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1. Abstract 

Following the release of IEEE 802.11ac (WiFi 5) in 2013, IEEE 802.11ax (WiFi 6) was released 
in 2019 [1]. A performance analysis of the 802.11ax 2.4GHz (WiFi 6) protocol lists multiple 
benefits, with a major highlight being the inclusion of an improved MU-MIMO (Multi-User 
Multiple-Input Multiple-Output) [2] which allows for simultaneous downlink and uplink. This 
increases the maximum number of simultaneous streams from four to eight [3], boosting 
maximum speeds to yield impressive throughput. This project will outline the main 
characteristics of the WiFi 6 protocol, indicating if there are any significant changes compared to 
previous iterations and displaying the outcomes of key variable manipulation in our code 
simulations. 

 



 

2. Introduction 

Just over two decades after the initial release of Wi-Fi, consistent development and improvement 
led to the release of Wi-Fi 6, also known as IEEE 802.11ax. These improvements include, but are 
not limited to, an increased number of possible simultaneous users per host, appreciable speed 
boosts, enhanced security, and lowered power consumption. To better understand the Wi-Fi 6 
protocol’s performance on a quantitative level, we simulated a Wi-Fi 6 network through ns-3 and 
measured its performance in terms of latency and throughput for clients running different types 
of payloads. 

As the number of connected devices continues to grow, Wi-Fi networks face increasing demands 
in maintaining low latency, high reliability, and efficient data transmission, especially in dense 
environments. Wi-Fi 6 introduces several advancements to address these issues, promising 
significant improvements in latency and reliability compared to previous generations. These 
enhancements can be attributed to the use of Orthogonal Frequency Division Multiple Access 
(OFDMA) [4] and Basic Service Set (BSS) colouring, which improve network efficiency and 
reduce interference [5], alongside an upgrade to Multiple-User Multiple-Input Multiple-Output 
(MU-MIMO), which now allows for both uplink and downlink of multiple devices at the same 
time [3]. 

Through these improvements, Wi-Fi 6 boasts much greater potential for overall throughput 
whilst managing more devices than previously possible. Understanding how Wi-Fi 6 performs 
when various numbers of streams, data transfer speeds, and other restrictions are placed on a 
network allows for a simple yet accurate simulation of a real-world Wi-Fi performance, as most 
users are not capable of affording the maximum potential of any Wi-Fi version. It is important to 
note that all simulations in this report are done with an isolated Wi-Fi network and that 
additional factors such as device/wire quality and network interference would occur in more 
accurate real-world situations. Aside from examining these issues, much can be gleaned from an 
analysis of latency and throughput in a single network simulation. As such, this study seeks to 
evaluate Wi-Fi 6 in a vacuum to showcase major improvements and output statistics without the 
risk of real-world interference. The main elements that will be analyzed here are the channel 
widths and the modulation coding scheme, as they increase in proportion to the throughput with 
some interesting variations. 

 



 

Related Works 

I.​ Performance and Simulation Analysis of 802.11ax OFDMA in Contention-driven 
Scenarios 

This paper validated the implementation of OFDMA in ns-3 simulation results against 
theoretical models, aiming to demonstrate that within contention-driven use cases, the 
simulation-based performance would be supportive of the analytical predictions. This 
paper also highlighted the efficiency in improving throughput and reducing latency in 
congested environments. [6] 

II.​ Implementation and Evaluation of IEEE 802.11ax Channel Sounding Frame Exchange in 
ns-3 

The researchers implemented and evaluated IEEE 802.11ax’s MU-MIMO channel 
sounding in ns-3, which enabled a realistic simulation of beamforming and spatial 
multiplexing. MU-MIMO allows multiple users to transmit and receive data at the same 
time, a key feature of Wi-Fi 6. This helps improve performance in multi-device scenarios, 
paving the way to properly evaluating the impact of channel sounding on network 
performance. [7] 

III.​ Comparative Performance Analysis of the IEEE 802.11ax and 802.11ac MIMO Link For 
WLANs 

In this analysis, ns-3 was used to measure throughput performance and maximum 
achievable distance, comparing Wi-Fi 6 and Wi-Fi 5. They showed that both Wi-Fi 5 and 
Wi-Fi 6 had significant gains, attributing these enhancements to improvements in the 
MIMO, OFDMA, and modulation schemes. Overall, they highlighted that Wi-Fi 6 
showed even more improvements than Wi-Fi 5. [8] 

IV.​ An Optimization of Network Performance in IEEE 802.11ax Dense Networks 

In this paper, the researchers investigated network performance for optimized 
IEEE802.11ax dense networks using ns3 over 3 different dense network topologies. 
Highlight the importance of CCA Threshold, transmitter power, antenna gain, and 
receiver sensitivity to improving efficiency in dense networks, and how detrimental 
frame collisions are to network efficiency. [9] 

V.​ Wi-Fi 6: Performance Analysis of IEEE 802.11AX 

This paper focused on evaluating the performance of Wi-Fi 6 on draft hardware against 
both synthetic and real-world benchmarks. Over a variety of environments, both indoor 
and outdoor, they demonstrated how much better Wi-Fi 6 was in both ideal and 
challenging environments. They highlighted the significant improvements in throughput, 
power efficiency, and range of Wi-Fi 6 compared to previous generations. [10] 



 

3. Main Section 

All testing in this project was conducted using the Cisco ns-3 Wi-Fi 6 simulation tool posted 
publicly on Github [11]. This allowed us to create a controlled environment to analyze how a 
Wi-Fi 6 network would perform under different workloads. While recent versions of ns-3 can 
simulate networks based on older Wi-Fi versions via the newest built-in modules, it was 
presumed early on that the Cisco codebase would guarantee that we could simulate a Wi-Fi 6 
network with a reasonable amount of customization.  

In short, the simulation setup procedure was as follows: 
●​ A clean install of ns-3.26 was installed on a Debian 11 virtual machine 
●​ The Cisco custom modules were applied to the clean install of ns-3.26 
●​ Compiling the sample code provided a simulated network with one Wi-Fi 6 2.4GHz 

access point and eight clients demanding various payloads 
○​ All nodes, including both access points and clients, could be customized with 

unique MAC addresses and positions 
○​ As per the default simulation scenario, the clients were placed roughly equidistant 

from the access point, as not to let distance from the access point affect 
performance metrics 

○​ The client types were as follows: 
■​ 2x VoIP Clients 
■​ 3x Data Clients 
■​ 3x Video Clients 

A sample of the logging information provided by the simulation during runtime is provided 
below in Figs 1a-1c.  

 



 

 

Figs. 1a-1c: Sample output from Cisco Wi-Fi 6 simulator 



 

After further research to determine the most relevant independent variables for this study 
[12][13], it was decided that Modulation Control Scheme (MCS) index, channel width, and 
guard interval (GI) would be the most appropriate parameters to investigate [14]. 

The MCS index dictates the number of valid bits in the coding scheme compared to bits used for 
data confirmation and the modulation that each version uses. Changing the modulation allowed 
for more data to be transferred, but requires more precision as a result of tighter thresholds[16]. 
Phase Shift Keying (PSK) allows for different phases to represent different values; using this, we 
can transmit a single signal wave and change the phase to be read as 1 or 0 depending on 
whether the phase was 0 or 180 degrees [18], which is called BPSK or Binary Phase Shift 
Keying. Quadrature Phase Shift Keying improves on BPSK, allowing for 4 different phases 
which are each assigned a value of 2 bits (00, 01, 10, 11). The more advanced modulation 
schemes not only change the number of acceptable phases that can be read but also change the 
amplitude, resulting in Quadrature Amplitude Modulation (QAM) with a number preceding the 
modulation detailing the number of different encoded phase/amplitude states [18]. As both the 
coding scheme ratio and modulation complexity increase, the overall throughput should increase 
as well due to the more valid data being sent at a time, as there are fewer error checks and a 
larger number of bits that can be sent at once [14]. 

 
Fig. 2: Modulation Coding Scheme (MCS) parameters vs. Data Rate (Mbps) [9] 

The channel width and guard interval describe how much of the frequency spectrum is used for a 
Wi-Fi signal and how often. For more crowded areas like a shopping mall, 20MHz is often used 
as it is less likely to interfere with other signals. In contrast, less populated areas can make use of 
a higher bandwidth up to 80MHz, allowing for higher speed signals to be transmitted at a time. 
As shown above, an increase in channel width is directly proportional to increased throughput. 
The guard interval dictates the amount of time between Wi-Fi transmissions needed to prevent 
interference from reflecting signals. With a lower guard interval the Wi-Fi host can send and 
receive data more frequently, but it risks higher interference [19].  

These three independent variables were deemed to be sufficient in allowing us to verify the 
results found in the MCS table [14]. Changing the independent variables was accomplished by 
either directly editing the value in the simulation code, wifi-ofdma-multi-traffic.cc, or by 
using the provided optional command line arguments. 



 

To account for random error, the mean throughput and latency were calculated across clients of 
the same type for each usable combination of the independent variables. A bash script, as 
attached to the code listing in the appendix was used to automate the data collection process.



 

4. Discussion and Conclusion 

Discussion 

Despite lengthy analysis and reverse-engineering of the Cisco codebase [11], changing the guard 
interval, channel width, and number of spatial streams did not affect the various simulated 
clients’ performance. Only changing the MCS index via the command line input yielded 
appreciable results: as expected, as the MCS index increased, the throughput generally increased 
while latency decreased. These patterns can be observed at a high-level in Figs. 3 and 4. 

Fig. 3: Average Throughput (kbps) vs. MCS Index 
— Overview 

 
Fig. 4: Average Latency (ms) vs. MCS Index 

— Overview 
 
To provide sufficient data for this project, only MCS indices from 0-7 were tested. Attempting to 
use higher MCS values from 8-11, as listed in the sample MCS table, caused segmentation faults 
during runtime. This is presumed to be the result of these coding schemes requiring the use of the 
5GHz radio instead of the default 2.4GHz one, in addition to several undocumented fixes to the 
base simulation code. 

 

 



 

Figs. 5-10 categorize the throughput and latency metrics by client type. In order, we present the 
average throughput and average latency graphs for the VoIP client, data client, and video client. 

 
Fig. 5: Throughput (kbps) vs. MCS Index​

(VoIP Client) 

 
Fig. 6: Latency (ms) vs. MCS Index​

(VoIP Client) 

 
Fig. 7: Throughput (kbps) vs. MCS Index​

(Data Client) 

 
Fig. 8: Latency (ms) vs. MCS Index​

(Data Client) 

Fig. 9: Throughput (kbps) vs. MCS Index​
(Video Client) 

Fig. 10: Latency (ms) vs. MCS Index​
(Video Client) 

While we would expect from the MCS table that throughput and latency should be linearly 
related to the MCS index, the simulated performance of each client can be explained by how 
they uniquely interact with the Internet’s transport layer [15]. In a VoIP client, throughput and 
latency are relatively constant, as the protocol’s emphasis on reliability and low packet size does 
not require the highest speeds possible [15]. File transfers and real-time video, however, have 



 

elastic throughput and therefore will take advantage of the increased data rate associated with an 
increased MCS value [15]. The differentiating factor between the data client and the video client 
is in their latency, as file transfers are not time-sensitive, while video streaming must constrain 
latency within the range of a few milliseconds [15].  

Unlike the MCS index, it was more difficult to find the variables representing the guard interval 
and channel width within the simulation. To locate these variables, we first explored the 
showcased models and example commands that were implemented by Cisco from the repository 
[11], ranging from “HEWiFiPhyHelper”, which is used to manipulate physical parameters for the 
simulation, to “HEWiFiChannelHelper” for editing channel width and other related parameters. 
The command line inputs did not work and were subsequently changed in our bash script, as we 
found that by directly specifying their model location, we could still change the values to fit our 
simulation requirements, or at least display what their model’s attributes were. 

In practice, attempting to change the guard interval and channel width values did not affect the 
quantitative results. When modulating the channel width, there was no difference in throughput 
or latency between any of the clients, despite the expectation that increasing channel width 
should improve performance. Similar results were found when directly editing the simulation’s 
guard interval variable. 

As we had come to find out, this entire repository was based on a multitude of older Wi-Fi 
versions which is best shown through the ofdma.patch file. Many of the variables that were used 
in constructing the Wi-Fi simulation were reused from a Wi-Fi 5 simulation which was also 
carried on from a previous Wi-Fi 4 simulation. Multiple core variables were slightly edited 
versions of a “yans” (Yet Another Network Simulator) ns-3 Wi-Fi component [16]. 

While being based on an older Wi-Fi model is not necessarily a bad thing, this specific code base 
did not allow for MCS indices outside the range of what would be available in Wi-Fi 4, hence the 
maximum MCS index being only 7 instead of 11. Additionally, the guard interval was used but 
was permanently fixed to a set size of 0.4 μs. 

Despite these shortcomings, we still completed the overall goal of our project as this is an 
analysis of Wi-Fi 6. Even though some components did not work, we covered our understanding 
and analysis through external research of related activities. For future work, the most productive 
change would be using a different existing ns-3 Wi-Fi 6 simulation setup or creating our own 
using the latest modules provided in ns-3. 

 



 

Conclusion 

In summary, we present a simulation of a Wi-Fi 6 network with VoIP, data transfer, and video 
streaming clients connected to a single access point. We verified that increasing the MCS index 
generally has a positive impact on client performance. Due to the limitations of the simulation 
environment, it was not possible to determine the effect of other variables like channel width and 
guard interval on performance. For future work, we propose changing the network topology by 
adding more clients and access points, adjusting the node position, or developing a custom 
simulation based on the latest ns-3 builtins instead of extraneous code repositories.  
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7. APPENDIX 

Code Listing 

The entire base code for this project [8] was made by Cisco and we edited and explored this 
simulator extensively. The code listings below are points of interest with brief explanations of 
what we changed and what those changes do, alongside other code segments that didn’t work as 
we’d hoped or had shortcomings that are worth highlighting. 

MCS Index Input: 
CommandLine cmd; 
 
cmd.AddValue ("phyMode", "Wifi Phy mode", phyMode); 
cmd.AddValue ("voipInterval", "interval (seconds) between packets", voipInterval); 
cmd.AddValue ("verbose", "turn on all WifiNetDevice log components", verbose); 
cmd.AddValue ("runNumber", "the index of the run when running from python script", 
runNumber); 

 
This section present in the main function of the wifi-ofdma-multi-traffic.cc file indicates the 
command line arguments that allowed us to change the MCS index without needing to edit the 
base file. For our simulation needs, we developed a bash script to run the WiFi 6 simulator with 
all eight valid MCS indices. 

MCS bash script: 
#!/bin/bash 
 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs0 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs0_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs1 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs1_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs2 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs2_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs3 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs3_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs4 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs4_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs5 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs5_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs6 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs6_cw20_rev2.txt 
./waf --run "scratch/wifi-ofdma-multi-traffic --phyMode=HeMcs7 
--ns3::WifiPhy::ChannelWidth=20" &> ~/ensc427/output/mcs7_cw20_rev2.txt 

This script was also used to change the channel width value in the WiFiPhy module. ​
As mentioned previously, changing the channel width value to a value other than 20MHz did not 
affect the quantitative results; we have included the default channel width value for posterity. 
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