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INTRODUCTION

Wireless communication technology offers the convenience of wireless communication services
and enables individuals worldwide to stay mobile. Utilizing the IEEE 802.11 wireless standards,
Wireless local area networks (WLANSs) have undergone ongoing development year after year
(Rochim et al., 2020). WLANSs are extensively utilized for various device types, with easy deploy-
ment options. Besides its usage in accessing the Internet, different applications use the WLANS,
such as autonomous vehicles, surveillance, and audio/video delivery for real-time services. These
applications involve users’ mobility, which entails the probability of a high collision rate and poten-
tially causing performance drops (Coronado et al., 2023).

The data rates of the original 802.11 standard have been improved by the 802.11a/b/g amendments.
The IEEE 802.11n standard was established in 2009, exploiting the MIMO technology that
achieved higher throughput rounding to 0.6 Gbps. The IEEE 802.11ac (IEEE, 2013) amendment
has succeeded in accomplishing a very high throughput (VHT), which exceeds the Giga-bit base-
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line. Accomplishing this VHT level was obtained according to several enhancements such as using
more spatial streams, considering broader channels, increasing the modulation, and coding
schemes, utilizing the new feature of multi-user MIMO, and frame aggregation techniques (IEEE,
2013).

Additionally, two essential frame aggregation methods are proposed by the amendment to be used
by the MAC layer while transmitting data frames. These two methods are known as Aggregate
MAC service data unit (A-MSDU) and Aggregate MAC protocol data unit (A-MPDU). The utiliza-
tion of frame aggregation methods considerably decreases the overhead by allowing multiple
frames to share the physical header and inter-frame spacing during channel access. Moreover, the
frame size has increased, as stated by the amendment, to enable more data packets coming from up-
per layers to be aggregated. The frame aggregation mechanism, however, is set to be compulsory in
802.11ac, making the MAC layer transmits all its MPDUs as aggregate MPDUs (A-MPDUSs) (Gast,
2013; IEEE, 2013).

Essentially, the 802.11ac builds upon the significant advancements made in 802.11n. Various tech-
niques are employed in 802.11ac to increase data rates by utilizing MIMO technology. Instead of
dealing with a single receiver, the 802.11ac proposed the MU-MIMO mechanism, which allows the
access point to send to multiple users simultaneously. This is a groundbreaking feature that sets
802.11ac apart from its predecessors (Gast, 2013).

This paper aims to evaluate the new enhancements proposed by the 802.11ac and investigate their
impact on the performance. Simulation methodology is utilized to conduct this study considering
several scenarios which cover the features introduced in the 802.11ac. Broader channels, elevated
modulation schemes, increased spatial streams, and frame aggregation are the enhancements inves-
tigated in this paper. Throughput and average delay are the metrics used in this study for perfor-
mance evaluation. The evaluated performance indicated that the 802.11ac achieved better through-
put when employing the new key features.

RELATED WORK

Extensive research has been proposed in the literature that investigated the operational effectiveness
of the IEEE 802.11 wireless networks. Tuifaiga et al. presented a study that compares the perfor-
mance of IEEE 802.11ac wireless LAN in Windows and Linux Ubuntu (Tuifaiga et al., 2021). The
study showed that IPv4 outperforms IPv6 in terms of several performance metrics. UDP has higher
throughput than TCP, and Linux performs better than Windows. The theoretical limit of 1.3Gbps
for 802.11ac was not reached with an 80 MHz channel size. Another study by (ElKassabi et al.,
2022) explored the practical deployment of WiFi standards in outdoor smart city environments. The
study compared the 802.11ax, 802.11ac, and 802.11n in terms of performance. The results indicated
that both IEEE 802.11ax and IEEE 802.11ac outperformed the performance of the IEEE 802.11n.
Surprisingly, the distance between the transmitter and receiver was the criterion which made the
802.11ac perform better when a certain distance was exceeded. De Carvalho et al. evaluated the
performance of wireless equipment in Wi-Fi (IEEE 802.11ac) using WPA2 PTP links (de Carvalho
et al., 2020). TCP and UDP performance metrics were measured. The 802.11ac outperformed
802.11n in terms of TCP throughput, jitter, and datagram loss. The results suggested further inves-
tigations across different standards, equipment, and environments. Alternatively, a Markovian mod-
el was presented to predict AP throughput based on network topology and demands (Stojanova et
al., 2021). Simulations showed a 10% mean error. The model is tailored for IEEE 802.11 standards
with channel bonding, providing insights for channel assignment. Guidelines for static channel
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bonding were derived considering node characteristics. The authors of (Natkaniec et al., 2023) ana-
lyzed the coexistence of 802.11ax stations with other legacy stations. The study investigated the
effect on system performance caused by the BSS coloring, A-MPDU, and A-MSDU aggregations.
Simulation results showed that implementing BSS coloring increased throughput by up to 43%, but
legacy devices disrupted its functioning. Fukuda et al. focused on IEEE 802.11ax and its impact on
communication performance in dense campus wireless LANs (Fukuda et al., 2022). They conduct-
ed experiments using multiple terminals to measure the throughput under various channel configu-
rations and coexistence scenarios with other standards. Findings indicated that 40-MHz channel
bonding improved throughput with a small number of terminals, whereas increasing the ratio of
802.11ax stations coexisting with 802.11ac stations enhanced the overall performance. The chal-
lenge of combining 802.11ad and 802.11ac interfaces in future WLAN devices was addressed by
(Aggarwal et al., 2022). The authors proposed MuSher, an agile MPTCP scheduler that improves
throughput in WLAN/Internet settings and speeds up traffic recovery.

Similarly, Chen et al. focused on the challenges of rate adaptation (RA) in IEEE 802.11ac networks
(Chen et al., 2021). The authors identified limitations in current RA solutions, such as the lack of
joint rate and bandwidth adaptation, scalability, and online learning capability. To overcome these
limitations, they proposed an experience-driven rate adaptation (EDRA), which incorporates deep
reinforcement learning. The evaluation results demonstrated that EDRA outperformed the default
RAs by up to 821.4% (Intel) and 242.8% (Linux) in various scenarios. The research of (Khan et al.,
2017) discussed the high system throughput of IEEE 802.11ac networks in a MIMO channel. It
considered key MAC and PHY layer features and identified trends and trade-offs. The work in
(Muhammad et al., 2021) presented a performance evaluation of 802.11ax (Wi-Fi 6). The research
conducted empirical tests to investigate metrics such as throughput and jitter, and their relationship
with parameters like payload length and environmental variables. The results showed that 802.11ax
achieved higher throughput compared to its predecessor 802.11ac, and exhibited improved channel
utilization due to its higher modulation and coding scheme. Confined to the 160-MHz channel, Ko-
lahi et al. evaluated the performance of WLAN 802.11ac for IPv4, IPv6, UDP, and TCP protocols
(Kolahi et al., 2023). Results indicated that the client-server setup using UDP and IPv4 achieved the
highest throughput at 1124 Mbps, surpassing the results for IPv6. However, the achieved through-
put is lower than the theoretical maximum of 1700 Mbps. Another study (Gupta et al., 2020) ex-
plored an integrated fiber-wireless network combining a 10-Gigabit passive optical network and
IEEE 802.11ac WLAN. The focus was on enhancing network throughput and meeting quality of
service requirements. The proposed approach incorporated a deficit dynamic bandwidth allocation
algorithm at the optical line terminal to ensure improved QoS parameters. Simulation results
demonstrated positive enhancements in all measured performance metrics. The authors of (Rochim
et al., 2020) compared the performance of the sixth-generation wireless protocol IEEE 802.11ax
with the previous fifth-generation protocol IEEE 802.11ac, both operating at 5 GHz. Different
modulation schemes and payload sizes, as well as the number of users, were considered for compar-
ison. Results indicated that in the case of dense stations, 802.11ax performed better than 802.11ac.
However, the 802.11ax experienced a slightly longer delay response time.

Buta et al. presented an implementation and evaluation of the sub-band MVDR algorithm for IEEE
802.11ac signals (Buta et al., 2020). The algorithm demonstrated a good performance and effective-
ly directed the array of antennas as required. Additionally, it improved data transmission quality, as
indicated by lower bit error rates compared to non-beamforming scenarios under the same signal-
to-noise ratio conditions. On the other hand, many studies focused on the impact of frame aggrega-
tion on network operation. Karmakar et al. conducted a survey examining the effect on application
performance caused by the concepts of high throughput WLANSs (Karmakar et al., 2017). It covered
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IEEE 802.11n and IEEE 802.11ac standards, highlighting features like frame aggregation, MIMO,
and channel bonding. The survey emphasized the need for research on evaluating the performance
of upper layers in HT-WLANSs and developing efficient link adaptation mechanisms. The authors of
(Suzuki et al., 2021) proposed an optimization problem to maximize throughput in IEEE 802.11
networks using frame aggregation. They introduced a scheme that determined optimal subframe
sets for both A-MPDU and A-MSDU, resulting in a significant improvement in throughput. Anoth-
er work by (Yazid et al., 2016) discussed the frame aggregation techniques and their effects on
802.11ac system performance. It also emphasized the importance of cross-layer communications
between the PHY and MAC layers to optimize wireless bandwidth utilization. Simulation results
demonstrated the benefits provided by the frame aggregation in improving network performance.
Guo et al. focused on optimizing IEEE 802.11-based wireless networks, specifically for Linear
Wireless Ad-hoc Networks (Guo et al., 2022). The study identified the impact of the linear multi-
hop characteristic on frame aggregation and the RTS/CTS handshake. Based on this analysis, a var-
iable frame aggregation method and an adaptive RTS/CTS control algorithm were proposed to im-
prove network performance in Linear-WANETSs. Simulation results validated the effectiveness of
the algorithm, demonstrating the significance of adjusting frame aggregation and RTS/CTS mecha-
nisms to enhance overall system performance. Using simulations, the authors of (Khalil et al.,
2020) demonstrated that the 802.11ac standard could achieve throughputs of around 600 Mbit/s,
approaching the data rates specified in the IEEE 802.11ac standard. The study presented the per-
formance of hybrid frame aggregation, which achieved higher throughputs compared to A-MPDU
or A-MSDU aggregations. Additionally, the study analyzed the most suitable modulation and cod-
ing schemes based on the distance between the station and the access point, finding that QPSK
modulation performed better than 256-QAM for longer ranges.

MATERIALS AND METHODS

The Jemula 802.11ac simulator was used to assess the various aspects of 802.11ac (Jumela Team,
2016). It is an open-source Java library that serves as an event-driven stochastic simulation kernel
for real-time systems. The simulator comprises three primary packages: kernel, statistics, and plot.
Our simulation involved different channel configurations (20 MHz, 40 MHz, 80 MHz, and 160
MHz) and examined various modulation schemes, including QPSK, 16-QAM, 64-QAM, and 256-
QAM. We also investigated the impact of varying the number of spatial streams (1, 2, 4, and 8).
Table 1 summarizes the physical and MAC layer parameters (IEEE, 2013) as well as the frame ag-
gregation parameters employed in the simulation. Multiple scenarios were created, with each sce-
nario run for 20 seconds. The average values were obtained by executing every scenario for ten
times to ensure the reliability and robustness of the obtained results.

Table:(1). Simulation Parameters.

Para. Val.

Time of slot 9 us
CWhin 16

CWhnax 1024

Prop pelay 1ps

Tsirs 16 ps
Toirs 34 pus
MAC Header length 36 bits
Max MSDU length 2304 bytes
Max MPDU length 11454 bytes
BLK_ACK length 64 bytes
ACK length 14 bytes
Min P_HDR Time 40 ps

Max P_HDR Time 68 us
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RESULTS AND DISCUSSION

In this study, we intended to examine how various features implemented in 802.11ac impacted the
overall throughput of the system. We assess the combined throughput of the network and evaluate
the effects of these features utilizing different scenarios.

Scenario 1: Channel Bandwidt:

In order to investigate the impact of using broader channels, we vary the channel bandwidth, taking
the values of 20, 40, 80, 160 MHz. The payload is also varied between 500 and 2000 octets. How-
ever, other parameters are fixed to focus only on the channel bandwidth effect. Modulation is fixed
at 16-QAM, one spatial stream is used, and number of stations is set to 10. As shown in Figure 1,
the system throughput increases by about 10 Mbps as the channel bandwidth is doubled. The in-
crease in throughput can be interpreted easily when considering the formula of Shannon for channel
capacity. That is when the bandwidth is widened, the channel can handle more data transfer, thus
increasing the throughput. Nonetheless, another factor must be considered; the SNR, which plays a
crucial role in the channel capacity formula.
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Figure: (2). Impact modulation schemes.

Scenario 2: Modulation Schemes
Modulation schemes are varied in this scenario (QPSK, 16-QAM, 64-QAM, and 256-QAM) to ex-
plore their influence on system throughput. For simplicity, we fix the spatial stream to one, the
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number of stations is ten, and the channel bandwidth is 40 MHz. The system throughput increases
with the increase of modulation and coding schemes, as illustrated in Figure 2. It is clearly under-
stood and expected result because as the modulation scheme increases, the number of bits per sym-
bol increases. This leads to conveying more data bits, which consequently increases the system
throughput. It is worth to mention that the 256-QAM is newly proposed by the 802.11ac, which
achieved about 10 Mbps higher that of the 64-QAM.

Scenario 3: Spatial Streams

To evaluate the impact of spatial streams on system throughput, we varied the number of spatial
streams with values 1, 2, 4, and 8 and plotted it against the payload size. We fixed the number of
stations to 10, the modulation scheme is 16-QAM, and we used the 40 MHz channel. The system
throughput is increased significantly with the increase of spatial streams, as depicted in Figure 3.
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Figure: (3). Impact of spatial streams (SS).

It is clearly seen that the throughput is increased more than threefold when considering 8 spatial
streams rather than 1 spatial stream. This is a great enhancement of the 802.11ac.

Scenario 4: MCS impact on average delay

Modulation and coding schemes are varied in this scenario to investigate the average delay in de-
livering data packets. Payload is fixed to 1500 octets, 20 MHz and 40 MHz channels are considered
with spatial streams is set to 1. The average delay experienced by data transmission is decreased as
the modulation and coding scheme increases, as shown in Figure 4. This decrement is observed in
both channel bandwidths (20 and 40 MHz). However, the 40 MHz channel experiences a higher
average delay than the 20 MHz channel. This can be attributed to the higher number of packets
transmitted in case of using a wider channel.

Scenario 5: Impact of Frame Aggregation

The impact of employing the aggregate MPDUs is the aim of this scenario. We vary the number of
the 2000 octets MPDUs that are aggregated into an A-MPDU. The 100 Mbps and 150 Mbps physi-
cal rates are used. The number of stations is fixed to 12 stations. The 40 MHz channel, along with
16-QAM is utilized. According to the results depicted in Figure 5, as the number of aggregated
MPDUs increases, the throughput also increases. This can be taken as an evidence of the efficiency
of frame aggregation mechanisms. This increase in throughput can be attributed to the reduction in
the amount of overheads entailed by the MAC and PHY layers. However, after aggregating 64 or
more MPDUSs, the throughput reaches a plateau and no significant increase is observed. We argue
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that when dealing with larger frames, higher physical rates are needed to accomplish better en-
hancements in system throughput.
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Figure: (4). Impact of MCS on average delay.
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Figure: (5). Impact of Aggregate MPDU.
CONCLUSION

This study analyzed various aspects of the IEEE 802.11ac amendment. Our simulation scenarios
focused on exploring wider channel bandwidths, modulation schemes, and multiple spatial streams,
which are critical features of the amendment. The results demonstrated that these features signifi-
cantly increase the system throughput, thereby improving overall performance. Additionally, we
assessed the average delay as a metric to gain insights into the impact on data packet transmission.
Based on simulation findings, it has been demonstrated that frame aggregation is a valuable ap-
proach for improving channel utilization. By reducing overhead, frame aggregation enhances the
efficiency of the MAC protocol. However, it is essential to carefully consider the relationship be-
tween frame sizes and the physical data rate to ensure optimal performance.
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