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Abstract

The proliferation of connected devices has transformed wireless local area networks
(WLANS) into contention-limited systems, where performance is dominated by airtime
utilization, interference, and medium access efficiency rather than raw signal coverage.
Traditional coverage-oriented design approaches frequently fail to deliver predictable
throughput and low latency in high-density scenarios.

This paper analyzes fundamental capacity constraints in IEEE 802.11 networks using
established theoretical models and proposes a capacity-oriented design methodology.
Central to this approach is the Khalfin Wireless Infrastructure Model (KWIM) — a
practical five-component engineering framework (environment analysis, technology
selection, coverage optimization, channel redundancy, and diagnostics). The framework
integrates insights from classic capacity analyses [1, 2] with modern high-efficiency WLAN
techniques [3] and real-world deployment observations. Results indicate that systematic
attention to airtime efficiency and load balancing significantly improves throughput stability
compared to conventional methods.
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l. Introduction

Wireless networks operate on a shared unlicensed medium, where increasing device density
leads to severe contention and interference [1, 2]. In modern offices, campuses, conference
venues, and dense residential environments, the number of simultaneous clients per access
point (AP) often exceeds 50—100, rendering traditional coverage-driven designs inadequate.



Empirical studies and analytical models demonstrate that network throughput does not scale
linearly with the number of access points or channel bandwidth due to the CSMA/CA
mechanism and co-channel interference. This paper examines these limitations and
advocates a shift toward capacity-oriented design, which prioritizes airtime efficiency,
smaller effective cell sizes, intelligent load distribution, and proactive interference
management. The proposed KWIM framework provides a structured engineering process to
implement these principles in practice.

Il. Theoretical Foundations of High-Density Wireless
Systems

A. Capacity Limits in Wireless Networks

The seminal work by Gupta and Kumar [1] established fundamental bounds on the capacity
of wireless networks: in a network with n nodes, the per-node throughput scales as ©(1/vn)
under optimal conditions due to interference. This result highlights that simply increasing
node density without careful spatial reuse leads to rapid capacity degradation.

For IEEE 802.11 networks specifically, Bianchi’'s Markov-chain model of the Distributed
Coordination Function (DCF) [2] provides a widely used analytical tool. It predicts saturation
throughput as a function of the number of contending stations, showing sharp decline as
contention window dynamics and collision probability increase. These models remain highly
relevant for understanding modern high-density deployments.

B. Airtime Contention

In contention-based protocols, the available airtime per client decreases nonlinearly with the
number of active stations. Even with high physical-layer rates (e.g., 802.11ax), overhead
from management frames, backoff, and collisions consumes a significant portion of channel
time.
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Fig. 1. Available airtime per client as a function of the number of contending stations. The curve illustrates
nonlinear degradation due to CSMA/CA contention [2].

—_
o
1

o

o

Fig. 1. Available airtime per client as a function of the number of active clients in an IEEE
802.11 network (saturation regime). The curve illustrates the nonlinear degradation due to
contention, consistent with Bianchi’s analytical model [2]. Annotations indicate regions of

low, moderate, and severe contention.

C. Interference and Efficiency

High-density environments exacerbate co-channel and adjacent-channel interference.
Bellalta [3] notes that while IEEE 802.11ax (Wi-Fi 6) introduces Orthogonal Frequency
Division Multiple Access (OFDMA), Target Wake Time (TWT), and improved spatial reuse,
these features require careful network planning to realize efficiency gains. Additional
literature emphasizes the importance of reduced cell sizes for better frequency reuse [4, 5].




lll. Engineering Challenges in High-Density
Environments

Table 1. Core Challenges in High-Density WLAN Deployments

Challenge Description Primary Impact Key
References
Airtime Multiple clients compete Reduced per-client [2], [6]
contention via CSMA/CA throughput
Co-channel Overlapping cells on Increased collisions and [11, [3]
interference same channel retransmissions

Load imbalance | Uneven client distribution | Local congestion despite [41, [7

across APs spare capacity
Inefficient cell Excessive coverage Poor spatial reuse and [5], [8]
sizing overlap or large cells capacity loss

These challenges are well-documented in both theoretical models and industry design
guides [4, 5, 7].

IV. Capacity-Oriented Design Approach

A. Design Principles

A capacity-oriented methodology shifts focus from maximizing RSSI coverage to optimizing
three interrelated factors:

e Airtime efficiency (higher data rates, reduced overhead);

e Interference minimization (smaller cells, proper channel reuse);

e Load balancing (client steering, band steering, AP placement).

B. Load Distribution Effects

Client association based solely on received signal strength often results in overloaded APs.
Industry best practices recommend active load balancing and minimum RSSI thresholds to
encourage association with the least-loaded suitable AP [7].
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Fig. 2. Client load balancing before and after applying capacity-oriented design techniques.

Fig. 2. Client load distribution before and after applying capacity-oriented design techniques.
The bar chart demonstrates significant improvement in load balancing: AP1 load decreased

from 22 to 11 clients, AP2 increased from 3 to 12 clients, and AP3 stabilized near 11 clients.

This results in more even airtime utilization and higher overall network performance.

C. Cell Size Optimization

Reducing effective cell size improves spatial reuse and allows clients to operate at higher
modulation and coding schemes (MCS). This trade-off between coverage and capacity is
central to high-density design [5, 8].



Impact of Cell Size on Network Capacity Efficiency in High-Density WLANs
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Fig. 3. Relationship between cell size and capacity efficiency. There exists an optimal cell radius that
balances spatial reuse and interference levels [5, 8].

Fig. 3. Conceptual relationship between cell size (coverage radius) and capacity efficiency in
high-density WLANSs. There exists an optimal cell size that maximizes spatial reuse while
keeping interference at an acceptable level. Too small cells lead to excessive overhead and
segmentation; too large cells cause severe co-channel interference. Adapted from
high-density design principles [5, 8].

D. The Khalfin Wireless Infrastructure Model (KWIM)

KWIM is a pragmatic five-stage framework:
K1 — Environment and load analysis

K2 — Technology and architecture selection
K3 — Coverage and cell optimization

K4 — Redundancy and resilience planning
K5 — Diagnostics and continuous monitoring

This model synthesizes theoretical insights with practical deployment experience and serves
as an implementation guideline rather than a novel theoretical construct.




V. Performance Behavior Under Load

A. Throughput Degradation

Capacity-oriented designs exhibit more stable throughput under increasing load compared to
traditional approaches.

Network Performance Degradation Under Increasing Device Density
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Fig. 4. Comparative normalized network performance as a function of device density. Capacity-oriented
design maintains significantly higher performance stability compared to traditional coverage-oriented
approaches [2, 3].

Fig. 4. Comparative normalized network performance as a function of the number of
connected devices. The capacity-oriented design (orange dashed line) exhibits significantly
slower degradation than the traditional coverage-oriented approach (blue solid line).
Performance metric combines throughput stability and airtime efficiency. Based on analytical
models [2, 3] and field observations.

B. Fairness and Resource Allocation

Jain’s Fairness Index [9] provides a quantitative measure of equitable resource distribution.
Capacity-oriented strategies, including airtime fairness mechanisms and load balancing,
typically yield higher fairness scores in dense scenarios.



Table 2. Comparative Performance of Design Approaches (lllustrative

Values)

Metric Coverage-Oriented | Capacity-Oriented Improvement Notes
Throughput Low High Slower degradation
stability under load
Average latency High Moderate Better contention

management

Airtime efficiency

Low (~40-60%)

High (~70-85%)

Reduced overhead +
OFDMA

Jain’s Fairness
Index

0.6-0.75

0.85-0.95

Improved load
distribution

Note: Values are representative, derived from literature [2, 3] and practical measurements.

VI. Limitations

This work combines literature review, analytical models, and practitioner observations. It
lacks large-scale controlled experimental validation across diverse environments. Future
work should include ns-3/OMNeT++ simulations and extensive field measurements with
statistical analysis. KWIM is best suited for small-to-medium deployments; large

carrier-grade networks may require more sophisticated NMS tools.

VIIl. Discussion

The findings reinforce that high-density WLANs must be engineered as capacity-constrained
shared-medium systems. Classical results [1, 2] remain foundational, while modern
amendments [3] provide tools whose effectiveness depends on proper architectural
decisions. The capacity-oriented paradigm, operationalized through frameworks such as
KWIM, offers a systematic path to better performance, though success ultimately depends
on site-specific analysis and ongoing optimization [4, 5, 7, 8].

VIII. Conclusion

High-density wireless environments demand a fundamental shift from coverage-centric to
capacity-centric design. By prioritizing airtime efficiency, interference control, and load




balancing — guided by established theory and structured frameworks — engineers can
achieve more stable and fair network performance. The proposed KWIM model provides a
practical methodology to bridge theoretical understanding and real-world deployment. Future
research should focus on quantitative validation and integration with emerging Wi-Fi 7
features.
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