traffic noise is mostly in the mid- to low-frequency range (below 2000 Hz). The developed ANC prototype significantly reduces single- or dual-frequency noise within this range, achieving a maximum noise reduction of nearly 30 dB(A). Future research should expand noise reduction tests across more frequency bands and assess the noise reduction effectiveness against real road traffic noise.
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1. Introduction


With the development of urbanization, road traffic noise has become the main source of urban noise pollution, accounting for 60–80% [1]. Noise exceeding 50 dB affects sleep and rest, noise exceeding 70 dB triggers psychological stress and distraction, and living for a long time in a noise environment of more than 90 dB can seriously damage hearing and induce other health problems [2]. Therefore, it is necessary to explore effective road traffic noise reduction techniques to curb road traffic noise pollution.



Currently, passive noise control techniques, such as constructing sound barriers on the roadside, are mainly used to reduce the impact of road traffic noise on people’s living areas, but the sound barriers not only obstruct the line of sight but also fail to reduce specific-frequency noise [3,4]. In addition, by changing the texture of the road surface, the selection of porous pavement materials and other means can effectively reduce the high-frequency part of the traffic noise, but the low-frequency noise reduction effect is poor [5,6,7,8,9].



Active noise control (ANC) reduces or eliminates unwanted environmental noise by generating sound waves that are opposite to the external noise [10]. Currently, active noise control techniques have been extensively researched and applied in hoods, headphones, pipelines, transformers, mines, and magnetic resonance imaging equipment [11,12,13,14,15,16,17,18]. In the field of road traffic, active noise control technology is widely used in vehicle noise control: Xu Gege et al. used a convolutional neural network to classify road surfaces, improving the vehicle noise reduction by adjusting the LMS algorithm based on the road type [19]. Feng et al. experimented with using ANC inside vehicles, using algorithms like TF-FxLMS and SFxLMS to lower the computational efforts and compare the algorithm complexities [20]. Zhang et al. developed a multichannel adaptive algorithm to control the engine noise in vehicles, especially those with prominent harmonic noise [21]. Jiang’s group enhanced the SPSA algorithm for ANC in vehicles, targeting low-frequency noise near the driver’s head, reducing the interior noise by an average of 10 dB [22]. Zhang proposed a method for grouping virtual reference signals in vehicle road noise control systems, cutting the computational complexity by about 24.4% and reducing noise by up to 4.48 dB in the roar frequency band [23].



The current active noise control technology has a good noise reduction effect in closed space environments, but the noise reduction effect in open space environments with multiple sound sources needs to be improved [24]. As road traffic noise is affected by many factors such as traffic flow, speed, and vehicle position, it is non-stationary noise, and vehicles are mobile sound sources with a Doppler effect. It is much more difficult to achieve active noise control in a spacious open environment than in a closed space [25].



Controlling roadside traffic noise with active noise control (ANC) techniques presents significant challenges. Researchers have explored various solutions, focusing on different aspects of noise control in real-world settings. One approach is to use ANC in confined spaces like tunnels. For instance, Zhang developed an ANC device for highway tunnels, achieving up to 10.48 dB noise reduction, though the test was limited to a fixed noise source [26]. Moon H. R. et al. expanded on this by testing an ANC device in a tunnel model with a more complex noise source, showing a reduction of 4–15 dB [27].



However, in typical road traffic environments, the noise from moving vehicles is often distant from ANC systems, leading to unstable signals. To address this, Zhao et al. proposed using a fixed coefficient feedforward ANC system with a pseudo-noise source, demonstrating the feasibility of this approach [28]. Combining active and passive noise reduction techniques has also been explored. Lam et al. showed that mounting ANC systems onto sound barriers can significantly cut down the low-frequency noise [29,30]. Similarly, Denis et al. combined sound barriers with ANC systems to identify effective noise reduction strategies, including the placement and number of microphones and secondary sound sources [31]. Tire–road noise is another area of focus. Sahib et al. suggested installing ANC systems near the tire–road contact point, acknowledging the challenges and research needs with this method [32]. Zhang et al. explored the effect of ANC in small openings, finding that effective broadband noise control is possible even in limited spaces [33].



In summary, applying active noise control (ANC) to roadside traffic noise is challenging and currently at the research stage. This paper aims to advance the application of ANC in this field. Our approach includes analyzing the road traffic noise characteristics and developing an ANC prototype system. This development involved optimizing the noise reduction algorithm parameters, understanding the ANC principles, and selecting the appropriate software and hardware. We also conducted extensive tests on single-frequency, dual-frequency, and real traffic noise. The results of these tests provide valuable technical insights for implementing ANC in roadside noise control.




2. Characterization of Road Traffic Noise


2.1. Traffic Noise Collection


To understand the variation laws of road traffic noise in terms of frequency, intensity, time, and different spaces, the UMIK-1 measuring microphone with a built-in sound card was used in this experiment, and the overall road traffic noise was measured using the roadside method. The test process refers to Sound environment quality Standard GB3096-2008 [34] and Technical specifications for environmental noise monitoring Routine monitoring for urban environmental noise HJ640-2012 [35]. At each monitoring point, the UMIK-1 microphone is used to collect the sound intensity of the road traffic noise for 20 min continuously, that is, the curve of the sound pressure amplitude varying with time.



Five test points were set up in the road network of Beijing; the points were selected on the side of the road and on the pedestrian bridge of the straight section to avoid the interference of intersections, traffic lights, fixed sound sources, crowds, reflectors, and other influencing factors. The distance between the microphone and the roadside was 20 cm, and the vertical distance between the microphone and the road was 1.5 m. The specific location and environmental parameters of the test points are shown in Figure 1.



After the road traffic noise is collected using the UMIK-1 measuring microphone, the Smaart v8 software is used to analyze the data. The manufacturer of the UMIK-1 measuring microphone is miniDSP, a technology company in Hong Kong. This microphone has a frequency response range of 20 Hz–20 kHz and a sampling rate of 48 kHz. It is a 6 mm electret omnidirectional microphone. The Smaart v8, developed by an acoustic test and measurement company called Rational Acoustics LLC in Woodstock, CT, USA, is a widely used tool for audio measurement and analysis. This paper uses the latest version, smaart v8. In order to analyze the frequency distribution law of road traffic noise, the frequency spectrum of the noise is analyzed.




2.2. Noise Characteristics Analysis


2.2.1. Overall Traffic Noise Analysis


Continuously collecting 20 min of road traffic noise, recording various noise events, reflects the overall noise level of specific road sections or areas. This allows for an assessment of the short-term and long-term impact of traffic noise on the surrounding environment and community, enabling the implementation of corresponding noise reduction measures. Road traffic noise typically covers a wide frequency range as it comprises various sound sources, including noise from car engines, braking, tire–road contact, car horns, and aerodynamic resistance. These sound sources have different frequency ranges. Low-frequency noise typically falls within the range of 20 Hz to 200 Hz, usually including noise from large vehicle engines. Mid-frequency noise ranges from approximately 200 Hz to 2000 Hz, encompassing tire–road contact noise and noise from some vehicle engines. High-frequency noise primarily exists between 2000 Hz and 20,000 Hz and is mainly composed of car horns and braking noise [36,37,38,39]. Conducting a spectrum analysis of the overall noise allows for the reflection of the amalgamation of all noise sources, accounting for various vehicle types, traffic flows, and vehicle speeds. Figure 2 illustrates the overall noise levels at five testing points and the spectrum analysis within the 1/3 octave frequency bands.



The results indicate that vehicle speed may be a significant factor affecting the magnitude of road traffic noise. The vehicle speed on the secondary high-speed service road of the airport (Site5) is evidently higher than that at Site2, Site3, and Site4, and correspondingly, its noise level is also noticeably higher than these three sections. The vehicle speed at Site1 is also fast, but the measurement point is too far away for a direct comparison. Analysis of the noise spectrum reveals that while the spectral characteristics of different road sections generally follow the same trend, variations do exist. Peaks in the noise spectrum were observed at frequencies ranging from 50 to 80 Hz, 200 to 315 Hz, and 800 to 1250 Hz across the five testing sites. This primarily occurs due to the diverse types of vehicles and noise sources at each test point, leading to the manifestation of multi-peak characteristics in the frequency spectrum. Furthermore, at Site2, Site3, and Site4, there is a prevalence of lower-frequency noise in the range of 20 Hz to 200 Hz, surpassing the high-frequency noise between 200 Hz and 2000 Hz. This discrepancy can be attributed to the fact that these three test points are either auxiliary roads or urban expressways, where a significant number of vehicles such as electric vehicles, buses, and trucks, known to produce lower-frequency noise, pass through. In contrast, Site1 and Site5 represent urban high-speed roads where the predominant vehicles are small cars with higher speeds, resulting in fewer low-frequency noise sources. All test points exhibit peak effects in the range of 800 to 1250 Hz, mainly due to the friction noise between tires and road surfaces. Faster vehicle speeds lead to more pronounced effects of tire and road surface friction noise, explaining why Site5, the airport expressway, experiences significantly higher noise levels in this frequency range compared to the other test points.



The above test results indicate that the type of vehicle and its speed have a significant impact on the generation of traffic noise. Therefore, an active noise control system may need to incorporate vehicle characteristic recognition capabilities to generate matching anti-noise based on the specific characteristics and speeds of different vehicles. Alternatively, it may focus on controlling the noise within a certain frequency range that is produced by various types of vehicles, such as the peak noise within the range of 800 to 1250 Hz.




2.2.2. Noise Characterization of Different Types of Vehicles


In response to continuously collected road traffic noise, noise data from different types of vehicles passing by were extracted. Noise characteristics such as frequency, duration, and intensity were analyzed. This allows for a more precise analysis and assessment of the impact of individual vehicles on the overall noise level of the road section. For an individual vehicle, the speed at the measurement point significantly influences the noise generation. The experimental method in this study recorded a relatively concentrated distribution of vehicle speeds. Therefore, building upon the experiments and drawing from tests conducted by the U.S. Federal Highway Administration [40], research was conducted to supplement and investigate vehicle noise data under different vehicle types and speeds. The vehicle types were classified based on the categorization by the U.S. Federal Highway Administration into large, medium, and small vehicles. Large vehicles mainly refer to trucks and buses, medium vehicles include sedans and SUVs, while small vehicles encompass compact cars and motorcycles [41]. Figure 3 presents the noise spectrum of different vehicle types at various driving speeds.



The above results indicate significant differences in the noise characteristics among small, medium, and large vehicles. Vehicle noise primarily originates from the engine, exhaust, the contact between the tires and the road surface, and aerodynamic noise. When comparing different speeds, at low speeds, the noise from motor vehicles is predominantly engine noise, while at high speeds, tire noise becomes the primary contributor [42]. Consequently, as the vehicle speed increases, the sound energy of noise shifts toward higher frequencies. However, the influence of speed on the noise frequency is limited, with the vehicle type having a pronounced impact. In terms of the effect of the vehicle type on noise frequency, in the low-frequency range (20–200 Hz), the noise in this frequency band is mainly composed of engine noise and mechanical vibrations. Small vehicles typically have smaller engines and lighter body structures, resulting in lower noise levels for small vehicles, while larger vehicles generate more significant vibrations and engine noise [43]. In the 200–2000 Hz frequency range, the aerodynamic noise generated by vehicles relative to air movement during travel is most pronounced. As vehicle speed increases, the corresponding aerodynamic noise also rises. Due to the typically superior body structure and aerodynamic design of medium and large vehicles compared to small vehicles, they may produce less aerodynamic noise during high-speed driving [44]. In contrast, smaller vehicles exhibit a more noticeable increase in noise within this frequency range as speed rises. In the 1000–4000 Hz frequency range, tire and road surface friction noise may predominantly occur. Medium and large vehicles often have greater weight and a larger contact area with the road surface, leading to stronger interactions with the road surface and, consequently, higher tire-road contact noise within this frequency range.



Moreover, different types of vehicles generate noise with energy concentrated in varying frequency ranges. When the driving speed exceeds 40 km/h, the peak center frequency of the noise from small cars is 1000 Hz, with energy primarily concentrated in the 600–2000 Hz range. The noise from medium-sized vehicles has a peak center frequency at 500 Hz, with energy mainly distributed within 2000 Hz. For large vehicles, the peak center frequency is 63 Hz, with the majority of energy spread under 1000 Hz. Research has shown that on highways with a high proportion of large freight vehicles, low-frequency noise is more prominent, with the sound energy mostly distributed around 400 Hz [45,46]. Therefore, when formulating noise reduction strategies, it is essential to refer to the actual noise characteristics of the target area and determine the frequency range where energy is primarily concentrated.






3. Development of the Active Noise Control Prototype System


3.1. Principles of Active Noise Control


Active noise control (ANC) is a potent noise reduction technology, operating on the principle of sound wave interference; that is, when two sound waves overlap at the same spatial location, they interact with each other based on the principle of superposition [47]. ANC achieves noise reduction by generating a secondary noise source with equal amplitude and opposite phase to the original noise source, thereby causing them to cancel each other out and effectively reducing the noise level.



This process can be expressed mathematically. If the phases of two sound waves of the same frequency at a certain location in space are     φ   1     and     φ   2    , their sound pressure amplitude values are:


          p   1   =   p   1 a     cos  ⁡    ω t −   φ   1               p   2   =   p   2 a     cos  ⁡    ω t −   φ   2              



(1)







According to the principle of superposition, the total sound pressure is the sum of their individual sound pressures:


   p =   p   1   +   p   2   =   p   1 a     cos  ⁡    ω t −   φ   1       +   p   2 a     cos  ⁡    ω t −   φ   2          =   p   a     cos  ⁡    ω t − φ       



(2)




where,


          p   a   2   =   p   1 a   2   +   p   2 a   2   + 2   p   1 a     p   2 a     cos  ⁡      φ   2   −   φ   1             φ = a r c t a n     p   1 a   s i n   φ   1   +   p   2 a   s i n   φ   2       p   1 a   c o s   φ   1   +   p   2 a   c o s   φ   2            



(3)







The sound pressure amplitude of the composite sound wave depends on the phase difference     φ   2   −   φ   1     of the two sound waves, and the square of the sound pressure amplitude reflects the average sound energy density     ε  ¯    in the sound field.


    ε  ¯  =     p   a   2     2   ρ   0     c   0   2      



(4)







Taking the time average of the above equation yields the average energy density of the composite sound wave, i.e.,


    ε  ¯  =     ε   1    ¯  +     ε   2    ¯  +     p   1 a     p   2 a       ρ   0     c   0   2       cos  ⁡      φ   2   −   φ   1        



(5)







Here, if     p   1 a   =   p   2 a    , and     φ   2   −   φ   1   = ± π , ± 3 π …   equals any odd multiple of π, then the composite sound pressure amplitude and the average sound energy density are zero, with the two sound waves canceling each other out:


          p   a   =   p   1 a   −   p   2 a   = 0         ε  ¯  =     ε   1    ¯  +     ε   2    ¯  −     p   1 a     p   2 a       ρ   0     c   0   2     =     p   1 a   2     2   ρ   0     c   0   2     +     p   2 a   2     2   ρ   0     c   0   2     −     p   1 a     p   2 a       ρ   0     c   0   2     = 0        



(6)







When two sound waves have equal amplitude and their phase difference is π (or any odd multiple of π), the two sound waves completely interfere with each other, resulting in a total sound pressure of 0. This means that the total sound energy density at this location is also 0, i.e., the sound energy density of the composite sound field at this location is zero.



To eliminate the noise at a certain location, a sound wave opposite to the noise can be emitted so that their phase difference is π, thereby obtaining a virtually silent zone at that location. As low-frequency sound waves have long wavelengths, ANC systems can accurately detect and cancel out such noise, giving ANC a natural advantage in dealing with low-frequency noise. By contrast, high-frequency noise, with its shorter wavelength and rapid spatial changes, poses challenges to the practical application of ANC. Since road traffic noise is primarily low-frequency, ANC technology has shown obvious advantages in this field.




3.2. Structure of the Active Noise Control System


The design and implementation of active noise control systems can take many forms, including narrowband feedforward systems, broadband feedforward systems, feedback systems, hybrid systems, and multichannel systems. Considering the system’s applicability and development cost, we adopted the structure of a broadband feedforward system for the research presented in this paper, as shown in Figure 4.



The main components of the broadband feedforward active noise control system include a reference sensor, an error sensor, a secondary sound source, and a controller. The reference sensor, functioning as a non-acoustic sensor, has the primary role of predicting and capturing future noise, i.e., the reference signal. This predictive capability enables the feedforward system to respond before the noise arrives. The error sensor, typically placed in the area where noise reduction is needed, is responsible for capturing real-time noise that has not been eliminated, i.e., the so-called error signal. The controller analyzes the signals collected by the reference sensor and the error sensor, generating a signal with equal amplitude and the opposite phase to the noise to drive the secondary sound source. The secondary sound source then emits the inverse sound wave generated by the controller, interfering with the original noise to achieve noise reduction or elimination [49]. Broadband feedforward systems mainly target random broadband noises, such as traffic noise and wind noise. They rely on predicting the reference signal, which is crucial for handling non-periodic and random noise.



In the designed adaptive active noise control system, the primary path and the secondary path are key components. The primary path describes the sound propagation characteristics from the original noise source to the error sensor. Under stable environmental conditions (e.g., enclosed indoor environments), the primary path remains relatively constant. However, in practical applications, minor changes in the environment (e.g., opening windows, moving locations, the appearance of new objects, etc.) can affect the primary path. The secondary path describes the sound propagation characteristics from the secondary sound source to the error sensor. This path involves components such as D/A converters, audio filters, power amplifiers, the acoustic path from the loudspeaker to the error sensor, the error sensor itself, and A/D converters. Due to its complexity, minor changes in components or different implementation methods may cause changes in the secondary path [50,51].




3.3. Active Noise Control System Algorithm


In the realm of active noise control systems, the Least Mean Squares (LMS) algorithm holds a fundamental and crucial position among adaptive filtering algorithms. The LMS algorithm employs a steepest descent approach, recursively updating the filter coefficients. Figure 5 presents an adaptive filter model based on the LMS algorithm:



In this model, the reference signal   X ( n )  , which represents the original noise signal, is captured by an external sensor and fed into the FIR (Finite Impulse Response) filter. This filter creates an output signal   y   n     based on its weights and   X ( n )  . Ideally,   y   n     should match the original noise   d   n     in magnitude but be inversely phased for manual cancellation at the error sensor location, yielding the smallest error signal   e   n    . The system strives to minimize   e   n     via continuous adaptive updates, thereby achieving optimal noise cancellation.



We first define the vector of the reference signal   X ( n )   at time n and the vector of the filter weight coefficients:


  X ( n ) =     x   n   , x   n − 1   , … , x   n − L + 1       T    



(7)






  W   n   =       w   0     n   ,   w   1     n   , … ,   w     L − 1       n       T    



(8)







The goal is to minimize the error signal   e   n    , the mean square value of which is:


  E     e   2     n     = E       d   n   − y   n       2     = E       d   n   −   W   T     n   X   n       2      



(9)







Next, we need to find the filter coefficients that minimize the mean square value, thereby minimizing the mean square value of   e   n     In the LMS algorithm, the steepest descent method is used; each step of the weight vector change is proportional to the negative value of the gradient vector [54], formalized as:


  W   n + 1   = W   n   − μ ∇   n    



(10)







Here,   ∇   n     denotes the gradient vector of the nth iteration, and   μ   represents the iteration step size. The gradient vector is calculated as


  ∇   n   =   ∂ E     e   2     n       ∂ W   n     = − 2 E   e   n   X   n      



(11)







Taking the gradient of a single sample     e   2     n     as an estimate of the mean square error gradient, we obtain the gradient estimate:


    ∇  ^    n   =   ∂   e   2     n     ∂ W   = − 2 e   n   X   n    



(12)







Since the gradient estimate     ∇  ^    n     is an unbiased estimation of the real gradient   ∇   n    , it can replace the real gradient in Equation (10), leading to the filter weight update formula:


  W   n + 1   = W   n   − μ   ∇  ^    n   = W   n   + 2 μ e   n   X   n    



(13)







To ensure the system stability, the range of the iteration step size   μ   must be restricted. According to the requirements of the LMS algorithm, the iteration step size should be:


  0 < μ <   1     λ   m a x      



(14)




where     λ   m a x     is the largest eigenvalue of the autocorrelation matrix R of the reference signal.



The steps for the broadband feedforward LMS algorithm are summarized as follows: (1) The reference sensor captures the reference signal   X ( n )   and feeds it into the adaptive filter. The error sensor collects the error signal e    n     at the noise cancellation point and feeds it into the adaptive filter. (2) The adaptive filter uses the reference signal   X ( n )   and the error signal e    n     to update the filter weight   W   n    , according to Equation (13). (3) The updated filter weight is used to generate a new output signal   y   n    , and at the start of the next time step, steps 1 and 2 are repeated [55,56]. Using continuous adaptive updates, we can effectively reduce the noise.




3.4. Hardware Platform Construction


The active noise control prototype system is composed of a field-programmable gate array (FPGA) development board, two audio modules, a reference sensor, an error sensor, and an active loudspeaker. The overall design is depicted in Figure 6, with a detailed breakdown of the hardware components presented in Table 1.



In the operation of the system, the reference sensor is placed close to the noise source to collect the reference signal, and the error sensor is placed in the noise cancellation area to collect the error signal. Each sensor is connected to the audio input interface of the respective audio module, enabling real-time signal transmission. The audio module performs analog-to-digital conversion and filtering amplification before transmitting the signal to the FPGA for algorithm analysis. The resultant secondary source signal, after the audio module’s digital-to-analog conversion and filtering amplification, is transmitted to the active loudspeaker. The secondary source sound wave emitted by the active loudspeaker cancels the noise source sound wave in the noise cancellation area, reducing the noise level in the desired area.




3.5. System Software Development


Upon finalizing the hardware selection, a software system is needed to drive the hardware platform and achieve functionalities such as audio signal transmission and algorithm execution.



(1) FPGA Development Tools and Language



This study used the Vivado 2018.3 software for development. Vivado is one of the primary development tools for FPGAs, supporting various data input methods, integrated synthesizers, and simulators. It can complete the full development process from new project design input to generating bitstream for FPGA download. The development process utilized Verilog HDL, a hardware description language that supports hardware development, verification, synthesis, and testing functions. The related active noise control algorithms can be implemented using Verilog HDL. Notably, compared to hardware filters, FPGA multi-stage adaptive filters implemented via software demonstrate greater flexibility and stability.



(2) Audio Data Interaction and Processing



The audio data interaction between the WM8731 audio decoding chip and the FPGA main chip is achieved via two serial pins, ADCDAT and DACDAT, necessitating data parallelization. As shown in Figure 7, the data transmission and processing of noise signals include the following steps.



Initially, the FPGA development board configures the WM8731 audio chip’s sampling rate, data format, and conversion initiation functions using the I2C configuration module, setting the sampling rate at 48 KHz, and data length for conversion at 16 bits. Next, the WM8731 chip employs the ADC conversion module to transform the analog signal collected by the sensor into a digital signal, inputting this into the FPGA’s serial-to-parallel conversion module. This module then transforms the input serial digital signal into parallel 16-bit data and inputs it into the data reorganization module. After undergoing de-zeroing and redundancy removal in this module, the data are input into the ANC algorithm module.



The ANC algorithm module employs the Least Mean Squares (LMS) algorithm, a commonly used adaptive filtering algorithm suitable for processing signals with unknown attributes. The calculated secondary source signal is sent to the parallel-to-serial conversion module, which transforms the parallel data back into serial data and sends it to the WM8731 chip to complete the digital-to-analog conversion. Finally, the active speaker emits the secondary source audio, completing the active noise control.



(3) Control Program and Debugging



In the overall system, FLASH is primarily used for control program storage, while the JTAG interface is used for program debugging and burning. These two elements jointly ensure the system’s stable operation and effective debugging.





4. Single- and Dual-Frequency Noise Reduction Tests


4.1. Methodology


The developed active noise control (ANC) prototype system consists of a reference speaker, a controller, a secondary source speaker, and an error sensor. The experimental design is illustrated in Figure 8.



To evaluate the performance of the ANC system, we conducted comparative indoor tests following these steps:



(1) Program Burn-in: The computer is connected to the controller through a simulator for program burn-in. Once the program is burned in, the controller can operate independently from the computer. During this time, the lab environment is kept quiet to prevent irrelevant noise from affecting the test results.



(2) Environmental Noise Measurement: A UMIK-1 measuring microphone connected to the first computer is used, with the REW V5.20.3 software (a professional acoustics measuring and analysis tool) recording the noise data throughout the experiment. Firstly, we measure and record the environmental noise in the laboratory. Before the measurement, all other devices are switched off to avoid interference.



(3) Sound Pressure Level Measurement: With the ANC system turned off, the UMIK-1 microphone is combined with the error sensor to measure the sound pressure level of the area to be silenced. The primary source speaker is connected to the second computer, using the REW V5.20.3 software to generate simulated noise sources of different frequencies. For convenience of comparison, the volume of the primary source speaker is adjusted so that the sound pressure level measured at the microphone is always maintained at 70 dBA.



(4) Observation of Noise Reduction Effect and Parameter Adjustment: Once the ANC system is activated, we can observe real-time noise reduction effects using the second computer. To achieve the best noise reduction effect, we adjust the iteration step size via the VIO module (a user interface for controlling system parameters), modify the program to adjust the filter order, and change the distance between the primary source, reference speaker, secondary source, and error sensor to obtain the optimal parameter combination. The presented measurements are from multiple tests, and we selected the results with the best noise reduction effect.



(5) Comparison of Test Results: Finally, we compare the sound pressure level data of the area to be silenced before and after turning on the ANC system to assess the effectiveness of the ANC system.




4.2. Single-Frequency Test Result Analysis


In line with our previous research, we observed commonalities in the overall noise from different types of roads and vehicles. Peak effects surfaced within the frequency ranges of 50–80 Hz, 200–315 Hz, and 800–1250 Hz. Thus, our noise reduction tests targeted the frequency bands of 200 Hz, 500 Hz, 800 Hz, 1000 Hz, and 1200 Hz.



Given the finite speed of sound propagation, it is necessary for the sound waves emitted by the secondary source to meet the noise at the correct time and place to effectively cancel out the noise. Therefore, before starting the tests, we first adjusted the distances between the various components of the active noise control system—primary source, secondary source, reference sensor, and error sensor—to identify the relative positions that yield the maximum noise reduction [57]. Furthermore, due to the varying wavelengths and phases of sound waves at different frequencies, the optimal distances between the components for effective phase cancellation (i.e., noise reduction) will differ.



With the primary source set at 70 dBA and the indoor ambient noise at 39.2 dBA, for each test frequency, we iteratively adjusted the distances between the primary source, secondary source, and reference sensor to ascertain the positions that produced the maximum noise reduction. Multiple noise reduction tests were conducted at these positions, and the results showed that each test was very close in outcome. Hence, the median of these test results was selected for comparative analysis, as shown in Figure 9. Figure 10 presents a comparison of the spectral data before and after the activation of the active noise control system at 500 Hz.



As demonstrated in Figure 10, the active noise control system provided significant noise reduction for single-frequency noise, with a reduction of around 20 dBA. Notably, the 500 Hz noise saw the most significant reduction, at 25.4 dBA, bringing the noise level in the target area close to the ambient noise level. The least reduction was seen at 1200 Hz, which decreased by 8.8 dBA.



Using testing, we observed that the noise reduction performance for extremely low or high frequencies was relatively inferior. Although theoretically lower-frequency noise should be easier to reduce, the actual noise reduction effect was hindered due to the poor frequency response of the speaker at lower frequencies. On the other hand, the real-time requirements of the active noise control system are higher for higher-frequency noise, which also impacted the noise reduction effect. These findings indicate a close relationship between the noise reduction effect of the active noise control system and the choice of hardware and software configuration.




4.3. Dual-Frequency Test Result Analysis


To evaluate the performance of our active noise control system under more complex acoustic signals, we tested it using two specific dual-frequency noise sources, 100 Hz + 1000 Hz and 200 Hz + 1000 Hz, with reference to the frequency range where traffic noise spikes occur. Following the experimental steps outlined earlier, we identified the distances that yielded the best noise reduction results and represented them in Figure 11.



As per the results shown in Figure 12, notable noise reduction was observed at both frequencies when the noise source was 200 Hz + 1000 Hz, with an approximate reduction of 15 dB(A). However, when the noise source was 100 Hz + 1000 Hz, we noticed a significant noise reduction at 1000 Hz, but the noise reduction at 100 Hz was less pronounced.



Before the system was turned on, the sound pressure level at 100 Hz was distinctly lower than 70 dB(A). This result further confirmed the crucial impact of the sound system configuration on the effectiveness of active noise control. Factors such as the frequency response range of the sound system and gain settings could influence the performance of noise reduction. Hence, we suggest optimizing the relevant configurations of the sound system—for instance, expanding the frequency response range and adjusting gain settings—to achieve superior noise reduction outcomes.





5. Discussion


In active noise control tests for single- and dual-frequency noise, the system demonstrated significant noise reduction within the primary frequency range of road traffic noise. Moreover, it exhibited fast convergence, stable operation, and strong versatility. This paves the way for the potential application of active noise control technology in the realm of road traffic. In tests with actual road traffic noise, we did not observe significant noise reduction. However, it clearly identified the issues that need to be addressed in future research:



(1) The active noise control system failed to achieve significant noise reduction when dealing with actual road traffic noise. This could be attributed to factors such as traffic volume, vehicle types, speed, etc., leading to the complexity of the primary and secondary path parameters and diversity in noise frequency components. For instance, heavy vehicles might produce more low-frequency noise, while motorcycles might generate more high-frequency noise. These variations could lead to changes in the primary path parameters, secondary path parameters, etc., and with each vehicle serving as a noise source, different noise sources might interfere with each other, making sound wave prediction and cancellation more complex.



(2) It was found that the speakers and sensors had poorer frequency response to low-frequency noise, which may prevent the system from accurately generating and measuring low-frequency noise, thereby affecting the accuracy of noise reduction. Similarly, due to the hardware system’s latency, real-time processing of high-frequency noise also faces challenges, potentially leading to phase shifts and noise increase.



(3) In the active noise control system, electronic devices, wiring, and acoustical factors between the secondary source and the error sensor might cause latency issues. These issues have not been fully considered in the current LMS algorithm, thus affecting the noise reduction performance. Moreover, because road traffic noise is broadband noise with a wide frequency distribution, this leads to a situation in the LMS algorithm where the larger the frequency range of the input signal, the higher the signal correlation, and the slower the algorithm converges, thereby affecting the noise reduction effect.



To adapt to the characteristics of road traffic noise, future research could be based on the theory of reference sub-band filtering to improve the algorithm’s convergence speed and noise reduction effect by processing the input signal into several narrow-band noise signals. Consideration could also be given to enhancing the hardware performance of the sensors and speakers, such as improving the sensor signal-to-noise ratio, speaker frequency response characteristics, controller computational speed, system integration, and stability, especially assessing the active noise control performance of speakers in the low-frequency range. Further exploration of active noise control applications in the traffic domain can also be carried out, including a combination with passive technologies such as noise barriers and research into active noise control technology for vehicle tire–road noise.




6. Conclusions


A thorough analysis of the characteristics of various types of road traffic noise was conducted in this study, culminating in the successful development of a prototype for an active noise control system specifically targeting road traffic noise. Active noise control tests were performed in a lab environment, and the results indicated that the system could effectively reduce single-frequency and dual-frequency noise. This suggests innovative ideas and strategies for the application of active noise control technology in road traffic noise management. The main findings are as follows:



(1) Field traffic noise tests were conducted using a self-assembled noise collection and analysis system. The type and speed of vehicles were found to significantly impact the overall traffic noise produced. However, the mixed traffic noise typically lies within the range of 50–80 Hz, 200–315 Hz, and 800–1250 Hz.



(2) For different types of vehicles, when the speed exceeds 40 km/h, the traffic noise generated by small vehicles is concentrated around 1000 Hz, medium vehicles around 500 Hz, and large vehicles around 63 Hz.



(3) An active noise control prototype system based on a FPGA was constructed, and ingle-frequency and dual-frequency noise reduction tests were performed. The noise reduction effect was found to be satisfactory for single-frequency noise. When the noise frequency was 500 Hz, it could be reduced by nearly 30 dBA. For dual-frequency noise, at 200 Hz + 1000 Hz, a reduction of 15 dBA was achieved.
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Figure 1. Road traffic noise testing setup and locations, temperature, wind, distance, and height from road. 
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Figure 2. Noise levels and spectrum chart at test points. 
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Figure 3. The spectrum of traffic noise at different vehicle speeds for three vehicle categories: small vehicles, medium vehicles, and large vehicles. 
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Figure 4. Schematic diagram of the broadband feedforward system [48]. 
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Figure 5. Adaptive filter based on Least Mean Squares (LMS) algorithm [52,53]. 
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Figure 6. Hardware platform design of active noise control prototype system. 
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Figure 7. Noise signal data transmission and processing. 
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Figure 8. Schematic diagram of the developed active noise control system test. 
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Figure 9. Maximum noise reduction and relative positions under different frequency noise. 
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Figure 10. Single-frequency test results. 
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Figure 11. Maximum noise reduction and relative positions under different dual-frequency noise. 
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Figure 12. Dual-frequency test results. (a) Comparison for 100 Hz + 1000 Hz. (b) Comparison for 200 Hz + 1000 Hz. 
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Table 1. The hardware description of active noise control prototype system.
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Hardware

	
Model

	
Manufacturer

	
Specifications

	
Function






	
FPGA Development Board

	
AX7020

	
Alinx Electronic Technology (Shanghai, China) Co., Ltd.

	
85,000 logic units, 220 multipliers

	
Code debugging and system control




	
Audio Module

	
WM8731

	
Cirrus Logic Inc. (Austin, TX, USA)

	
Sample rate: 8–96 KHz, data length: 16–32 bit

	
Audio decoding, analog-to-digital conversion




	
Reference Sensor

	
Microphone

	
Shenzhen Huayun Ziyuan Electronics Co., Ltd. (Shenzhen, China)

	
Frequency response range: 20 Hz–20 kHz, 3.5 mm audio jack, unidirectional

	
Noise acquisition at source




	
Error Sensor

	
Noise acquisition in the cancellation area




	
Active Loudspeaker

	
SM-1800

	
Feixinyuan Audio Company. (Beijing, China)

	
Frequency response range: 20 Hz–20 kHz

	
Secondary source of in the cancellation area
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