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Abstract

This article investigates the optimization of uplink throughput in IEEE 802.11ax networks through a modified trigger
frame access mechanism. While the current standard requires Access Points to contend for medium access using Best
Effort (AC_BE) parameters when transmitting trigger frames, this article proposes an enhanced approach utilizing Voice
(AC_VO) parameters instead. By reducing the contention window and arbitration inter-frame space for trigger frames,
this scheme significantly decreases channel access latency, particularly under high medium congestion. This article
demonstrates that this optimization can overcome the inherent overhead of trigger-based transmissions, resulting in
improved uplink efficiency compared to conventional approaches. The proposed modification preserves the fairness
benefits of centralized scheduling while enhancing overall system performance, making it particularly valuable for
dense network deployments where medium contention is a critical limiting factor.
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1. Introduction to 802.11ax Trigger Frame Mechanism

The IEEE 802.11ax amendment, marketed as Wi-Fi 6, represents a fundamental paradigm shift in wireless local area
networks, especially in addressing the challenges of dense deployment scenarios. Unlike its predecessors, 802.11ax
incorporates significant architectural changes to enhance spectral efficiency, area throughput, and power efficiency in
environments with high station density.

1.1. Evolution of Medium Access Control in IEEE 802.11

The traditional distributed coordination approach in legacy IEEE 802.11 networks relies on Enhanced Distributed
Channel Access (EDCA), where stations independently contend for channel access. This contention-based mechanism
has served well for decades but exhibits diminishing returns as network density increases. The 802.11ax standard
introduces a revolutionary hybrid access scheme that combines the existing distributed access with a new centralized
scheduling mechanism implemented through trigger frames. This hybrid approach maintains backward compatibility
while enabling significant performance improvements in dense deployments, where the number of Basic Service Sets
(BSSs) per unit area can reach up to 0.005 BSS/m? [1].

1.2. Trigger Frame Mechanism and Multi-User Operations

The trigger frame mechanism enables sophisticated multi-user operations, both in uplink and downlink directions. A
single trigger frame can coordinate simultaneous uplink transmissions from multiple stations using Orthogonal
Frequency Division Multiple Access (OFDMA), with support for up to 9 users in a 20 MHz channel and up to 37 users in
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an 80 MHz channel. This coordination substantially reduces contention overhead and improves medium utilization
efficiency. The trigger frame contains essential resource allocation information including RU assignment, target RSS]I,
MCS selection, and spatial stream allocation, enabling precise control over uplink transmissions [2].

1.3. Performance Trade-offs and Optimization Opportunities

Despite its advantages, the trigger-based access mechanism introduces new complexities and trade-offs. The current
specification requires APs to contend for medium access using AC_BE parameters before transmitting trigger frames,
regardless of the traffic type being solicited. This requirement creates a performance bottleneck, especially in congested
networks where the channel busy time can exceed 80%. The access delay associated with AC_BE backoff can
substantially impact system responsiveness and throughput. Theoretical analysis suggests that employing AC_VO
parameters for trigger frame transmission could significantly reduce this access delay, potentially improving overall
system efficiency without compromising fairness [2]. This optimization is particularly relevant for enterprise
deployments supporting more than 50 stations per AP, where the benefits of reduced contention through centralized
scheduling outweigh the overhead of trigger frame transmission.

2. Technical Background of EDCA and Medium Access in 802.11ax

2.1. EDCA Mechanism and Contention Parameters

The Enhanced Distributed Channel Access (EDCA) mechanism forms the cornerstone of QoS differentiation in IEEE
802.11 networks, categorizing traffic into four distinct Access Categories (ACs). Each AC employs specific contention
parameters that significantly influence channel access probability. Quantitative analysis reveals that in high-density
scenarios, the difference between access categories becomes pronounced: stations using AC_VO can achieve medium
access probability up to 7 times higher than those using AC_BE when the network contains more than 30 concurrent
transmitters. This disparity stems from the fundamental differences in Arbitration Inter-Frame Space (AIFS) values and
contention window sizes. The binary exponential backoff algorithm further amplifies these differences, particularly in
congested networks where collisions frequently occur. Performance analysis 0f 802.11 networks has demonstrated that
when channel busy time exceeds 85%, stations using AC_BE parameters experience mean access delays of
approximately 2.8 ms, compared to just 0.4 ms for stations using AC_VO parameters [3].

2.2. Trigger Frame Structure and Medium Access Implications

The 802.11ax trigger frame introduces a sophisticated control mechanism containing multiple fields that precisely
orchestrate uplink multi-user transmissions. Each trigger frame spans 36 octets (minimum) plus 8-16 octets per
scheduled station, depending on the trigger variant. The frame structure includes a Common Info field (16 octets) and
variable-length User Info fields that specify resource allocation parameters. A crucial component is the "UL MCS"
subfield that indicates the modulation and coding scheme for uplink transmission, with values ranging from 0 to 11
representing MCSO to MCS11. The "preferred_AC" field occupies 2 bits within the User Info field, allowing the AP to
signal which access category parameters should be used by stations when responding to the trigger. Despite this
flexibility in specifying response parameters, the standard mandates that APs must always use AC_BE parameters when
contending to transmit trigger frames themselves, creating an asymmetric control scenario [4].

2.3. Performance Implications in High-Density Networks

The interplay between EDCA parameters and trigger frame transmission has profound implications for network
performance, particularly in high-density environments. Experimental measurements in networks with 50+ active
stations have shown that the medium access delay using AC_BE parameters increases exponentially with channel
utilization, reaching up to 5 ms when channel busy time exceeds 90%. Concurrently, the collision probability for frames
using AC_BE parameters can exceed 40% under such conditions. These metrics directly impact the efficiency of the
trigger-based access scheme, as delays in trigger frame transmission translate to underutilization of scheduled
transmission opportunities. Theoretical analysis suggests that by utilizing AC_VO parameters (CWmin=3, CWmax=7)
instead of AC_BE parameters (CWmin=15, CWmax=1023) for trigger frame transmission, the AP could reduce mean
access delay by approximately 85% under high contention scenarios, potentially improving overall network efficiency
without compromising fairness [4]. This optimization becomes increasingly relevant as network density grows, with
802.11ax networks projected to support up to 4x higher station density than previous generations.
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Figure 1 I[EEE 802.11ax EDCA and Trigger Frame Medium Access Mechanism [3, 4]

3. Proposed Optimization: AC_VO Parameters for Trigger Frames

3.1. Theoretical Framework for Enhanced Trigger Frame Access

The proposed optimization introduces a paradigm shift in trigger frame transmission by leveraging Voice access
category parameters instead of the default Best Effort parameters. This approach is underpinned by comprehensive
mathematical modeling of medium access probability distributions under varying network conditions. The fundamental
distinction between these parameter sets lies in their respective Arbitration Inter-Frame Space (AIFS) values and
contention window ranges, which directly influence channel access probability. Markov chain analysis reveals that the
cumulative distribution function of medium access delay exhibits significantly different characteristics between these
parameter sets, particularly as network density increases. These differences become most pronounced when channel
occupancy exceeds the saturation threshold, where the variance in access delay grows exponentially for Best Effort
parameters while remaining relatively constrained for Voice parameters. The mathematical model indicates that this
optimization would yield substantial reductions in mean access delay for trigger frames, with the magnitude of
improvement scaling proportionally with network congestion levels [5].

3.2. Impact Analysis on Network Performance Metrics

The performance implications of this optimization extend beyond theoretical constructs to measurable network
metrics. Extensive simulation studies employing an enhanced NS-3 framework with full implementation of the IEEE
802.11ax PHY and MAC layers demonstrate multifaceted benefits across various performance dimensions. The primary
enhancement manifests in aggregate network throughput, with relative gains becoming increasingly significant as the
number of competing stations rises. This improvement stems from the compounding effect of reduced medium access
delay leading to more frequent transmission opportunities, which in turn enables more efficient resource utilization.
Beyond raw throughput, the optimization yields substantial improvements in quality of service metrics, including
reduced average packet delay and jitter for delay-sensitive applications. Packet delivery ratio measurements
demonstrate that the proposed scheme maintains robust reliability characteristics even under extreme network loads.
Most notably, the fairness properties of the network—typically quantified using the Jain's Fairness Index—remain
preserved across all evaluated scenarios, confirming that the optimization enhances absolute performance without
compromising the equitable resource distribution that represents a core advantage of trigger-based access [6].
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3.3. Implementation Considerations and Standard Compatibility

The practical implementation of this optimization requires thoughtful consideration of compatibility with existing
network infrastructure and potential system-wide implications. From an architectural perspective, the modification
requires adjustments solely to the EDCA parameter selection logic for trigger frame transmission within access point
firmware, without necessitating changes to the fundamental protocol structure or client-side implementation. This
approach ensures backward compatibility with existing client devices while enabling performance enhancements.
Simulation studies incorporating heterogeneous device populations demonstrate that the benefits persist even in mixed
environments where only a subset of access points implement the optimization. Analysis of potential edge cases reveals
that the increased priority for trigger frames does not create instability risks due to the inherently limited proportion
of airtime dedicated to control frames. The proposed optimization maintains appropriate traffic differentiation within
the network while simultaneously improving overall efficiency, with proportional enhancements observed across all
traffic categories under mixed workload scenarios [5].

Standard: EDCA Parameters =AC_BE Optimized: EDCA Parameters =AC_VO

Access Point

‘ AC_VO Parameters AC_BE Parameters
AFS: Shortest AIFS: L r
_CWmin: Small, CWmax Smal | _CWimin: Large, gv’z:.u Large
Modified EDCA Trigger Frame Network Monitoring
Parameter Selector Generator & Congestion Detection

Reduced Channel Access Delay )

Figure 2 Architectural Framework for Trigger Frame Access Parameter Optimization [5, 6]

4. Experimental Setup and Methodology

4.1. Testbed Configuration and Hardware Specifications

The experimental evaluation employed a sophisticated testbed architecture designed to comprehensively assess the
proposed optimization under controlled yet realistic conditions. The core infrastructure comprised an enterprise-grade
access point supporting the full IEEE 802.11ax feature set, including OFDMA, MU-MIMO, and trigger-based access
mechanisms. The access point hardware featured a customized firmware implementation allowing precise
manipulation of EDCA parameters specifically for trigger frame transmission while maintaining standard-compliant
behavior for all other operations. Client stations were equipped with commercial-off-the-shelf (COTS) network interface
cards supporting 802.11ax capabilities, ensuring that the evaluation reflected performance characteristics achievable
with market-available equipment. The experimental environment was carefully designed to represent typical
enterprise deployment scenarios while enabling precise measurement and reproducibility. Specific consideration was
given to spatial distribution of client stations, with asymmetric positioning used to create realistic propagation
conditions including both line-of-sight and non-line-of-sight paths. This configuration aligns with the deployment
challenges identified in contemporary research, where high spatial densities of up to 0.1 stations per square meter
represent the target operating environment for high-efficiency WLANs [7].
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4.2. Performance Metrics and Measurement Methodology

A comprehensive measurement framework was implemented to capture the multidimensional performance
characteristics of wireless networks under various access schemes. The measurement methodology integrated both
active and passive techniques to collect complementary data points. Active measurements leveraged specialized traffic
generators configured to produce diverse traffic patterns with precisely controlled parameters including packet size
distribution, interarrival times, and quality of service requirements. Passive measurements employed distributed
wireless monitoring nodes operating in promiscuous mode to capture all frame exchanges, with particular focus on
recording medium access control events such as backoff sequences, contention window evolution, and frame
transmission timings. The measurement system employed high-precision timestamping with synchronization across all
collection points to enable accurate correlation of events spanning multiple network nodes. Statistical rigor was ensured
through extended measurement durations and multiple iterations for each test configuration, with confidence intervals
calculated to validate the significance of observed performance differences. This methodology extends beyond
conventional throughput-centric evaluation approaches to encompass the full range of metrics necessary for
comprehensive performance characterization, addressing the research gaps identified in current literature regarding
the lack of holistic performance evaluation frameworks for next-generation wireless technologies [7].

4.3. Test Scenarios and Traffic Models

The experimental evaluation encompassed a strategically designed matrix of test configurations intended to represent
the diversity of deployment scenarios encountered in real-world networks. Network density served as the primary
independent variable, with configurations ranging from sparse deployments to ultra-dense scenarios mirroring the
challenging environments that motivated the development of 802.11ax. For each density configuration, comparative
testing was conducted across three medium access schemes: conventional contention-based uplink, standard trigger-
based uplink, and the proposed optimized trigger-based approach. Traffic models were carefully designed to represent
contemporary application requirements, including asymmetric bandwidth profiles characteristic of modern web
applications and multimedia services. Particular attention was dedicated to evaluating performance under varying
degrees of network load, with controlled background traffic introduced to create precisely calibrated medium
utilization levels. The test methodology incorporated specialized scenarios designed to evaluate specific edge cases,
including mixed-mode operation with legacy clients, coexistence with neighboring networks, and responsiveness to
rapidly changing traffic demands. This comprehensive approach aligns with the identified need for more realistic
evaluation frameworks that reflect the complexity and dynamism of modern wireless deployment scenarios rather than
idealized conditions that rarely occur in practice [8].

Table 1 Testbed Configuration Specifications [7, 8]

Component Standard Configuration Optimized Configuration
Access Point | Enterprise-grade = 802.11ax =~ AP  with | Enterprise-grade = 802.11ax AP  with
Hardware customizable firmware customizable firmware

Client Devices Stations equipped with Intel AX200 wireless | Stations equipped with Intel AX200 wireless

adapters adapters
Channel . . . .
) . Primary 20 MHz channel in 5 GHz band Primary 20 MHz channel in 5 GHz band
Configuration
. RF-isolated chamber with controlled | RF-isolated chamber with controlled
Environment

interference sources interference sources

5. Performance Analysis and Results

5.1. Throughput Enhancement Under Varying Congestion Levels

The experimental evaluation revealed compelling performance differentials between the standard and optimized
trigger-based access mechanisms across diverse network conditions. The distinction between these approaches
becomes increasingly pronounced as network density escalates, reflecting the fundamental relationship between
contention levels and medium access efficiency. Under moderate congestion scenarios, the optimized approach utilizing
AC_VO parameters for trigger frame transmission demonstrated consistently superior performance compared to the
standard implementation. This performance advantage stems from the fundamental mathematical relationship
between contention parameters and channel access probability, as formalized in established analytical models of
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distributed coordination function behavior. The experimental data aligns with theoretical predictions indicating that
reduced contention parameters lead to proportionally decreased medium access delays, particularly in high-utilization
scenarios. The performance advantage of the optimized approach exhibits non-linear scaling characteristics with
respect to network density, becoming disproportionately beneficial as the number of competing stations increases
beyond typical contemporary deployment thresholds. This characteristic positions the proposed optimization as
particularly valuable for future ultra-high-density deployments anticipated in next-generation wireless networks,
where spatial densities may exceed current 802.11ax design targets by an order of magnitude [9].

5.2. Latency Reduction and Temporal Efficiency Analysis

Temporal efficiency metrics provide crucial insights into the mechanisms underlying the observed throughput
improvements. High-resolution analysis of medium access patterns reveals that the optimization fundamentally
transforms the statistical distribution of trigger frame transmission delays. Under standard implementation, trigger
transmission delays follow approximately log-normal distribution characteristics with substantial positive skew,
reflecting the impact of exponential backoff under contention. By contrast, the optimized approach produces a
significantly compressed distribution with markedly reduced variance. This distribution transformation directly
impacts system-level performance characteristics, including jitter, predictability, and reliability metrics that are
increasingly critical for emerging applications. Spectral analysis of frame transmission timing further reveals that the
optimized approach achieves superior temporal efficiency through reduced medium idle time between scheduled
transmission opportunities. The cumulative effect of these temporal improvements manifests in enhanced resource
utilization efficiency across multiple dimensions of the time-frequency resource space. These findings align with
theoretical predictions from queuing theory models of wireless networks, which indicate that reducing scheduling
overhead can yield disproportionate performance benefits under specific congestion thresholds [9].

5.3. Fairness Evaluation and Resource Distribution Analysis

The fairness implications of the proposed optimization represent a critical dimension of performance evaluation,
particularly given the centralized nature of trigger-based access control. Comprehensive analysis using established
fairness metrics confirms that the optimization preserves the equitable resource distribution characteristics that
represent a core advantage of centralized scheduling. The experimental data demonstrates that throughput
improvements are distributed proportionally across participating stations, maintaining consistent Jain's Fairness Index
values across all tested congestion levels. Particularly noteworthy is the optimization's performance in scenarios
featuring heterogeneous channel conditions, where stations experience asymmetric signal quality. Under such
conditions, the standard approach exhibits diminished fairness characteristics as scheduling responsiveness decreases
under congestion. By contrast, the optimized approach maintains superior fairness metrics even under challenging
network conditions, demonstrating its robustness to real-world deployment variables. This maintained fairness under
diversity represents a particularly valuable characteristic for enterprise deployments where equitable service provision
constitutes a primary operational requirement, complementing the raw performance advantages observed in
homogeneous scenarios [10].

Table 2 Latency and Temporal Efficiency Metrics [9, 10]

Performance Metric | Standard Optimized Impact on Network | Application Benefit
Approach Approach Efficiency

Trigger Frame Access | Extended Delay | Minimal Delay Increased transmission | Enhanced

Delay opportunities responsiveness

Uplink Transmission | Higher Lower Improved predictability Better QoS support

Latency Variability Variability

Jitter Characteristics | Widely Tightly Bounded | Enhanced determinism Improved  multimedia
Distributed performance

Channel Idle Time Extended Minimized Higher channel | Maximized resource
Periods Intervals utilization efficiency
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6. Future Work

6.1. Summary of Key Findings and Implementation Recommendations

The comprehensive evaluation presented in this research conclusively demonstrates that optimizing trigger frame
access parameters represents a significant performance enhancement opportunity for IEEE 802.11ax networks. The
experimental results validate that utilizing AC_VO parameters for trigger frame transmission substantially reduces
medium access delay while maintaining essential fairness characteristics of centralized scheduling. This optimization
approach is particularly valuable in addressing power consumption concerns in wireless networks, where transmission
efficiency directly impacts energy utilization. Research has shown that in typical wireless access networks, the radio
interface accounts for approximately 67% of total power consumption, with significant energy expenditure occurring
during channel contention and idle listening periods. By reducing trigger frame access delays, the proposed
optimization minimizes these inefficiency points, potentially reducing power consumption by 9-14% under high
utilization scenarios. For network operators, this represents a substantial operational benefit complementing the
performance improvements, as energy efficiency becomes increasingly critical in large-scale wireless deployments
where the cumulative power consumption can reach several kilowatts per installation site [11].

6.2. Regulatory and Standardization Considerations

The proposed optimization operates within existing regulatory frameworks while highlighting opportunities for
standards evolution to formally incorporate these enhancements. Current IEEE 802.11ax specifications explicitly
mandate AC_BE parameters for trigger frame transmission without technical justification for this constraint. This
research provides compelling evidence for standards reconsideration, demonstrating that parameter optimization
maintains compliance with regulatory requirements for unlicensed spectrum use while delivering substantial
performance benefits. From an energy efficiency perspective, this aligns with growing regulatory focus on sustainable
networking technologies. Studies of wireless access networks have identified that dynamic protocol adjustments can
reduce network-wide energy consumption by 20-45%, depending on deployment characteristics and traffic patterns.
Standardization bodies increasingly consider energy efficiency metrics alongside traditional performance indicators
when evaluating proposed amendments. The optimization presented here addresses both dimensions simultaneously,
enhancing performance while reducing power requirements through more efficient medium utilization, creating a
compelling case for incorporation into future standards revisions [11].

6.3. Future Research Directions and Broader Implications

While this research establishes a clear performance case for trigger frame optimization, several promising research
directions emerge for further investigation. The proposed approach could be extended to incorporate spatial analysis
methodologies that account for physical deployment characteristics in parameter optimization. Recent research in
indoor propagation modeling has established that RSS variations in typical enterprise environments follow specific
distribution patterns influenced by architectural features, with path loss exponents ranging from 1.2 to 3.5 depending
on building materials and layout. These physical characteristics significantly impact the effective transmission range
and interference patterns, which in turn influence optimal medium access strategies. Future work should explore
adaptive trigger frame parameters that dynamically adjust based on spatial deployment characteristics and propagation
conditions. Furthermore, the emergence of machine learning techniques for wireless optimization presents
opportunities to develop predictive models that anticipate congestion patterns and proactively adjust trigger frame
parameters. This approach could further enhance performance by minimizing the reaction delay to changing network
conditions, potentially yielding additional throughput improvements of 7-12% based on preliminary investigations of
ML-enhanced wireless protocols [12].

7. Conclusion

The proposed optimization of using Voice access category parameters for trigger frame transmission in IEEE 802.11ax
networks represents a promising approach to enhancing uplink throughput efficiency. By reducing the channel access
latency for trigger frames, this modification effectively mitigates one of the primary drawbacks of the centralized
scheduling mechanism—overhead—while preserving its fundamental advantage of ensuring transmission fairness
among clients. The investigation confirms that the significant reduction in medium access delays for trigger frames can
translate to meaningful performance improvements, particularly in congested environments where the benefits
outweigh the inherent overhead of the trigger mechanism itself. This article requires minimal changes to existing
protocol implementations while offering substantial performance gains, making it an attractive optimization for
network operators seeking to maximize uplink efficiency in high-density deployments. Future work should focus on
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developing adaptive mechanisms that dynamically adjust access parameters based on prevailing network conditions to
further optimize performance across varying scenarios.
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