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Abstract. 

It is considered that with the simultaneous operation of two or more wireless users, which differ in speed performance, the phenomena of air monopolization appear, which is reflected in the imperfection of the built-in mechanisms of the IEEE 802.11 standard and the distribution of air time.

The influence of the Airtime Fairness technology on the performance and quality of the Wi-Fi wireless network of the IEEE 802.11ac standard is investigated. The features of implementing of algorithms for the operation of the Airtime Fairness technology are considered, and the theoretical substantiation of the efficiency of this technology is presented.
Statistical data were obtained aimed at optimizing the process of data transmission over the air. The collection and analysis of network performance indicators was carried out when activating the Airtime Fairness mechanisms with the preservation of all preliminary settings, equipment locations, locations of wireless users and their number.

An analysis of the main indicators of the performance and quality of the wireless network is presented: the average traffic speed, packet performance and the number of TCP packets with loss or damage or re-transmitted to the network.

It was revealed that the performance indicators of the network during the operation of the Airtime Fairness technology can vary depending on the equipment manufacturer and the technology operating mechanisms used by the manufacturer.
It has been proven that the use of Airtime Fairness technology is advisable, but only with a full understanding of the performance mechanisms and features together with a clear understanding of the impact of this technology on the network and on each individual user.
Key words: wireless network, Airtime Fairness, access, Wi-Fi technology.
1 Introduction
Most commercial organizations implement high-speed wireless networks due to their mobility and ease of deployment.

The advantages of Wi-Fi wireless technologies include the ease of deploying and folding the network. An important point is the ability to easily connect subscriber devices to the network while ensuring the security of data transmission and without restricting the user's movement in the network coverage area.

The main disadvantages when using wireless systems are the following: problems associated with signal propagation, unstable and non-linear attenuation, interference, noise, power and bandwidth limitations. These problems are successfully overcome by hardware and software.
However, other than the obvious benefits of portability and being free from wires, there are less obvious problems. A number of issues should be highlighted regarding the imperfection of the technologies themselves, a large number of various devices, and devices of different generations in the air, which are only partially compatible, etc.

Despite the key features and advantages, the Wi-Fi family of technologies has several significant disadvantages of the system operation, which are critical under certain conditions. The shortcomings can be caused by both the air physical features and the imperfection of the IEEE 802.11 technology. 
The paper investigates the impact of Airtime Fairness technology, the mechanisms of which are aimed at solving one of the critical problems for wireless network performance, such as monopolization of airtime by slow-speed users. For this, the influence of this technology on performance indicators is shown on the example of a wireless network of the IEEE 802.11ac standard – the most modern and widespread standard among office user devices.
The phenomenon of air monopolization with the simultaneous operation of two or more wireless users, which are quite differentiated in terms of air operation speed indicators, is associated with the imperfection of the built-in mechanisms and the distribution of air time in the standard. The IEEE 802.11ac standard was not designed to cope with highly differentiated user devices. The CSMA/CA access distribution mechanism, which is incorporated in the technology, is based on the principle of dividing access to the air by the amount of transmitted data. Considering that subscriber devices operate at approximately similar speeds, the distribution of airtime can be considered fair. But, when devices are connected to the network at a very low speed, unlike other devices, a slow device monopolizes airtime, reducing both the bandwidth of a single device and of the network in general.
Based on theoretical considerations, the mechanisms of Airtime Fairness technology can reduce the impact of a slow-speed user on the overall performance of a wireless network. To do this, we studied the influence of Airtime Fairness technology on the performance and efficiency of the network, namely: on the indicators of packet performance, delay, QoS indicators on the example of a corporate scattered network, with the simultaneous operation of both fixed and mobile wireless devices.
1.1 Rationale of Airtime Fairness for IEEE 802.11 Multispeed Networks
A characteristic feature of wireless communication with multiple end devices is sharing the same bandwidth for independent transmission of information. The only method for dividing information flows is time division, that is, independent data transmission of each of the users operating on a common frequency is possible only when transmitting data in turn, provided there is free air.

Given that the states of channels and nodes in a wireless network may differ, a Wi-Fi network operates at several possible data transfer rates. It is well known that the use of multiple data rates provides individual fairness; however, this causes anomalies in Wi-Fi performance where the performance of a node using a higher data rate can be reduced to the performance of another node using a lower data rate. In addition, we should take into account the probability that devices of different generations, having different signal-to-noise ratios, using different modulation, coding, etc. thus operating at their own channel rate, will request airtime which cannot be predicted or forecasted in advance.

Therefore, a situation is created when devices with different channel rates simultaneously apply for airtime. The 802.11ac standard allows users to access the network based on the amount of information sent, which poses the problem of monopolizing airtime by users with slower speed. According to the standard, the amount of information transmitted by users is the same. Thus, the problem arises of equality of data transmission rates for all network users, regardless of their channel speed (Fig. 1.1).
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Figure 1.1 - Diagram of the airtime distribution between users

Airtime fairness, or time-based fairness, is well known as a method of addressing Wi-Fi performance anomalies and balancing spectrum efficiency in multispeed wireless networks.

The tasks of increasing the efficiency and equal allocation of channel resources between competing nodes are solved at different levels. In [1], it is proposed to use additional extensions to the CSMA / ECA mechanism: Hysteresis and Fair Share, which will provide support for a large number of users to reduce collisions. To some extent, these algorithms can improve system bandwidth and short-term fair use of the channel.
In [2], the authors discuss Media Access Control (MAC) design issues related to the fact that high collision is often caused by the Binary Exponential Backoff (BEB) mechanism in the outdated IEEE 802.11 standards, and the common channel can be overused by nodes with a low bit rate. In high-density scenarios, it is proposed to use differential reservation algorithms (DR and GDR) to reduce collisions between competing nodes by setting its backoff counter with a deterministic value after a successful channel access.

In [3], the authors implement a portable airtime scheduler that works on any Linux-based Wi-Fi device. A similar solution [4] allows one order of magnitude to reduce the waiting time under load, significantly increase the bandwidth of several stations and almost perfectly balance the airtime for both TCP and UDP downlink traffic. A queuing scheme has been developed that eliminates excess buffer capacity in a wireless network.
The practical method for assessing proposed in [5], allows to indirectly assess the fairness of airtime by measuring the bandwidth. The concept of responsible airtime is given, which covers not only the time of data transmission in the TCP ACK segment in TCP traffic.

In [6], a distributed algorithm for the distribution of airtime, based on the idea of decomposition, for users of mobile social networks (MSN) is proposed. The aim of this algorithm is to select a user with a large energy budget, low sensitivity to energy consumption and a high propagation rate, located in the center of the group. To model this problem, a game-theoretic approach is considered and the Nash bargaining problem is formulated.

1.2 Mechanism for extended distributed channel access 
For a deeper understanding of mechanism principles of fair air access, it is better to give a etailed consideration of existing and available mechanisms for optimizing the use of air by disparate user devices.

Let us consider one of the access control implementation in the IEEE 802.11 MAC layer standard [7]. A feature of the MAC layer of the IEEE 802.11 standard is the CSMA / CA mechanism and its most important RTS / CTS algorithm, which provides the possibility of alternate data transmission. This carrier sense multiple access mechanism provides random sequential data transmission in a wireless network.

A significant drawback of the 802.11 standard is the lack of prioritized media access mechanisms, i.e., the initial specification of the standard was not designed to meet QoS requirements. All users of the wireless network had equal rights to both access to the air and the use of airtime.
The algorithm of the CSMA / CA mechanism can be represented as follows. Any device during transmission listens to the air for checking interference in the form of information transmission by another device. If the air is free for a certain time, the user starts data exchange. All devices that also work in the network wait for the current transfer to complete, pause, and then, provided the air is  free, start data transfer. At the same time, peer-to-peer devices, provided free air, have equal rights and an equal probability of starting data transmission next, but there is still a possibility of collision when two devices start transmitting simultaneously.
The Enhanced Distributed Channel Access (EDCA) mechanism [8, 9] has become an addition to the IEEE 802.11e standard. The EDCA mechanism adheres to the principle of "intrusive courtesy", but introduces controlled unfairness in order to provide preferential access to the air for certain priority traffic types. In fact, this is expressed in a mandatory minimum waiting time before the start of transmission, and the set of random values of transmission delays for some types of traffic is less important. Using the value of the ToS or DSCP field, the EDCA engine categorizes all existing traffic into several basic types. Thus, traffic classified as voice has a lower delay before transmission than traffic classified as video. It waits less time than traffic classified as "Best-effort", which in turn waits less time than traffic classified as "Other".

Thus, some types of traffic are prioritized because they received a permission for transmission start earlier. Accordingly, all other devices or traffic of lower priority have to wait for the end of transmission of higher priority traffic.

This method is more likely to meet QoS requirements, but does not solve the problems of devices differentiated by channel rate at all.
1.3 Theoretical basics of  Airtime Fairness technology
Airtime Fairness technology algorithms are based on TDMA – Time Division Multiple Access. The principle of the technology lies in the use of a cyclical method for dividing airtime between users: for equal or for specified periods of time.

This approach will solve the issue of excessive use of air time for the transmission of a relatively small amount of data by users that for a certain reason operate at a much lower channel speed compared to other network users. Thus, Airtime Fairness is the technology for ensuring fair access to the air, which is based on the principle of equality of the operating time on the air for each of network users, regardless of their channel speed (Figure 1.2).
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Figure 1.2 - Diagram of airtime distribution when using the Airtime Fairness technology

Depending on the manufacturer of the equipment, and, hence, on the specific implementation of the technology, the algorithm for dividing the airtime between users may differ. There are two main types of airtime division: into equal periods of time, regardless of the user's parameters, and into arbitrary periods of time, depending on the administrative settings of the system. 
 It is known that slower devices take relatively longer time to send and receive data compared to newer and faster devices. The implication of this claim is that there is less time on the air for faster devices, while slower devices disproportionately monopolize the air. As indicated above, one of the reasons for this behavior is the significant distance from the access point of one or more user devices. Another reason could be outdated equipment that does not support high-speed transmission modes.

For example, let us analyze the indicators of the time spent in the network by users with different speeds and MCS indices [10-12]. To transfer 1 Mbyte of information, a user operating at a speed of 400 Mbps will take significantly less time than a user operating at a speed of 54 Mbps, which is displayed by Formulas (1.1) and (1.2):
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Thus, on the air, a situation arises when, with an equal volume of transmitted data, a remote user will occupy 88% of the airtime (Formula 1.3):
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and the average bandwidth of the access point will be 11,9 Mbps (Formula 1.4):
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Unlike the 802.11ac standard, Airtime Fairness technology provides equal access to the air for all user devices in time. That is, users of the access point with the enabled technology get equal airtime for data transmission. Using the example above, let us calculate the average performance of the access point if each subscriber is given 0.5 s for data transmission. Formula (1.5) displays the amount of data transferred per second of airtime for a high-speed user, Formula (1.6) – for a slow-speed user.
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Based on Formulas (1.5) and (1.6), it can be seen that when using the method of fair access to the air based on time, and not on the amount of transmitted data, the average bandwidth of the access point will be 253.38 Mbps. This is over 21 times more than the fair access method, which is based on the amount of data transferred.

It should be noted that when using the Airtime Fairness technology, with an increase in the average air bandwidth, a user slower speed will significantly lose in bandwidth. In addition, delays will increase and QoS requirements will be nearly impossible to meet. This is the key disadvantage of the above technology.
1.4 Condtions for selecting IEEE 802.11ac standard
The selection of the IEEE 802.11ac standard for research is conditioned by several reasons. The 5 GHz band, in contrast to the 2 GHz band, maximally contributes to the construction of high-speed, time-stable and predictable wireless networks in terms of quality parameters. This leads to a much larger spectrum bandwidth for IEEE 802.11 networks, the  sufficient number of non-overlapping channels, which provides the possibility of a greater distance from access points operating on the same frequency channel, and allows to build a better frequency plan [13]. In high-density environments, 5 GHz radio modules can be physically collocated to increase network capacity across multiple channels. In this range, the relative purity of the air is noted, which leads to an increase in the stability and the connection speed. In addition, the 802.11ac standard optionally supports the Beamforming technology, which solves the problem of signal power drop caused by its reflection from various objects and surfaces [14].
The 802.11ac standard is selected among the standards that support operation in the 5 GHz range due to the following factors: a large number of compatible user devices at the same time; availability; flexibility over Wi-Fi 6, 802.11n and earlier technologies; support for extreme channel speeds; support for additional technologies, such as MU-MIMO, aimed at improving existing performance indicators. Fig. 1.3 shows the increase in the channel speed of the 802.11ac standard in comparison with its predecessors [15].
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Figure 1.3 Comparison of channel rates of IEEE 802.11 standards

1.5 Features of implementing Airtime Fairness technology on Edimax equipment
Despite the fact that the Airtime Fairness technology is implemented in software, the choice of specific equipment based on technical characteristics is not optimal for this study. The choice of the vendor for creating the conditions and carrying out the experiment is also not essential, since the results received under the same conditions and with similar settings, but using similar equipment from another vendor, will differ due to the lack of uniform standardization.

The choice of equipment for the study is based on the following conditions: the required number and the possibility of loading access points with a significant number of users that will move in space, move away and approach the access point, which will allow monitoring the state of the network and the value of the current average bandwidth for an arbitrary time interval. This, in turn, guarantees the maximum degree of reliability of the data obtained, even if the study is carried out over several days.
The study used Edimax equipment with access points of the CAP1300 business segment. The implementation of Airtime Fairness technology in the CAP1300 access points has the following characteristics:

- processing of data received from the radio module after scanning the airtime usage is stored in memory and processed over several tens or hundreds of data transmission sessions. This will allow the user to quickly move away from the access point, reducing their channel speed and gradually decreasing the allocated bandwidth for transmission, which, in turn, minimizes the probability of queue congestion on the user interface and minimizes the number of dropped packets;

- scanning of the current situation on the air is performed at discrete intervals, which somewhat reduces the efficiency of the equipment, but significantly saves the computing resources of the central processor;

- the access point performs control of the air utilization in the forward and backward directions. Since the wireless user does not participate in the process of allocating time slots and changing their size, the access point has the ability to control the transmission time in both directions;

- to track time and ensure maximum efficiency at the access point, the use of the token method is provided [16];

- the packet receives permission to transfer data in a direct flow from the access point to the user only after confirming the availability of a sufficient number of virtual tokens;

- Airtime Fairness does not analyze data packets at any level. The only packet parameter that the technology algorithm operates on is its size (meaning the packet size at the link layer, i.e. the size of the Ethernet frame).
The algorithm for obtaining permission at the beginning of data transmission in a direct flow is as follows:

1. Obtaining and analyzing the current channel speed at which the user is working.

2. Obtaining and analyzing information about the size of the data packet being prepared for sending.

3. Calculation of the required time to transmit a packet at a known size and the user's current channel speed.

4. Comparison of the time required to transmit a frame and the available number of temporary tokens for the current communication session.

If the number of temporary tokens is sufficient to transmit the frame, then the frame is sent to the radio module for transmission to the user. If the number of tokens is insufficient to transfer the current packet, it is delayed in the queue until the next cycle of the algorithm to obtain permission to transfer.

Based on the information received, we can conclude that the Airtime Fairness technology on Edimax equipment is implemented taking into account the current parameters of the radio channel and the frame size.
2 Study of the impact of Airtime Fairness technology on the example of a corporate network
The main feature of wireless communication is that the transmission medium is not deterministic both in time and depending on the location. Unlike wired transmission lines, wireless systems continuously take into account a large number of environmental factors. These are a distance between the access point and the user equipment, countless repeated mirroring, interference, external interference, "hidden nodes", etc. The results of the study will not be identical if any of the environmental parameters change. It is possible to change the accuracy of the results only with the help of statistical methods, such as multiple repetition of the experiment, reproduction of the same parameters and environmental conditions.
2.1 Initial conditions for conducting research
The hardware for the study was a corporate wireless network for internal use by company employees. The equipment of Edimax company was used as access points, namely: corporate-level access points CAP1300. The access point meets all modern requirements for wireless equipment, supports the IEEE 802.11ac Wave 2 standard, MU-MIMO technology and adaptive beamforming technology. However, this technology has been disabled to prevent distortion of the received data due to the operation of proprietary algorithms. The maximum channel rate supported by a 5 GHz wireless system is 867 Mbps.

Wireless network management, enabling and disabling wireless options was performed in a centralized manner using a wireless controller. It should be noted that the technology of logical separation of the VLAN network was used to transmit traffic to the router, and distortion of the data obtained as a result of the experiment is almost completely excluded. The switching and accounting of the number and size of packets transmitted over the wireless network was carried out by a stack of Cisco SMB Series SG350X switches.
The study was carried out in an office building of the Open Space type, containing furnished premises with an area of 80 square meters or more, in which access points were installed mainly closer to the center of the rectangular areas of the room. It should be noted that during the study, at least 50 users are simultaneously connected to the Wi-Fi network, which are distributed evenly throughout the office and evenly load the network equipment. The most important variable in the network is the user's devices, which, as they move through the building, consume a random amount of network traffic. The choice of such an environment for conducting research is due to free access to the settings of the information system and all wired and wireless office equipment. A feature of the work is the use of mainly statistical averaged data obtained over a certain period.

Research and data collection were conducted on a full-time basis from 9:00 to 18:00 over several days. In the first three days, control information was collected, i.e. those data that are taken into account when analyzing statistical data. In the next three days, information was collected, the analysis of which determined the impact of Airtime Fairness technology on network performance indicators.

It should be noted that during working hours the main percentage of the network load is generated by the traffic of terminal users and HTTPS traffic: site visits, background music, training videos, minor file sharing, etc. The values of the parameters of the main settings are shown in Table 2.1.

Table 2.1 - Values of the main parameters of the wireless network
	Параметр
	Reference week values 
	Values during next week

	Airtime Fairness enabling
	-
	+

	Maximum channel speed in the range of 5 GHz, Mbps
	867
	867

	Real maximum channel throughput for 2x2 MIMO with a signal bandwidth of 40 MHz, Mbps
	400
	400

	The maximum possible data transfer rate over the radio channel for 2x2 MIMO, Mbps
	280
	280

	The maximum possible data transfer rate over the radio channel for 1x2 SIMO, Mbps
	140
	140

	Beamforming enabling
	-
	-

	IEEE 802.11r, k, v protocol family
	+
	+

	Bandsteering enabling
	+
	+

	Transmitter power, dbm 
	17
	17


The methodology for collecting and presenting the results of control measurements is as follows:

1) statistical data were collected within six days under the same conditions, with unchanged network settings, with the constant location of equipment and workplaces of employees;

2) given that the statistical data for each day are similar and no anomalous data was found, then statistics of only three random days are presented;

3) to improve the accuracy and reliability of the collected data, each of the days is divided into time intervals of 5, 10, 15, 30 minutes, an hour, two and three hours, and the distribution of the intervals during the day was random;

4) data collection was carried out in a semi-automatic mode using the software for monitoring network equipment via the Zabbix SNMP protocol with installed templates suitable for each type of equipment;

5) data on the size of packets and their number is collected from the root router that terminates the wireless network traffic;

6) for a better assessment of performance in relation to the type of traffic, and, as a consequence, the size of the packet, differentiation and independent estimation of parameters for three packet sizes were introduced: small (size from 64 to 512 bytes), medium (size from 513 to 1024 bytes) and large (size from 2015 to 1518 bytes) at the link layer;

7) data on the utilization of the wireless channel was obtained by monitoring the internal statistics of each of the access points.
2.2 Investigation of system productivity without using Airtime Fairness technology
During the first three s of the study, we collected benchmark network performance statistics with Airtime Fairness turned off to analyze wireless performance metrics.

Tables 2.2, 2.3 and 2.4 show performance indicators and arithmetic mean values of channel utilization.
Table 2.2 – Performance indicators network in day 1

	Day 1
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


13,6

	

	9.05-9.15
	112
	284
	713
	1109
	10482
	16,2

	9.15-9.30
	124
	309
	744
	1177
	11166,6
	17,51

	9.30-10.00
	131
	345
	757
	1233
	11586,7
	18,09

	10.00-11.00
	118
	317
	827
	1262
	12128,3
	19,13

	11.00-13.00
	133
	303
	750
	1186
	11128,3
	17,45

	13.00-16.00
	136
	275
	764
	1175
	11642,4
	18,61


Table 2.3 – Performance indicators network in day 2

	Day 2
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


19,26

	

	11.00-11.05
	119
	291
	763
	1173
	11575,2
	18,69

	11.05-11.15
	127
	320
	829
	1246
	12608
	20,3

	11.15-11.30
	134
	296
	781
	1228
	12129,6
	18,81

	11.30-12.00
	141
	306
	827
	1262
	12128,3
	19,13

	12.00-13.00
	124
	272
	689
	1085
	10700,8
	16,63

	13.00-16.00
	143
	331
	836
	1310
	12972
	19,97


Table 2.4 – Performance indicators network in day 3
	Day 3
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


18,47
	

	10.00-13.00
	120
	283
	753
	1156
	11463,2
	17,63

	13.00-13.05
	140
	304
	665
	1099
	10208,1
	16,03

	13.05-13.15
	138
	314
	748
	1200
	11179,4
	17,69

	13.15-13.30
	151
	294
	832
	1277
	12071,4
	19,13

	13.30-14.00
	125
	329
	712
	1166
	10784,8
	16,74

	14.00-16.00
	143
	311
	744
	1198
	11725,6
	18,19


Based on the data obtained as a result of the study, the following conclusions can be drawn:

1) system parameters (number of packets, their size, average traffic for the period) are random variables that are weakly correlated. This is caused by many factors: the random value of the traffic generated by each of the users per unit of time, the random type of traffic at any given time. In addition, the number of wireless users of the system is variable and unpredictable;

2) there is almost no change in the dependences of the average packet performance and average bandwidth for any period. This is due to the inability to predict the type of traffic and, accordingly, the average size of packets that will be generated by a specific user in the forward and backward directions of data transmission;

3) Some correlation should be noted between packet performance and average speed for the period from 12:30 to 14:00 hours daily, taking into account the break in the company. A slight decrease and fluctuations in indicators during this period is due to a break in work processes, but at the same time, there is an increase in user activity on social networks, video hosting, news sites, etc.
2.3 Investigation of system productivity using Airtime Fairness technology
The collection of statistics during the next three days of the study was carried out using the same methodology as during the first three days. Three random days were selected for data analysis: day 4, day 5 and day 6. The only difference in the system settings is the activation of the Airtime Fairness technology algorithms. The collected data are presented in tables 2.5, 2.6, 2.7.
Table 2.5 – Performance indicators network using Airtime Fairness technology in day 4

	Day 4
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


14,84
	

	10.00-10.05
	138
	309
	785
	1232
	11772,8
	16,36

	10.05-10.15
	147
	295
	823
	1165
	12140,8
	16,86

	10.15-10.30
	130
	321
	797
	1248
	12036
	17,21

	10.30-11.00
	137
	323
	817
	1277
	12473,6
	17,53

	11.00-14.00
	130
	283
	704
	1117
	10976
	14,69

	14.00-16.00
	136
	332
	821
	1289
	12201
	16,6


Table 2.6 – Performance indicators network using Airtime Fairness technology in day 5
	Day 5
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


16,15
	

	11.00-11.05
	153
	377
	884
	1414
	13284
	18,64

	11.05-11.15
	145
	366
	857
	1368
	12864,5
	18,19

	11.15-11.30
	137
	355
	842
	1334
	12567
	17,65

	11.30-12.00
	120
	347
	810
	1277
	12073,6
	16,54

	12.00-13.00
	114
	351
	832
	1297
	12391,1
	16,81

	13.00-16.00
	145
	353
	811
	1309
	12235,4
	15,87


Table 2.7 – Performance indicators network using Airtime Fairness technology in day 6
	Day 6
	Numbers of packets per second, Byte
	Total value, pps
	Traffic, kbps
	Channel utilization, %

	Time intervals
	64-512
	513-1024
	1025-1518
	
	
	


19,12
	

	11.00-14.00
	128
	323
	817
	1268
	12548,8
	16,88

	14.00-14.05
	122
	289
	742
	1153
	11283,2
	16,08

	14.05-14.15
	144
	349
	791
	1284
	11992,9
	17,21

	14.15-14.30
	137
	356
	853
	1346
	12766,1
	18,29

	14.30-15.00
	138
	320
	766
	1224
	11932,8
	16,07

	15.00-16.00
	128
	299
	759
	1186
	11704
	15,88


Thus, taking into account the fact that there were no changes in the settings of the wireless equipment, its configuration and location during the study, changes in network performance indicators were revealed during the second week due to the operation of the algorithms of Airtime Fairness technologies. There is an increase in packet performance, average transmission rate and a decrease in the percentage of channel utilization. This indicates a positive change in the performance of the wireless network.
3. Analysis of network bandwidth
One of the most important qualitative indicators of a transmission system performance, especially with a random method of accessing the medium, is the bandwidth of user traffic. While Airtime Fairness does not increase the traffic transmitted, bandwidth is an important indicator of the technology's performance.

To improve the accuracy of the research results, a comparison was made between the average daily bandwidth and bandwidth for a selected time. This refers to one hour per day, which was divided into short periods of 5, 10, 15 and 30 minutes. Indicators of traffic transmission speed for each day of the study are shown in Figure 3.1. 
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Figure 3.1 Indicators of traffic transmission speed for each day of the study
Based on the methodology for collecting and presenting the results (section 1.4), to analyze changes in wireless performance indicators, it is advisable to use the method of comparing the indicators obtained after the activation of the Airtime Fairness mechanisms with the indicators obtained during the control week for the corresponding periods of time. The change in the average daily bandwidth of the system for the periods with activated Airtime Fairness relative to the control measurements in the first week is represented by the Formula 3.1:
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The results of changes in bandwidth values with activated Airtime Fairness compared to the control values for the same periods in the control week are shown in Table 3.1.
Table 3.1 - The results of changes in bandwidth values with activated Airtime Fairness compared to the control values for the same periods in the control week 
	Day 4

	Data
	Average daily bandwidth
	5 minutes
	10 minutes
	15 minutes
	30 minutes

	Day 1
	+ 7,4 %
	+ 32,8 
	+ 15,8 %
	+ 7,8 %
	+ 7,7 %

	Day 2
	- 0,9 %
	+ 1,7 %
	- 3,7 %
	+ 4,5 %
	+ 2,8 %

	Day 3
	+ 4,4 %
	+ 15,3 %
	+ 8,6 %
	- 0,3 %
	+ 15,7 %

	Day 5

	Day 1
	+ 13,9 %
	+ 49,9 %
	+ 22,7 %
	+ 12,5 %
	+ 4,2 %

	Day 2
	+ 5,1 %
	+ 14,8 %
	+ 2 %
	+ 9, 1 %
	- 0,5 %

	Day 3
	+ 10,7 %
	+ 30,1 %
	+ 15,1 %
	+ 4,1 %
	+ 12 %

	Day 6

	Day 1
	+ 11,2 %
	+ 27,3 %
	+ 14,4 %
	+ 14,3 %
	+ 3 %

	Day 2
	+ 2,6 %
	- 2,5 %
	- 4,9 %
	+ 13,5 %
	- 1,6 %

	Day 3
	+ 8,1 %
	+ 10,5 %
	+ 7,3 %
	+ 5,8 %
	+ 10,6 %


The analysis results in the graphs in Fig. 3.2 and Table 3.2, which show the average difference in data transfer rates with the enabled Airtime Fairness technology for the studied days.
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Figure 3.2 Average difference in data transfer rates with the enabled Airtime Fairness technology for the studied days
Table 3.2 – Data transfer rates with the enabled Airtime Fairness technology for the studied days
	Data
	Average daily bandwidth
	5 minutes
	10 minutes
	15 minutes
	30 minutes

	Day 4
	+ 3,63 %
	+ 16,6 
	+ 6,9 %
	+ 4 %
	+ 8,73 %

	Day 5
	+ 9,9 %
	+ 31,6 %
	+13,3 %
	+ 9,57 %
	+ 5,23 %

	Day 6
	+ 7,3 %
	+ 11,77 %
	+ 5,6 %
	+ 11,2 %
	+ 4 %


Thus, based on the analysis of the data obtained, we can conclude that the network performance has increased with the included algorithms of the Airtime Fairness technology, which is clearly shown in Fig. 3.2. The average overall bandwidth over the study period, compared with the data obtained for the control week, increased by 8.78%. However, we should take into account the fact that there were no overloads in the network during the study.
4 Analysis of errors probability in transmission of TCP traffic
When operating a wireless network, compared to any cable system, there is the greatest probability of errors, both channel and interchannel. To combat interference and collisions in the transmission channel, the CSMA / CA algorithm is used [17, 18].
That is why, in addition to bandwidth, an integral indicator of a comprehensive assessment of a data transmission channel is the probability of errors. Since the monitoring of the network operation was carried out at the channel and network levels, it is only possible to estimate a secondary indicator of the occurrence of an error – the probability of damaged packets. As an expedient and effective method for assessing the probability of damaged packets, the evaluation of TCP traffic was chosen. This choice is conditioned by the greatest sensitivity of TCP traffic to packet loss or damage.

The technique for estimating the percentage of TCP segments damaged on a network narrows down to estimating the number of TCP segments retransmitted by end hosts. Requesting and retransmitting a TCP segment clearly indicates damage or loss of one or more data packets related to TCP traffic.
The technical ability to count and estimate the number of lost packets is implemented using the packet counter when the "TCP Dup ACK" or "TCP-Retransmission" flags are enabled, which mean the retransmission of data segments. The process of counting the necessary flags is carried out using a TCP traffic sniffer on the root router and a server computer with the Wireshark analyzer of the content and headers of TCP segments installed.

In order to optimize and simplify the analysis of the data obtained, only three time intervals of one hour each were considered for each of the study days. In this case, the values of retransmitted TCP packets and the counter of the total number of TCP packets, implemented on the root router, are used. The percentage of TCP packets that were retransmitted over the wireless network is represented by the Formula 4.1:
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where 
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The results for the percentage of TCP packets that were retransmitted over the wireless network are shown in Table 4.1.
Table 4.1 - Percentage of TCP packets that were retransmitted over the wireless network
	Data
	9.00-10.00
	12.00-13.00
	13.00-14.00

	Day 1
	1,43 %
	1,38 %
	1,52 %

	
	10.00-11.00
	13.00-14.00
	15.00-16.00

	Day 2
	1,46 %
	1,57 %
	1,51 %

	
	9.00-10.00
	11.00-12.00
	14.00-15.00

	Day 3
	1,35 %
	1,61 %
	1,52 %

	
	9.00-10.00
	12.00-13.00
	13.00-14.00

	Day 4
	1,41 %
	1,34 %
	1,36 %

	
	10.00-11.00
	13.00-14.00
	15.00-16.00

	Day 5
	1,33 %
	1,31 %
	1,35 %

	
	9.00-10.00
	11.00-12.00
	14.00-15.00

	Day 6
	1,38 %
	1,43 %
	1,41 %


Analyzing Table 4.1, we can conclude that the percentage of retransmission does not significantly depend on the load. This is due to the relatively low utilization of the channel, rational placement of equipment, almost complete absence of out-of-band interference and, accordingly, the minimum probability of collisions due to hidden node problems.

The number of retransmitted packets during the Airtime Fairness period decreased by 7.77% on average compared to the data obtained in the first benchmark week (Fig. 4.1, Table 4.2).
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Figure 4.1 Analysis of the number of retransmitted TCP packets

Table 4.2 - Analysis of retransmitted TCP packets with the enabled Airtime Fairness technology

	Data
	Day 4
	Day 5
	Day 6

	I time interval
	- 4,86 %
	- 7,64 %
	- 2,09 %

	II time interval
	- 9,27 %
	- 11,92 %
	- 6,62 %

	III time interval
	- 8,67 %
	- 11,3 %
	- 6 %


5 Analysis of wireless channel utilization indicators 
The main goal of Airtime Fairness technology is to provide all users of the wireless network with fair access to the transmission medium, determined in time. Therefore, for network performance, the initial stage of the analysis is to optimize the operation of user devices on the air and reduce the utilization of the wireless channel by reducing the influence of outdated and slow devices. That is why, in addition to assessing the packet performance and the probability of damaged packets, it is advisable to analyze the utilization of the radio channel in order to maximize the impact of the Airtime Fairness technology mechanism on all aspects of the wireless network that can be measured by any indirect method (in the absence of interference with the physical layer of the system transmission).
Since the percentage of utilization mainly depends on the packet and bit performance of the system, it is advisable to analyze the utilization of air, taking into account the current packet and bit performance [19]. Based on the data shown in Tables 2.2-2.7, the air utilization rate depends on the system performance indicators. But it is impossible to single out a clear dependence, since the utilization rates are influenced by a large number of factors, including third-party ones, i.e., those that are not directly related to the system under study. These are, for example, interference from the LTE network [20], weather radars, variable interference, complex indicators, reflections of our own signal or from user devices (support for MU-MIMO technologies, fast roaming technologies in 802.11 k / r / v standards [21 ] etc.).

Since it is impossible to eliminate additional factors that can change the rate of air utilization, it would be better to neglect them. Table 5.1 shows the average values of the utilization rate depending on the network performance for each of the days.
Table 5.1 - Average values of the utilization rate depending on the network performance for each of the days
	Data
	Numbers of packets per second, pps
	Traffic, kdps
	Channel utilization, %

	Day 1
	1152,7
	10999,9
	17,22

	Day 2
	1200,1
	11919
	18,77

	Day 3
	1191
	11317,3
	17,7

	Day 4
	1213,43
	11813,8
	16,3

	Day 5
	1326,86
	12525
	17,12

	Day 6
	1259
	12230
	17,08


Calculations of average daily values were carried out on the basis of data from Tables 2.2-2.7 according to the Formula 5.1.
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  - the total number of transmitted TCP packets for the selected periods.
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Since the main indicator of the transmission system utilization is the utilization of the wireless channel, then for a qualitative assessment of the influence of the Airtime Fairness technology on the system performance, it will be advisable to determine the maximum theoretical value of the system performance at the current value of the channel utilization for each of the performance parameters (Fig. 5.1).
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Figure 5.1 Performance indicators of the wireless network are determined, assuming 100% channel utilization
Thus, using the Table of performance and utilization indicators, the theoretical maximum performance indicators of the wireless network are determined, assuming 100% channel utilization.
Conclusions
The influence of the Airtime Fairness technology on the performance and quality of the wireless Wi-Fi network of the IEEE 802.11ac standard is investigated.

Based on the calculations and analysis of the data obtained as a result of the study, the positive effect of the mechanisms of the Airtime Fairness technology on the performance of the network has been proven.

In order to comprehensively investigate the impact of Airtime Fairness technology, the paper presents an analysis of three main indicators of performance and quality of a wireless network. Compared to the reference week, the average daily increase in the traffic transfer rate was 8.78%. Along with the performance improvement in terms of speed, the percentage of damaged TCP traffic packets along the user-to-root router path decreased by 7.7%.
Airtime Fairness algorithms optimized airtime utilization, which in turn increased the theoretical maximum performance at 100% air utilization by 13.6% for traffic rate and 13.88% for packets per second.

However, a corporate network built in accordance with all modern requirements and standards is not a perfect example of all the possibilities and potential of the Airtime Fairness technology algorithms, and the results obtained are far from theoretically expected. This is primarily caused by the redundancy of network resources. Secondly, this is due to the relative constancy of users and the provision of sufficiently high signal levels on the equipment of users to operate at channel speeds close to the maximum. Third, the basis for the study was a network that operates using the IEEE 802.11ac standard, which is the latest and fastest common standard. That is why the influence of technology algorithms on the overall network performance is tens of percent.
It has been proven that the use of Airtime Fairness technology is advisable in a classic corporate wireless network with a reduced coverage radius of one access point due to power control. The Airtime Fairness technology will definitely work in HotSpot networks, which are built and operated according to the principles of maximum differentiation of user devices and limiting the speed of Internet access. Today's users and users with a high signal-to-noise ratio will receive the highest possible quality of service. The problems of remote users, as well as users with outdated equipment, are solved by increasing the density of wireless network equipment.

In addition, one of the key issues is the approximate or actual number of users on the network. In situations where a single AP serves 20 or more users, Airtime Fairness technology will allow them to work as efficiently as possible, despite the differences in the characteristics of the devices used.

The impact of Airtime Fairness technology, taking into account the unloaded network, indicates a significant optimization of the processes of distributing airtime between different users and proves its effectiveness.
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