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Abstract

:

The performance of Wireless Local Area Network (WLAN) is highly dependent on the processes that are implemented in the Medium Access Control (MAC) sublayer regulated by the IEEE 802.11 standard. In turn, various parameters affect the performance of the MAC sublayer, the most important of which is the number of stations in the network and the offered load. With the massive growth of multimedia traffic, research of the network performance depending on traffic types is relevant. In this paper, we present the impact of a high-/low-priority traffic ratio on WLAN performance with different numbers of access categories. The simulation results show different impact of high-/low-priority traffic ratio on the performance of the MAC sublayer of wireless LANs depending on different network-sizes and on network conditions. Performance of the large network with two access categories and with the prevalent high-priority traffic is significantly higher than in the case of using four categories on the MAC sublayer. This allows us to conclude that the performance improvement of the large network with the prevalent high-priority traffic can be achieved by an adaptive adjustment of the access categories number on the MAC sublayer.
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1. Introduction


Searching for new ways to improve Wireless Local Area Network (WLAN) performance is caused by a burst increase of Wi-Fi-enabled devices and intense growing demand for high-quality transmission of multimedia content. WLAN uses a shared physical environment to exchange data between active devices. Each node in a network can claim to share a channel; therefore, one of the important problems of WLANs is controlling access to the physical environment. In the most common wireless Wi-Fi networks [1], station access to the environment is competitive using the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA). Using of a part of the network bandwidth to implement the CSMA/CA reduces a network bandwidth for transmission of subscriber traffic. Thus, this negatively affects wireless network performance, and improvement of accessing the physical environment methods of wireless computer networks plays an important role in the functioning of the Medium Access Control (MAC) sublayer.



Access to the physical environment of WLANs is regulated by the IEEE 802.11 standard [1]. The most widely used MAC protocol is based on the CSMA/CA scheme. This scheme provides contention-based access to the physical environment. In the early versions of IEEE 802.11 the CSMA/CA mechanism was implemented as the Distributed Coordination Function (DCF). DCF provides equal access for all nodes in the network by using a time-dependent set of parameters: slot time, inter-frame space, and Contention Window ranged from its minimum to its maximum value. Besides, in Access Point–oriented networks, the IEEE 802.11 standard provides Point Coordination Function (PCF) that enables centralized access to the physical environment. However, unlike DCF, which is necessary and important, PCF is optional and not all manufacturers support it.



Distributed Coordination Function does not support Quality of Services (QoS). To provide multimedia applications and real-time traffic an Enhanced Distributed Channel Access (EDCA) is developed. Unlike the basic DCF scheme, the EDCA scheme, which is an extension of it, designed to support Quality of Service and supports four categories of access. The EDCA scheme defines four access categories (ACs) that provide support for the delivery of prioritized traffic. Each AC has a transmission queue and independently executes DCF scheme. As the higher-priority frames now have a better chance to be transmitted, the channel utilization is reduced. Many research works [2,3,4,5,6,7,8,9,10] are aimed to improve the performance of MAC sublayer by using different methods and research approaches [2,4,5]. Moreover, most of them aims to ensure the transmission of various traffic types with different requirements, however, the impact of different ratios of various traffic types on the network performance has not yet been studied. Knowledge of this impact would provide an opportunity to develop specialized algorithms to improve the MAC sublayer oriented on certain ratios of traffic types in each specific application. As a result, network efficiency could be enhanced.



The main contributions of this paper can be summarized as follows:




	
It is revealed that the impact of high-/low-priority traffic ratio on the MAC sublayer performance of wireless LANs depends on the number of access categories and is different for different network sizes;



	
It is also shown that, for a large network, the impact of high-/low-priority traffic ratio is significant. In the case of prevailed high-priority network load the total network capacity for intensive load is almost twice less, than in the case of prevailed low-priority network load;



	
Based on the simulation, the conditions, under which the adaptive adjusting of the number of access categories could significantly increase the efficiency of wireless LAN, are determined.









2. Related Works


Nowadays, many works are devoted to study and improve the access method to the physical environment defined by IEEE 802.11 standard. A variety of research methods are used, for example, network simulator [2]; Markov chain [3]; Colored Petri Net [4]; machine learning [5]; to provide QoS to specific flows in network traffic, such as voice [11]; video [12]; downloading large files [13]; signaling [14], and integrated traffic [15].



Guaranteeing the quality of service as providing sufficient level of service to meet the traffic requirements is one of the key research areas to improve wireless network performance. A general guide to improving QoS for communication system engineers is presented in Reference [16]. The actual and future trends of QoS wireless networks are discussed in Reference [17]. There are also QoS improvement approaches for specific network types—End-to-End QoS management algorithms for Internet of Things Services in 4G/5G Networks [18], or instilling QoS in Wireless Sensor Networks [7].



Enhancing the quality of service can be also achieved by improving the MAC sublayer. For example, the proposed modified MAC protocol for nano-networks improves their performance and energy efficiency, reduces the probability of collisions [6]. Reference [8] presents a comprehensive review on the techniques to improve the BEB algorithm used to retransmission of frames in CSMA/CA scheme of wireless local area networks. In Reference [9], incoming traffic is divided into three categories, namely normal, urgent, and critical, to which different priorities and different delay times for each category are assigned. It improves the transmission of urgent and critical data. IEEE 802.11 networks enable the QoS by combining the DCF and EDCA with static parameters regardless of existing network capacity, the number of associated stations, or the activity of Access Categories. Moreover, as it has been shown in References [19,20], in case of a highly loaded network, this leads to significant network performance degradation.



As the throughput of WLANs is bounded by the overhead introduced in the MAC protocol [15,21] some of the studies are focused on optimizing and maximizing channel capacity and utilization. In particular, a channel bonding and a modified medium access control procedure that distributes radio resources equitably on different data streams is proposed in Reference [22]. Another approach is to dynamically adjust the MAC layer parameters. Such as a dynamic Contention Window (CW) tuning scheme by considering the collision probability [18,23], or an adaptive Arbitration Inter-Frame Space Number (AIFSN) scheme [24]. In Reference [25] the authors introduce two additional MAC-layer parameters—threshold and counter decrement value, and propose an QoS provisioning with adaptive back off algorithm in the case of multi-packet reception. Some proposed improvement methods were developed with consideration of wireless network type or its topology. Namely a dynamic assignation of both AIFSN and guidance CW depending on the number of associated stations and ACs activeness status for dense IoT-networks [19], IEEE 802.15.4 Wireless Sensor Networks [10] and for 5G-networks [20], or a signal-based MAC protocol [26] for ad hoc networks.



To enhance the quality of voice and video transmissions over IEEE 802.11 WLANs, a dynamic prediction scheme is proposed in the paper by Reference [27]. Dynamic adapting of MAC parameters (AIFSN and CW size) optimizes the access to the medium and is composed of several predictive submodels. The proposed scheme combines beacon frames, suitable separation of the AIFSN values and the appropriate selection of the CW size for each AC. For some simulated scenarios the improvement of multimedia performance is more than 20% due to reduction of the retransmission attempts.



In Reference [28], an approach and an algorithm for on-the-fly End-to-End Quality-of-Service slice orchestration and IEEE 802.11 MAC management based on Software-Defined Networking principles are proposed. That allows reduce the average latency by half. Moreover, an average throughput is reduced, but less than 8%.



All the mentioned works are focused on improvement of the MAC sublayer for providing QoS. To provide priority access for different types of traffic some network resources must be used, different for different implementations. Therefore, by default, the total network throughput is anyway lower than for a network with DCF scheme that does not support priority access and provides only one access category. An analysis of the impact on network throughput of replacing the non-QoS-supported DCF scheme with the QoS-supported EDCA scheme is presented in Reference [27]. The analysis is performed using simulation modeling and shows that providing priority access using EDCA for networks with five or more stations leads to decreasing of total network throughput. The paper presents an analysis of the 802.11 EDCA scheme’s effectiveness, depending on the number of access categories (number of traffic priorities). The impact of varying amounts of access categories has been studied for unsaturated and saturated states of the network load. It was shown that reduction of the number of access categories improves the total network throughput, even under highly load network conditions. Although the standard EDCA scheme provides the prioritized access, for large networks EDCA is inefficient in contrast to DCF, especially when one type of traffic dominates in the network. Using EDCA with two access categories, instead of the standard four, allows to provide a good priority access for higher priority traffic.



The research described in Reference [29] is conducted with the condition that the same number of frames in each access category is received from the high-level protocols into the station queues for transmission. In real networks, such a scenario is unlikely. Wireless networks are increasingly popular with a variety of videos and voice Internet services, which add significant disparities in the ratio of high- and low-priority traffic, so investigating of wireless network performance for different traffic ratios is an important task. Therefore, this paper is focused on performance analysis of EDCA scheme depending on the different ratio of different traffic types. The throughput of wireless networks as a function of the ratio of high- and low-priority traffic for different numbers of access categories could be used for WLAN optimization based on predicted traffic types, including for example, the adaptive adjusting algorithm of the ACs number depending on the collected key parameters of the frames transmissions [15].




3. Research Methodology


To perform the study of the impact of different ratios of various traffic types on the network performance, we used a developed wireless simulator. Its accuracy was verified by comparing simulated results with the result of different analytical models [15]. The developed computer model supports the infrastructure mode, dynamic change of station load, and access models according to the 802.11 standard. A network traffic model was also developed that allows us to regulate the output loads of each station. Furthermore, the applied object-oriented programming approach provides the ability to extend or modify the standard functionalities, such as supporting of service quality, number of access categories, MAC- and physical-layer parameters, output load distribution, network load type and intensity, and network conditions.



A simulated wireless network consists of wireless stations (up to 30) and an access point, which are located within the Basic Service Set (BSS), i.e., every station is able to detect a transmission from any other station. An Infrastructure mode is considered as an operating mode for the simulated wireless network, in which all the stations communicate through a single access point. To exclude the influence of the physical environment on the network performance it is assumed, that the channel is idle. For simplicity the transmission rate is 54 Mbit/s and the other MAC and physical layers’ parameters are shown in Table 1.



The EDCA scheme supports four different ACs to provided QoS for different traffic types: video, voice, best-effort, and background. The first two traffic type are high-priority traffic types and require guaranteed network performance with bounded delay and jitter. These requirements are difficult to meet with network growing and increasing of network load. To study the wireless network bandwidth changing on different high- and low-priority traffic ratios the EDCA scheme for simulated network is adjusted to support other number of ACs than only four.




4. Simulation Scenarios and Results


4.1. Impact of Traffic Types Ratio on Performance of MAC Sublayer Supporting Four Access Categories


The following four categories of network traffic are supported and processed on the MAC sublayer of a wireless LAN:




	
Voice access category (AC_VO);



	
Video access category (AC_VI);



	
Best-effort (AC_BE);



	
Background (AC_BK).








According to IEEE 802.11e, where the EDCA scheme with four access categories is defined, each station has four transmission queues for different types of traffic. Each AC has its own parameters, namely AIFS, CWmin, and CWmax. The DCF scheme is executed independently for each access category. Therefore, the frames from different queues may collide, and an internal collision has to be resolved by providing access to the environment to a frame with a higher priority, all the other internally collided frames treat internal collision as a usual collision with frames from other stations while transferring. From one side, it provides a better access for high-priority frames; from the other side, the total network performance is decreased.



To analyze wireless network performance for a different ratio of traffic types, simulations were done for two network scenarios, Scenarios A and B.



Scenario A assumed that the wireless network was mostly occupied with voice and video traffic. The ratio of traffic types is as follows:


AC_VO:AC_VI:AC_BE:AC_BK = 3:3:1:1.



(1)







In the case of Scenario B, the ratio of traffic types was as follows:


AC_VO:AC_VI:AC_BE:AC_BK = 1:1:3:3,



(2)




so the network is mainly busy transmitting background or best-efforts traffic.



Normalized throughput was used as the result characteristic.



The analysis was performed for three types of networks: small, medium, and large. It was supposed that network types correspond to the number of stations, respectively, 2, 10, and 30.



The normalized throughput for the traffic dividing scheme into four access categories for Scenarios A and B is shown in Figure 1. The Figure 1 uses the following notation: AC3 = AC_VO, AC2 = AC_VI, AC1 = AC_BE, and AC0 = AC_BK.



For Scenario A (Figure 1a), high-priority traffic is processed with the urgent access to the environment. Increasing of the number of stations in the network significantly reduces the throughput for high-priority traffic. Thus, when 80% of the network is congested, its throughput for high-priority traffic is about 1.2 and 2.4 times lower, respectively, for the network of 10 and 30 stations, as compared to a network of two stations. Note that the greater the number of stations in the network, the lower the difference between the throughput for the voice traffic AC3 and for the video traffic AC2. This most likely could be explained by increased collision probability and simultaneous access to the physical media by several stations.



For Scenario B (Figure 1b), a low-priority traffic dominates in the network. In the case of a network load below 40%, all offered traffic (low- and high-priority traffic) is transmitted completely in the network. For the network load above 40%, the amount of transmitted low-priority traffic is reduced, as compared to the amount of offered traffic. In this case, the EDCA scheme provides better access for the frames of the AC1 access category since their priority is higher than for the AC0 frames. For Scenario B, high-priority traffic is low (only 1/4), so the EDCA scheme almost completely allows it to be transmitted for small- and medium-sized networks. For large networks under saturation network condition, the percentage of transmitted incoming high-priority traffic is about 70%, while, for low-priority traffic AC1, only 43% of incoming traffic is transmitted, and for the lowest priority traffic AC0, it is only 7%.



It also can be noted that for both scenarios the amount of transmitted low-priority traffic does not depend on the network size. As it can be seen in Figure 1a, for the network of 30 stations dominated by high-priority traffic, the normalized throughput for AC3 and AC2 frames does not exceed 0.13. In the case of low-priority traffic in this network, the maximum normalized throughput for frames of access categories AC1 and AC0 (Figure 1b) is 0.16 and 0.12, respectively.



Results of total throughput for different ratios of high- and low-priority traffic and the different number of stations are shown in Figure 2.



For a network that contains an access point and 2 (Figure 2a) or 10 (Figure 2b) stations, a difference in the high-/low-priority traffic ratio almost does not affect the total network throughput.



In the case of 30 stations (Figure 2c), the highest total throughput is achieved when low-priority traffic prevails high-priority traffic in the network and vice versa the lowest total throughput is observed in the case of prevailed high-priority traffic. The more the network load is saturated, the greater is the difference between the values of total throughput, in the worst case up to almost two times. Such a difference can be explained by the fact that high-priority frames suffer from collisions. Configuration of the MAC parameter allows the station to get faster access to the physical environment to transmit high-priority frames and spend for such frames less time before retransmission in the case of collision. A higher number of stations in a wireless network causes a higher probability of collision itself. The maximum Contention Window (CWmax) for high-priority frames is twice smaller than for low-priority frames, and as a result, a probability that for two collided high-priority frames the same delay will be generated is much higher than for collided low-priority frames. This, in turn, leads to an increased probability that the next retransmission attempt will also be ended with a collision and that the frame will be dropped when the maximum number of retransmissions will be reached.




4.2. Impact of Traffic Types Ratio on Quality of MAC Sublayer When Traffic Is Divided into Two Categories


Based on the previous conclusion, that higher collision rate reduces successfully transmitted high-priority traffic, it was considered to analyze network performance, if the number of access categories is reduced to two:




	
High-priority traffic, named as AC1;



	
Low-priority traffic, named as AC0.








The experiments were similarly performed for the same two scenarios (A and B) when high-priority (AC1:AC0 = 3:1) or low-priority (AC1:AC0 = 1:3) traffic prevails in the network.



In Figure 3a the results for Scenario A are presented. The EDCA access scheme provides good prioritized access for high-priority frames over low-priority frames. That clearly can be observed at network load > 0.4. The maximum throughput for small- (two stations) and medium-sized (10 stations) wireless networks is about 0.45. For large networks (30 stations) the throughput of high-priority traffic does not exceed 0.35 due to the higher probability of network collision as result of higher probability of simultaneous transmission by two or more stations in the network.



Prioritized access for high-priority frames is also provided in the case of Scenario B (Figure 3b) when low-priority traffic is prevalent in the network. For small networks, almost all generated high-priority frames are successfully transmitted, regardless of network load. For medium- and large-sized networks high-priority traffic ceases to be fully transmitted when network load is greater than 1 and 0.8, respectively, due to increased probability of simultaneous environment access by two or more stations. The amount of low-priority traffic transmitted for network load > 0.4 decreases almost linearly for network sizes.



Figure 4 shows the total normalized throughput for each type of network comparing for different traffic ratios.



For a medium-sized wireless network (Figure 4b) high-/low-priority traffic ratio has an insignificant effect on the total network throughput. For a wireless network that has two stations (Figure 4a), the total throughput in the case of low-priority traffic prevalence is lower on average 7–11% than for other traffic ratio scenarios.



If the number of stations in the highly loaded network is increased to 30 (Figure 4c), the total throughput of the network with prevailed high-priority traffic is less for about 12–17% than for other traffic ratio scenarios.



Providing only two access categories on the MAC sublayer for large wireless networks, if the traffic ratio of high- and low-priority traffic is significantly different, creates additional complexity to provide the quality of service for high-priority traffic such as voice and video. Increasing the high-priority traffic part in the network load might reduce the total network throughput up to 17%. However, for the small- and medium-sized wireless networks, a wide scatter of high- and low-priority traffic ratio changes the network throughput is less significantly.





5. Discussion


5.1. Comparison of Media Access Schemes with Two and Four Access Categories


Summarizing the results, it can be observed that the high-/low-priority traffic ratio changes do not have a significant effect on the throughput for small and medium-sized wireless networks. However, for large wireless networks, increasing of the high-priority traffic part seriously reduces the total network throughput. The network throughput is down by almost a third (30–35%), mainly due to high-priority multimedia traffic that, on the contrary, requires high throughput. Therefore, there is an acute need to improve the MAC-sublayer performance for wireless networks, if the high-priority traffic prevails.



Comparison of the results for access schemes with two (Figure 2c) and four (Figure 4c) access categories shows that the access scheme with four access categories provides significantly smaller total throughput for large wireless networks than for the access scheme with two access categories (Figure 5).



For quantitative analysis of provided throughput the coefficient KRT is introduced, that determines the ratio of normalized throughput respectively for access schemes with two and four categories of access:


KRT = С2АС/C4АС,



(3)




where С2АС and C4АС are the normalized throughput values.



An analysis of the KRT coefficient values given in Table 2 shows that the total network throughput in the case of access scheme with two access categories might be even twice as high as for a standard access scheme with four access categories.




5.2. Recommendations for Improving the Performance of Wireless Local Area Networks MAC Sublayer


The results of the experiments described above show that the total network throughput is highly dependent on the number of access categories used on the MAC sublayer. As the number of access categories increases, total network throughput decreases. This impact is more significant for large networks with an intensive network load, which consists mainly of the high-priority traffic. Therefore, a significant increase in the efficiency of wireless LAN under such network conditions can be achieved by improving the access scheme to the physical environment, namely using the developed algorithm of adaptive adjustment the number of access categories [15]. As shown in Table 1, the switching from four to two access categories can increase the total network throughput twice as high.





6. Conclusions


The impact of high-/low-priority traffic ratio on the MAC sublayer performance of wireless LANs is different for different network sizes and depends on the network conditions. For a standard EDCA scheme using 4 access categories, the high-/low-priority traffic ratio changes do not have a significant effect on the throughput for small and medium-sized wireless networks. However, for the large networks, this impact is significant, for example, in the case of mainly high-priority network load the total network throughput for intensive network load is almost twice as less than for the case of mainly low-priority network load.



It was also shown that the network performance using the access scheme with two access categories and with the prevailed high-priority traffic is significantly higher than for the access scheme with four categories. It allows us to conclude that improvement of the network performance, especially for large networks with the prevailed high-priority traffic, can be achieved by an adaptive adjustment of the number of access categories on the MAC sublayer.
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Figure 1. Normalized throughput for traffic dividing scheme onto four access categories for a network of 2, 10, and 30 stations and the traffic ratio according to (a) Scenario A and (b) Scenario B. 
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Figure 2. Total normalized throughput for traffic dividing scheme onto 4 access categories at the different traffic ratio for the network of (a) 2, (b) 10, and (c) 30 stations. 
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Figure 3. Normalized throughput for traffic dividing scheme onto two access categories for a network of 2, 10, and 30 stations and the traffic ratio according to (a) Scenario A and (b) Scenario B. 
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Figure 4. Total normalized throughput for traffic dividing scheme into two access categories at the different traffic ratio for the network of (a) 2, (b) 10, and (c) 30 stations. 
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Figure 5. Total normalized throughput for traffic dividing scheme onto two and four access categories for the network of 30 stations and prevailed high-priority traffic. 
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Table 1. Medium Access Control (MAC) and physical layers’ parameter.
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	Frame Size
	2312 Bytes





	МАС-header
	34 bytes



	PHY-header
	32 bytes



	ACK
	14 bytes



	Slot time
	20 µs



	SIFS
	10 µs



	Retry limit
	16







PHY, physical layer; ACK, acknowledgement; SIFS, Short Interframe Space.
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Table 2. Coefficient KRT, normalized total network throughput for two and four access categories depending on the normalized offer load.
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	Normalized Offered Load
	C2AC
	C4AC
	KRT





	0.05
	0.07
	0.09
	0.78



	0.1
	0.12
	0.13
	0.92



	0.2
	0.22
	0.23
	0.96



	0.3
	0.32
	0.27
	1.19



	0.4
	0.41
	0.31
	1.32



	0.5
	0.43
	0.30
	1.43



	0.6
	0.42
	0.28
	1.50



	0.7
	0.40
	0.26
	1.54



	0.8
	0.39
	0.23
	1.70



	0.9
	0.38
	0.19
	2.00



	1
	0.34
	0.17
	2.00



	1.5
	0.31
	0.13
	2.38
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