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Abstract

This article examines the technological evolution of Wi-Fi standards from 2013 through the emerging Wi-Fi 7, tracing
the significant advancements that have transformed wireless connectivity. Beginning with Wi-Fi 4's introduction of
MIMO technology and dual-band operation, the narrative progresses through Wi-Fi 5's implementation of wider
channels and more efficient modulation techniques, continuing to the revolutionary capabilities of Wi-Fi 6 and 6E, and
culminating with the forthcoming Wi-Fi 7 standard. Each generational advancement addressed specific challenges while
dramatically improving transmission rates, connection density, and overall performance. The expansion into the 6 GHz
frequency band represents a pivotal development, opening unprecedented spectrum for wireless applications and
addressing congestion issues in densely populated environments. The introduction of Multi-Link Operation and other
technological breakthroughs in Wi-Fi 7 further pushes the boundaries of wireless performance. Through this
technological progression, Wi-Fi has evolved from a convenient connection option to an essential infrastructure
component supporting increasingly demanding applications across consumer, enterprise, and industrial domains.
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1. Introduction

Wireless fidelity (Wi-Fi) technology has transformed how we connect to the internet, becoming an essential component
of our digital infrastructure. This article examines the technological advancements in Wi-Fi standards from 2013 to
2025, highlighting how these innovations have dramatically improved transmission rates and connectivity while
meeting the growing demands of users worldwide. Since its commercial introduction in 1997, Wi-Fi has evolved from
offering modest speeds of just 2 Mbps to contemporary standards delivering multi-gigabit performance, representing a
speed improvement of over 4,800 times in less than three decades [1]. The technology's ubiquity is evidenced by the
proliferation of Wi-Fi-enabled devices, which grew from approximately 4 billion in 2013 to over 16.4 billion by 2023,
with projections estimating more than 20 billion connected devices by 2025.

The evolution of Wi-Fi technology spans from Wi-Fi 4 (802.11n) in 2013, which provided up to 600 Mbps, through Wi-
Fi 5 (802.11ac) around 2015 offering speeds up to 3.5 Gbps, to Wi-Fi 6/6E (802.11ax) in recent years delivering up to
9.6 Gbps. Now, on the horizon, Wi-Fi 7 (802.11be) promises to revolutionize wireless connectivity with theoretical
speeds of up to 46 Gbps, implementing groundbreaking features like Multi-Link Operation (MLO) and 320 MHz
channels. This continuous progression demonstrates the industry's commitment to meeting exponentially growing
bandwidth demands while improving efficiency, reliability, and performance across increasingly diverse application
scenarios.

This exponential growth has been fueled by successive generations of Wi-Fi standards, each addressing specific
technical limitations of its predecessors. The IEEE 802.11 Working Group has continually developed these standards,
with significant milestones including 802.11n (Wi-Fi 4), which first introduced MIMO technology; 802.11ac (Wi-Fi 5),
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which moved operations predominantly to the 5 GHz band; and the revolutionary 802.11ax (Wi-Fi 6/6E), which
dramatically improved efficiency in high-density environments [1]. These advancements have been crucial in
supporting the 35.8% annual increase in global IP traffic experienced between 2013 and 2022, with wireless
connections handling approximately 71% of this data by 2023.

The evolution of Wi-Fi has not only increased raw transmission speeds—from 600 Mbps (802.11n) to 9.6 Gbps
(802.11ax) and soon 46 Gbps with Wi-Fi 7—but has also enhanced spectral efficiency, reduced latency from 100ms to
less than 10ms, and improved power management, extending battery life for connected devices by up to 67% [1]. These
improvements have enabled transformative applications across various sectors, including 4K/8K video streaming,
cloud computing, telehealth, smart manufacturing, and immersive AR/VR experiences, fundamentally changing how
individuals and organizations interact with digital content and services in our increasingly connected world.

2. Fundamental operating principles

Wi-Fi technology operates on radio frequency bands, transmitting data wirelessly between devices and network access
points. This fundamental approach has remained consistent even as the technology has evolved, with advancements
focusing on optimizing frequency utilization, signal processing, and network management to achieve greater
performance. The IEEE 802.11 standards that define Wi-Fi functionality implement a sophisticated physical (PHY) layer
for signal transmission and a media access control (MAC) layer for managing communications between devices, creating
a robust framework that has supported increasingly complex wireless interactions [2]. At its operational core, Wi-Fi
uses orthogonal frequency-division multiplexing (OFDM), which divides the available channel bandwidth into multiple
subcarriers, enabling parallel data transmission and improving spectral efficiency by up to 50% compared to single-
carrier approaches.

The progression of Wi-Fi standards has been marked by strategic expansions in frequency utilization. While early
implementations relied solely on the 2.4 GHz band with its limited 83.5 MHz of bandwidth, modern standards have
incorporated both the 5 GHz band (offering approximately 500 MHz of spectrum) and more recently the 6 GHz band
(providing an additional 1,200 MHz) [2]. Channel bonding techniques, which combine multiple 20 MHz channels to
create wider channels of 40, 80, or 160 MHz, have become increasingly important, allowing Wi-Fi 6 to achieve a
theoretical maximum throughput of 9.6 Gbps—a sixteen-fold increase over Wi-Fi 4's 600 Mbps maximum. Real-world
testing has demonstrated that even in congested environments, Wi-Fi 6 devices can maintain average speeds of 1.5-2.1
Gbps, representing practical throughput improvements of 4-6 times compared to previous generations [2].

Signal processing advancements have been equally transformative. Modern Wi-Fi implements advanced techniques
such as beamforming, which focuses radio signals directly toward receiving devices rather than broadcasting
omnidirectionally, improving signal strength by 3-5 dB and extending effective range by up to 30% [3]. Multi-user MIMO
(MU-MIMO) capabilities have evolved from supporting 4 simultaneous spatial streams in Wi-Fi 5 to 8 simultaneous
streams in Wi-Fi 6, allowing access points to communicate with multiple devices simultaneously rather than
sequentially. This dramatically reduces latency in multi-device environments, with average reductions of 75% observed
in networks supporting 30+ concurrent connections [3].

The introduction of Orthogonal Frequency Division Multiple Access (OFDMA) in Wi-Fi 6 represents perhaps the most
significant advancement in network management efficiency. By subdividing channels into resource units (RUs) as small
as 2 MHz, OFDMA allows up to 74 devices to share a single 160 MHz channel simultaneously, rather than waiting for
complete channel availability [2]. This has increased network efficiency by approximately 400% in high-density
environments where previous standards would experience significant degradation. Complementing this, advanced
queue management systems implemented at the MAC layer have reduced contention between devices, with Weighted
Fair Queuing (WFQ) algorithms decreasing back-off times by an average of 62% [3].

Power efficiency has also seen remarkable improvements through signal processing enhancements. Target Wake Time
(TWT) mechanisms allow devices to negotiate specific times to access the network, remaining in low-power states
otherwise and reducing power consumption by an average of 60-67% for mobile and IoT devices. Advanced modulation
schemes have simultaneously improved energy per bit transmission efficiency by approximately 40% compared to
previous standards, allowing for both higher speeds and lower power requirements [3].
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3. Wi-Fi 4 (802.11n) Capabilities

In 2013, Wi-Fi 4 represented the standard for wireless connectivity, delivering speeds up to 600 Mbps. This standard
introduced multiple-input multiple-output (MIMO) technology, allowing for multiple simultaneous data streams and
significantly improving reliability and range compared to previous generations. Wi-Fi 4 primarily operated on the 2.4
GHz frequency band, with limited 5 GHz support. Formally ratified in 2009 after a lengthy development period, IEEE
802.11n (Wi-Fi 4) achieved widespread adoption by 2013, accounting for approximately 68% of global Wi-Fi
deployments across consumer, enterprise, and industrial sectors [4]. The standard's theoretical maximum throughput
of 600 Mbps represented a dramatic advancement over previous generations, achieved through innovations in both
physical (PHY) and medium access control (MAC) layers, though practical throughput in real-world testing typically
ranged between 100-300 Mbps depending on environmental conditions and equipment specifications.

MIMO technology fundamentally changed wireless architecture by using multiple antennas at both transmitter and
receiver to exploit multipath propagation. The 802.11n specification supported configurations up to 4x4 MIMO,
enabling up to four spatial streams that could function simultaneously on the same frequency band [4]. Comparative
performance studies conducted at the Indian Institute of Technology demonstrated that even basic 2x2 MIMO
implementations delivered average throughput increases of 65-89% and reduced packet error rates by 72% compared
to single-input single-output (SISO) systems under identical testing conditions. This improvement was particularly
pronounced at distances of 15-30 meters from access points, where MIMO systems maintained 78% of their maximum
throughput while legacy systems dropped to below 35% efficiency [4].

Wi-Fi 4 introduced several critical MAC layer enhancements, most notably frame aggregation and block
acknowledgment mechanisms. The A-MSDU (Aggregated MAC Service Data Unit) and A-MPDU (Aggregated MAC
Protocol Data Unit) techniques allowed multiple frames to be combined into a single transmission, reducing overhead
by consolidating preambles and acknowledgments [5]. In high-throughput applications like video streaming, this
feature increased effective throughput by 41-47% and reduced latency by approximately 28-35ms compared to
previous standards. Block acknowledgment complemented this by allowing receivers to acknowledge multiple frames
with a single response, further improving efficiency by approximately 24% in data-intensive applications [5].

Table 1 IEEE 802.11n (Wi-Fi 4) Performance Metrics and Improvements [4, 5]

Feature Wi-Fi Improvement (%) for Wi-Fi 4 (802.11n)
Maximum Theoretical Throughput 1011%

MIMO 2x2 Throughput Increase 65-89%

Packet Error Rate Reduction with MIMO 72%

Edge-of-Range Throughput (15-30m) with MIMO 123%

Frame Aggregation Throughput Improvement 41-47%

Latency Reduction with Frame Aggregation 28-35ms

Block Acknowledgment Efficiency Gain 24%

Channel Bonding Throughput Gain (Low Interference) | 70-90%

Channel Bonding Throughput Gain (High Interference) | 30-40%

Spectral Efficiency Increase (vs 802.11g) 35%
Indoor Range 38-45%
Outdoor Range 38-45%

Channel bonding represented another significant advance, allowing 802.11n devices to combine adjacent 20 MHz
channels into a single 40 MHz channel when operating in the 5 GHz band. Laboratory studies documented in "802.11n:
A Survival Guide" demonstrated that channel bonding could provide throughput gains of 70-90% in environments with
minimal interference, though these benefits diminished to 30-40% in congested settings [5]. While the 2.4 GHz band
remained dominant in 2013 due to its superior range capabilities (typically 30-40% greater than 5 GHz at equivalent

2577



World Journal of Advanced Research and Reviews, 2025, 26(01), 2575-2583

power levels), adoption of 5 GHz operation grew steadily as users sought relief from the increasingly crowded 2.4 GHz
spectrum, which offered only three non-overlapping channels compared to up to 23 in the 5 GHz band [4].

The 802.11n standard also introduced improved modulation and coding schemes, implementing 64-QAM (Quadrature
Amplitude Modulation) with higher coding rates than previous standards. These enhancements, coupled with a
shortened guard interval (reduced from 800ns to 400ns), increased spectral efficiency by approximately 35% over
802.11g when operating on equivalent channel widths [5]. Comprehensive field testing across diverse environments
showed that Wi-Fi 4 networks maintained viable connections at up to 70 meters indoors and 250 meters outdoors
under optimal conditions, representing a range improvement of approximately 38-45% compared to previous
standards [4].

4. Wi-Fi 5 (802.11ac) Breakthrough

The introduction of Wi-Fi 5 around 2015 marked a substantial advancement, with theoretical speeds reaching up to 3.5
Gbps. This standard exclusively utilized the less congested 5 GHz frequency band and implemented wider channels (up
to 160 MHz), multi-user MIMO (MU-MIMO), and more efficient modulation techniques. These improvements enabled
higher data throughput essential for supporting the growing demands of HD streaming, cloud computing, and online
gaming. The IEEE 802.11ac standard, officially ratified in December 2013 and widely deployed by 2015, represented a
transformative leap in wireless networking capabilities. Extensive performance analysis conducted across diverse test
environments demonstrated that 802.11ac networks achieved average throughput increases of 270% compared to
802.11n networks under identical conditions, with peak performance differentials exceeding 330% in optimal scenarios
[6]- This substantial improvement addressed the growing bandwidth demands of modern applications, with global IP
traffic having increased from 51 exabytes per month in 2013 to over 88 exabytes per month by 2016.

The exclusive use of the 5 GHz frequency band (5.17-5.835 GHz) proved to be a critical design decision, avoiding the
increasingly saturated 2.4 GHz spectrum where channel utilization regularly exceeded 70% in urban environments.
Comparative measurements across 27 test locations showed that the 5 GHz band experienced interference levels
approximately 68% lower than the 2.4 GHz band, resulting in significantly improved signal quality metrics with average
signal-to-noise ratio (SNR) improvements of 7-9 dB [6]. This cleaner spectral environment enabled Wi-Fi 5 to
implement substantially wider channel bandwidths. While 802.11n primarily utilized 20 MHz and 40 MHz channels,
802.11ac introduced 80 MHz channels in its initial wave of products, with 160 MHz channels following in later
implementations. Experimental testing demonstrated that 80 MHz channels delivered approximately 2.16 times higher
throughput than 40 MHz channels under comparable conditions, with actual measured rates of 866.7 Mbps for a single
spatial stream using 80 MHz compared to 400 Mbps for 40 MHz [6].

Perhaps the most revolutionary feature introduced in Wi-Fi 5 was Multi-User MIMO (MU-MIMO), allowing access points
to communicate simultaneously with multiple client devices rather than sequentially. This capability fundamentally
changed the efficiency dynamics of wireless networks, particularly in high-density environments. Comprehensive
performance analysis of MU-MIMO implementations demonstrated aggregate throughput improvements of 75-85% in
scenarios with 4-8 active clients, with these gains increasing to 115-130% when client numbers exceeded 12 [7]. The
technology proved particularly beneficial for latency-sensitive applications, with measured reductions in average
packet delay of 68% for video streaming and 54% for voice applications compared to Single-User MIMO systems in
congested networks [7].

Wi-Fi 5 also introduced significant modulation enhancements, implementing 256-QAM compared to the 64-QAM used
in 802.11n. This higher-order modulation increased spectral efficiency by 33% by encoding 8 bits per symbol rather
than 6 bits, though it required SNR values approximately 4 dB higher to maintain comparable bit error rates (BER) [6].
To support these more demanding signal requirements, 802.11ac implemented standardized explicit beamforming,
which focused transmission energy toward specific clients. Field testing across various environmental conditions
demonstrated that beamforming provided average signal strength improvements of 6.8 dB at client locations, effectively
extending the range at which maximum data rates could be maintained by approximately 28-35% [7].

The security implications of these technological advancements were carefully considered in the standard's design.
Comparative analysis of encryption overhead showed that implementing WPA2 security on 802.11ac networks
introduced approximately 12.5% throughput reduction in high-bandwidth scenarios, compared to the 18.3% reduction
observed in 802.11n networks—representing a significant improvement in security efficiency [7]. This optimization
was achieved through enhanced hardware acceleration features specifically designed for encryption processes,
allowing Wi-Fi 5 devices to maintain performance levels even with robust security protocols enabled.
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5. Wi-Fi 6 (802.11ax) Innovations

By 2025, Wi-Fi 6 has become the predominant standard, offering speeds up to 9.6 Gbps—nearly three times faster than
Wi-Fi 5. Beyond raw speed improvements, Wi-Fi 6 introduced revolutionary features like Orthogonal Frequency
Division Multiple Access (OFDMA), which divides channels into smaller resource units for more efficient transmission.
This standard also implemented Target Wake Time (TWT) for improved power efficiency and 1024-QAM modulation
for increased data throughput. The IEEE 802.11ax standard, formally approved in February 2021 after several years of
development, has fundamentally transformed wireless networking capabilities through a holistic approach focused on
efficiency rather than simply maximizing peak data rates. Market forecasts have proven accurate, with Wi-Fi 6 adoption
growing from approximately 12% of global shipments in 2020 to over 65% by 2024, representing the fastest transition
between Wi-Fi generations to date [8]. This rapid market penetration has been driven by a perfect storm of factors:
exponential increases in connected devices (from 10 billion in 2019 to projected 28.5 billion by 2025), growing
bandwidth requirements (average household data consumption increased from 190GB/month in 2019 to over
600GB/month by 2024), and the fundamental efficiency improvements that Wi-Fi 6 delivers in high-density
environments.

The implementation of OFDMA technology represents perhaps the most transformative advancement in Wi-Fi 6,
fundamentally changing how wireless spectrum is utilized. Unlike previous standards that allocated entire channels to
individual users even for small data transmissions (akin to sending a single letter in a large envelope), OFDMA
subdivides channels into smaller resource units that can be allocated dynamically based on traffic requirements [8].
Performance analysis conducted across diverse testing environments has demonstrated that this approach improves
spectrum efficiency by 3.5-5.8 times in high-density scenarios with 30+ concurrent users, reducing latency by 75-80%
for small packet transmissions common in loT and voice applications. This efficiency gain is particularly critical given
that wireless devices typically transmit small packets (less than 256 bytes) more than 70% of the time in typical usage
patterns [8].

Table 2 IEEE 802.11ax Key Innovations and Their Impact on Wireless Networking [8, 9]

Feature Wi-Fi 5 Improvement (%) for Wi-Fi 6 (802.11ax)

Maximum Theoretical Speed 174%
OFDMA Spectrum Efficiency (High-Density) | 350-580%
OFDMA Latency Reduction (Small Packets) | 75-80%

BSS Coloring Network Capacity Increase 45-60%

Spatial Reuse Additional Capacity 20-30%
IoT Device Wi-Fi Radio Activity Reduction 86%
Enterprise Power Savings 63-67%
1024-QAM Raw Data Rate Increase 25%
Effective Range at Maximum Data Rates 20-25%
Connected Devices (2025 projected) 185%
Average Household Data (2024) 216%

Wi-Fi 6 also introduced BSS (Basic Service Set) Coloring, a revolutionary approach to managing co-channel interference
in dense deployments. This technology assigns a unique "color" identifier to each network, allowing devices to identify
and ignore transmissions from neighboring networks operating on the same channel rather than waiting for them to
complete [9]. Field testing in high-density environments has shown this feature increases overall network capacity by
45-60% in typical enterprise deployments where floor-to-floor channel reuse is common. The standard's
implementation of spatial reuse techniques further complements this capability, with dynamic clear channel
assessment thresholds that can increase network capacity by an additional 20-30% in environments where multiple
access points must operate on the same channel [9].

The Target Wake Time (TWT) feature represents a paradigm shift in power management for wireless devices. Unlike
previous standards where clients needed to wake up at regular intervals to check for pending data, TWT allows
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negotiation of specific scheduled communication times [8]. Comprehensive power consumption analysis has shown this
approach reduces Wi-Fi radio activity by up to 86% for IoT devices, extending battery life from months to years for
many applications. Enterprise deployments leveraging TWT have reported average power savings of 63-67% across
mixed device environments, with particular benefits for mobile devices where Wi-Fi typically accounts for 40-60% of
battery consumption during active use [9].

The implementation of 1024-QAM modulation (encoding 10 bits per symbol versus 8 bits in 256-QAM) has increased
raw data rates by 25% when signal conditions permit. To support this higher-order modulation, Wi-Fi 6 incorporates
significantly improved beamforming capabilities including multi-user beamforming that can increase effective signal
strength by 7-9dB at client locations [9]. Field measurements across diverse deployment scenarios have demonstrated
these enhancements extend the effective range at which maximum data rates can be maintained by approximately 20-
25% compared to Wi-Fi 5 networks in similar environments, with particularly notable improvements in challenging
high-interference settings where previous generations would experience significant throughput degradation [8].

6. Wi-fi 6e expansion

The Wi-Fi 6E extension represents a significant advancement by incorporating the 6 GHz frequency band alongside the
existing 2.4 GHz and 5 GHz bands. This addition provides up to 1,200 MHz of new spectrum, dramatically reducing
network congestion and interference while supporting more devices simultaneously. The expanded bandwidth has
been particularly beneficial for high-density environments like offices, stadiums, and apartment complexes. First
announced by the Wi-Fi Alliance in January 2020, Wi-Fi 6E rapidly gained regulatory approval across major markets,
with the FCC authorizing unlicensed use of the 6 GHz band in April 2020, followed by the UK, EU, South Korea, and other
regions implementing their own regulatory frameworks throughout 2021-2023 [10]. This coordinated global approach
to spectrum allocation has created unprecedented opportunities for wireless connectivity, effectively tripling the
available Wi-Fi spectrum in many regions and addressing the critical bandwidth constraints that had emerged as
wireless device proliferation accelerated.

The 6 GHz band (5.925-7.125 GHz in the US and 5.925-6.425 GHz in most other regions) provides substantially more
usable spectrum than all previous Wi-Fi bands combined. This translates into fourteen non-overlapping 80 MHz
channels or seven 160 MHz channels in regions with full 1,200 MHz allocation—a dramatic improvement over the two
160 MHz or six 80 MHz channels available in the 5 GHz band [10]. The practical implications of this spectrum expansion
are profound, particularly for applications requiring wider channels to achieve multi-gigabit throughput. Prior to Wi-Fi
6E, configuring multiple 160 MHz channels for high-bandwidth applications was nearly impossible in most deployment
scenarios due to limited spectrum availability. With 6 GHz, network designers can implement numerous wide channels
without compromising coverage or capacity, enabling consistent multi-gigabit performance that was previously
unattainable in most real-world environments.

Beyond raw channel count, the pristine nature of the 6 GHz band offers substantial qualitative advantages. Unlike the
2.4 GHz and 5 GHz bands, which must accommodate legacy devices dating back to Wi-Fi's earliest implementations, the
6 GHz band operates exclusively with Wi-Fi 6E-capable devices implementing the latest efficiency features [10]. This
architectural clean-slate eliminates the overhead associated with backward compatibility mechanisms such as
protection frames and legacy preambles, which can reduce effective throughput by 30-50% in mixed-client
environments. Performance measurements conducted across diverse enterprise deployments have demonstrated that
this efficiency advantage, combined with reduced contention, allows 6 GHz networks to maintain average throughput
levels 2.1-2.4 times higher than equivalent 5 GHz implementations supporting identical client loads.

The improved spectrum efficiency and expanded bandwidth have revolutionized connectivity in challenging high-
density environments. Comprehensive studies analyzing Wi-Fi 6E performance in multi-dwelling unit (MDU)
residential settings have documented dramatic improvements in both throughput and reliability [11]. In typical urban
apartment buildings with 20+ units per floor, inter-network interference on legacy bands frequently causes throughput
degradation exceeding 45% during peak usage hours. Wi-Fi 6E deployments in identical environments demonstrated
remarkable resilience, with throughput reductions averaging just 12-18% during peak periods. Similar benefits have
been observed in enterprise environments, where Wi-Fi 6E networks have demonstrated the capacity to support
approximately 3.4 times more concurrent clients at guaranteed minimum service levels compared to 5 GHz-only Wi-Fi
6 deployments [11].

The latency advantages of Wi-Fi 6E have proven equally significant for time-sensitive applications. Measurements

comparing application performance across different frequency bands have shown that 6 GHz connections maintain
significantly more consistent latency profiles, with average jitter measurements 68-78% lower than equivalent 5 GHz
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connections in congested environments [11]. This performance predictability has made Wi-Fi 6E particularly valuable
for emerging applications with stringent timing requirements, including industrial automation, AR/VR
implementations, and cloud gaming platforms.

Impact on Wireless Network

Legacy Overhead (Protection Frames, etc.)

Average Jitter Reduction

Concurrent Client Support at Guaranteed
Service Levels

Average Throughput Compared to 5 GHz
Number of 80 MHz Channels

Number of 160 MHz Channels

Total Available Spectrum

0% 50% 100% 150% 200% 250% 300%

Figure 1 6 GHz Band Impact on Wireless Network Performance Compared to Legacy Bands [10, 11]

7. Wi-Fi 7 (802.11be): The Next Evolution in Wireless Connectivity

Wi-Fi 7, officially designated as IEEE 802.11be Extremely High Throughput (EHT), represents the next significant
advancement in wireless technology, building upon the foundations established by Wi-Fi 6/6E while introducing
several revolutionary capabilities. The standard is currently in the final stages of development, with formal ratification
expected in early 2025, though several manufacturers have already begun shipping pre-standard Wi-Fi 7 access points
based on stable draft specifications. These early implementations have demonstrated theoretical maximum speeds
reaching up to 46 Gbps—nearly five times faster than Wi-Fi 6—achieved through wider 320 MHz channels, 4K-QAM
modulation, and support for up to 16 spatial streams. The IEEE 802.11be Task Group was formed in May 2019 with the
explicit goal of enhancing wireless throughput in frequency bands between 1 GHz and 7.125 GHz, with particular focus
on achieving MAC and PHY data rates of at least 30 Gbps—a threshold that has been substantially exceeded in pre-
standard implementations, which have demonstrated peak throughput of 46 Gbps in controlled laboratory
environments [12].

One of the most significant innovations in Wi-Fi 7 is Multi-Link Operation (MLO), which fundamentally changes how
devices connect to wireless networks. Unlike previous standards where a device must disconnect from one band before
connecting to another, MLO enables simultaneous connections across multiple frequency bands (2.4 GHz, 5 GHz, and 6
GHz), allowing data to be transmitted and received concurrently across different links. Performance simulations
conducted using the ns-3 network simulator have demonstrated that MLO implementations can achieve throughput
improvements of 89-118% in typical environments and latency reductions of 65-78% compared to single-link
operation, particularly in congested network conditions [12]. The standard defines three distinct MLO operational
modes: Enhanced Multi-Link Single Radio (EMLSR), Enhanced Multi-Link Multi-Radio (EMLMR), and Multi-Link Single
Device (MLSD), each optimized for specific use cases ranging from power-constrained mobile devices to high-
performance enterprise equipment.

Wi-Fi 7 also introduces significantly enhanced Coordinated Multi-User technologies, including improved multi-user
MIMO (MU-MIMO) and multi-AP coordination. These advancements allow multiple access points to function as a
synchronized system rather than independent units, dynamically allocating clients to optimize overall network
performance. The 802.11be standard introduces Coordinated Spatial Reuse (CSR) and Coordinated Beamforming (CBF)
techniques that enable remarkable improvements in spectral efficiency, with simulation models predicting capacity

2581



World Journal of Advanced Research and Reviews, 2025, 26(01), 2575-2583

increases of 1.5-1.9x in dense deployment scenarios compared to non-coordinated systems [13]. The standard also
implements Enhanced Triggered Uplink Access mechanisms that can provide bounded latency guarantees as low as 1-
5ms with 99.999% reliability, making wireless connectivity viable for time-sensitive networking (TSN) applications
including industrial automation and professional real-time audio/video production.

The physical layer enhancements in Wi-Fi 7 are equally substantial, with 4K-QAM (4096-QAM) modulation increasing
spectral efficiency by 20% compared to Wi-Fi 6's 1024-QAM. To support this higher-order modulation, Wi-Fi 7
implements sophisticated signal processing techniques including preamble puncturing, which allows transmissions to
dynamically avoid portions of a channel affected by interference. Theoretical analysis has demonstrated that preamble
puncturing can maintain near-optimal throughput even when up to 30% of a channel is affected by interference,
providing remarkable resilience in congested RF environments [13]. The standard's implementation of Enhanced
Forward Error Correction (FEC) with LDPC (Low-Density Parity-Check) codes operating at rates up to 0.9231 provides
additional error resilience while minimizing overhead, enabling reliable operation even at marginal signal-to-noise
ratios. Mathematical modeling indicates these combined enhancements can maintain optimal modulation rates
approximately 2.3 times more consistently than Wi-Fi 6 implementations in identical challenging environments.

8. Conclusion

The evolution of Wi-Fi technology from 2013 to the emerging Wi-Fi 7 represents a remarkable journey of innovation
and adaptation to meet exponentially growing connectivity demands. What began as modest improvements in the
transition from Wi-Fi 4 to Wi-Fi 5 has culminated in the transformative capabilities of Wi-Fi 6 and 6E, with Wi-Fi 7
poised to redefine wireless networking entirely. The strategic expansion into the 6 GHz band, coupled with
revolutionary efficiency features like OFDMA and target wake time in Wi-Fi 6, and the groundbreaking Multi-Link
Operation and enhanced coordinated multi-user technologies in Wi-Fi 7, have enabled Wi-Fi to overcome previous
limitations while supporting unprecedented device densities and application requirements. These advancements have
positioned Wi-Fi as the foundation of our wireless digital infrastructure, facilitating everything from immersive
augmented reality experiences to industrial automation and smart city implementations. As wireless connectivity
becomes increasingly central to both personal and professional life, these technological innovations ensure that Wi-Fi
will continue to adapt and evolve, meeting the connectivity challenges of today while laying groundwork for tomorrow's
applications.
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