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Abstract
Next-generation real-time communication (NGRTC) appli-
cations, such as cloud gaming and XR, demand consistently
ultra-low latency. However, through our first large-scale mea-
surement, we find that despite the deployment of edge servers,
dedicated congestion control, and loss recovery mechanisms,
cloud gaming users still experience long-tail latency in Wi-
Fi networks. We further identify that Wi-Fi last-mile access
points (APs) serve as the primary latency bottleneck. Specifi-
cally, short-term packet delivery droughts, caused by funda-
mental limitations in Wi-Fi contention control standards, are
the root cause. To address this issue, we propose BLADE, an
adaptive contention control algorithm that dynamically ad-
justs the contention windows (CW) of all Wi-Fi transmitters
based on the channel contention level in a fully distributed
manner. Our ns3 simulations and real-world evaluations with
commercial Wi-Fi APs demonstrate that, compared to stan-
dard contention control, BLADE reduces Wi-Fi packet trans-
mission tail latency by over 5× under heavy channel con-
tention and significantly stabilizes MAC throughput while
ensuring fast and fair convergence. Consequently, BLADE
reduces the video stall rate in cloud gaming by over 90%.

1 Introduction
Emerging next generation real time communication (NGRTC)
systems such as cloud gaming [1, 2] and Extended Reality
(XR) [3, 4] are revolutionizing how users experience interac-
tive digital content. These applications have been rapidly
adopted across both entertainment and business, with the
global cloud gaming market alone growing from $1,286.6
million in 2022 to a projected $13.6 billion by 2028 [5]. Such
next-generation real-time streaming applications require both
high bandwidth (e.g., ~30 Mbps for cloud gaming [6] and ~50
Mbps for XR [7]) and consistently low latency to maintain
their interactive nature and deliver immersive user experi-
ences [8, 9].
Long-tail Latency. Except average latency and throughput,
NGRTC are extremely sensitive to long-tail latency: even
a single latency spike, i.e., latency larger than 200 ms, can

∗equal contribution
†Corresponding authors.

trigger a video stall, catastrophically disrupting the user’s im-
mersive experience [8–13]. The stakes are high; prior work
has shown that a mere 0.5% increase in stall rate can reduce
user retention time by a third [8, 9]. Consequently, the viabil-
ity of this burgeoning multi-billion dollar market hinges on
delivering data with near-perfect punctuality.

To prevent these disruptive stalls, the underlying network
must provide highly predictable, timely delivery. With a video
stall defined as any frame delivery taking longer than 200 ms,
NG-RTC applications implicitly demand that the network
deliver nearly every frame within this strict budget; even
failures at the 99.99th percentile can severely degrade the
user experience. This imposes a stringent requirement for
predictable network performance.

The Internet’s most prevalent last-hop technology, Wi-Fi,
is theoretically incapable of providing this guarantee. Unlike
cellular networks, which leverage centralized scheduling to
allocate resources and manage latency [14,15], Wi-Fi’s design
is fundamentally distributed and uncoordinated. Its reliance
on a contention-based channel access protocol (CSMA/CA)
means that devices must independently compete for transmis-
sion opportunities without any central control. This lack of
coordination makes it impossible to guarantee timely packet
delivery, as latency can vary dramatically based on the instan-
taneous level of channel contention.

Our large-scale measurement study on the Tencent START
cloud gaming platform confirms this theoretical limitation
(§3.1). The study, which analyzed 336 million video frames
from 200 commercial Wi-Fi access points deployed nation-
wide, reveals that while the wired portion of the network
(from server to access point) maintains low latency, staying
below 200 ms even at the 99.99th percentile, the total end-to-
end latency can exceed 1000ms when the wireless last hop is
included. This empirical evidence dictates that the solution
must reside at the Wi-Fi last hop. This is not a problem that
traditional end-to-end congestion control can solve, as conges-
tion control only mitigates queuing delay rather than reducing
the brief, intermittent sudden jitters inherent to the Wi-Fi last
hop. The catastrophic latency spikes are brief, intermittent,
and localized entirely within the Wi-Fi last hop. Therefore,
resolving the random jitters of over-the-air transmission is
critical for NGRTC. Our research focus is on the core cause
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of video stalls: the Wi-Fi last hop. We address this by de-
signing a deployable Media Access Control (MAC)-layer
contention-control algorithm that reduces the tail latency of
the last hop and enhances the smoothness of application-layer
transmission.
Packet-Delivery Drought and its Root Cause. Drilling down
into the Wi-Fi bottleneck, our measurements reveal that these
latency spikes are caused by a specific, recurring failure mode
we term a packet-delivery drought: a 200 ms interval during
which an access point fails to deliver a single packet to a
user. This MAC-layer phenomenon is the direct cause of
application-layer failure: video stalls. Our central empirical
finding is that 86.19% of all video stalls are directly correlated
with the occurrence of at least one such drought, establishing
a near one-to-one mapping between the two.

The root cause of these droughts is not slow physical trans-
mission or a lack of channel capacity. Our measurements
confirm that the time spent on physical packet transmission
(PHY TX) is consistently brief, with a 99.99th-percentile de-
lay below 5 ms. In stark contrast, the contention interval, i.e.,
the time a device spends waiting for channel access, exhibits
an alarming heavy tail, exceeding 200 ms at the 99.99th per-
centile. This delay originates from a fundamental flaw in
the IEEE 802.11 CSMA/CA protocol: short-term unfairness
driven by its exponential backoff mechanism. Specifically, af-
ter a collision, a device doubles its contention window (CW),
creating a temporary but severe priority asymmetry. Other
devices with smaller CWs can repeatedly seize the channel
while the device with the large CW is forced to wait, its back-
off counter perpetually frozen. In congested environments,
these interruptions can extend a simple backoff from millisec-
onds to hundreds of milliseconds, starving the device of access
and creating a packet-delivery drought. This is a failure of
micro-fairness, not aggregate channel efficiency.

A conventional approach is to leverage existing Wi-Fi Qual-
ity of Service (QoS) mechanisms—such as the priority queues
of the Enhanced Distributed Channel Access (EDCA) mecha-
nism defined in the IEEE 802.11e standard. On the one hand,
encrypted traffic has become the dominant form of Internet
traffic [16], making the identification of traffic for specific
priority levels extremely challenging. On the other hand, in
dense network environments, concurrent contention for the
channel by multiple high-priority traffic flows merely inten-
sifies channel competition, leading to more frequent packet
collisions and thereby exacerbating the tail latency issues that
such QoS mechanisms were originally designed to mitigate.
This demonstrates that a simple priority scheme is insufficient.
What is needed is a cooperative mechanism that allows all
devices to adapt to the actual level of channel contention.
Solution: Predictable and Cooperative Contention. To
eliminate these droughts, we must replace Wi-Fi’s flawed
signaling with a mechanism that enables predictable, coop-
erative behavior. We present BLADE, an adaptive contention
control algorithm that fundamentally changes how devices

perceive and react to network congestion. The critical flaw in
the standard protocol is its reliance on a local and reactive sig-
nal: a collision. While all devices listen before talk using clear
channel assessment (CCA), they only adjust their behavior
aggressively after their own transmission fails. This signal is
local: uninvolved devices remain oblivious to the contention
event; and reactive: addressing congestion only after it has al-
ready caused a failure. This leads to uncoordinated responses
where some devices are forced to wait while others, with
smaller contention windows, continue to seize the channel,
creating the priority asymmetries that cause droughts.

BLADE solves this by deriving a universal and proactive
signal from the same CCA mechanism. Instead of waiting
for a personal failure, each device continuously measures the
microscopic access rate (MAR): the ratio of successful trans-
mission events (from any device) to the number of idle time
slots it observes. Because the protocol forces every device to
defer to any ongoing transmission, devices within the same
carrier-sense domain typically observe consistent busy/idle
slot dynamics. (Hidden terminals and partial visibility can
violate this assumption; we make this explicit and discuss
mitigation via RTS/CTS in §4.2.1 and §H.) This provides a
consistent, shared, and quantitative measure of the channel’s
current contention level. By shifting from a local, reactive sig-
nal to a universal, proactive one, BLADE enables all devices
to act cooperatively. They adjust their contention windows
based on a shared understanding of network congestion, pre-
venting the short-term unfairness that causes packet-delivery
droughts in the first place. BLADE is a MAC-layer transmitter-
side mechanism. In our primary, downlink-dominated cloud
gaming setting, deploying BLADE on APs (the dominant trans-
mitters) already addresses long-tail contention among neigh-
boring APs and does not require client STA modifications;
when uplink traffic is significant, an AP can optionally ad-
vertise contention parameters via standards-compliant EDCA
parameter sets, or STAs can run BLADE locally.

BLADE achieves this cooperative behavior through two
core mechanisms. First, it introduces the universally observ-
able contention signal: MAR. Second, it employs a hybrid in-
crease multiplicative decrease (HIMD) policy that uses MAR
as feedback, enabling co-channel devices to collectively and
dynamically adapt their contention windows to match compe-
tition level. This allows the network to converge on fair and
efficient operation without explicit coordination, proactively
preventing the priority asymmetries that cause droughts.

We evaluate BLADE through extensive real-world experi-
ments with commercial Wi-Fi APs and ns3 simulations. The
results demonstrate that BLADE directly remedies the root
cause of tail latency. Compared to the standard contention con-
trol, BLADE reduces Wi-Fi packet transmission tail latency
by over 5× under heavy channel contention. This MAC-layer
improvement translates directly to application-level benefits:
for cloud gaming, BLADE reduces the 99th-percentile video
frame delivery latency to ≤0.5× the baseline and, conse-
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Figure 1: The system architecture of next-generation real-time
streaming over wireless LAN.

quently, cuts the video stall rate by over 90%.

Contribution. This paper makes the following contributions:

• We conduct a large-scale measurement of a commercial
cloud gaming service and identify that packet-delivery
droughts in the Wi-Fi last hop, caused by fundamental limi-
tations in standard contention control, are the root cause of
high tail latency for NGRTC applications.

• We design and implement BLADE, an adaptive contention
control algorithm that dynamically and cooperatively adjusts
the contention windows of all transmitters based on a novel,
universally observable contention signal.

• We evaluate BLADE using both simulations and commercial
Wi-Fi APs, demonstrating that it significantly reduces Wi-
Fi packet transmission latency and stabilizes throughput,
ultimately reducing the video stall rate by over 90%.

Ethical claim. All user data collected in this work are
obtained with explicit permission from the users and are
anonymized to protect their privacy. This work does not raise
any ethical concerns and conforms to the IRB policies of the
authors’ institutions.

2 Background
To understand the latency challenges facing NGRTC appli-
cations, this section provides essential background. We first
describe the architecture of these systems and their strict
performance requirements. We then examine the details of
Wi-Fi’s contention-based channel access, which is the root of
the performance bottlenecks we address.

2.1 Next-Generation RTC
System Architecture. The inherent contradiction between
computing power demands and terminal portability has given
rise to the core technical paradigm of computation and in-
teraction decoupling — computationally intensive tasks are
processed in the cloud, while terminals focus on low-latency
local interaction and content presentation. Typical applica-
tions such as cloud extended reality, AI smart glasses, and
cloud gaming are all built on this paradigm. Compared with
traditional Real-Time Communication (RTC) scenarios like
live streaming and video conferencing, these immersive inter-
active applications impose much more stringent performance
requirements on network transmission [8, 17, 18]: the end-to-
end latency needs to be reduced from hundreds of millisec-
onds to tens of milliseconds, and the bit-rate must be increased
from several megabits per second to tens of megabits per sec-
ond. We define such dedicated network transmission demands

Contention Interval PPDU PHY TX SIFS ACK

Dev. 1 FES Dev. 2 FES

Suspend & Wait Backoff Time Slots

1234567891011

= DIFS

TX Failure

Figure 2: Wi-Fi Frame exchange sequence.

for immersive real-time interaction as Next-Generation Real-
Time Communication (NGRTC). Based on our analysis at
Tencent START cloud gaming service, 1. A typical NGRTC
over WLAN system comprises four key components: the
cloud server, WAN, Wi-Fi Access Point (AP), and user de-
vice, as illustrated in Fig. 1. The cloud server generates video
frames at a fixed frame rate, and each frame is packetized into
multiple packets for network transmission. For example, at 60
FPS, a new frame is generated and transmitted every 16.7 ms.
These packets traverse the WAN to reach the Wi-Fi AP, which
then delivers them wirelessly to the user’s device. The system
operates bidirectionally - upon receiving video frames, the
user device sends acknowledgments (ACKs) along with inter-
active commands (e.g., character movement or action triggers
in mobile games) back to the cloud server. These user inputs
then influence the generation of subsequent video frames.

QoE Requirements on WLAN. The QoE of NGRTC criti-
cally depends on two key parameters: video quality [8] and
interaction smoothness [8–10,19,20]. For better video quality,
these applications stream at much higher bitrates (e.g., over
30 Mbps for cloud gaming [8] and over 200 Mbps for VR [21])
compared to traditional RTC applications. For smooth inter-
actions, they require a higher frame rate (i.e., 60 to 144 FPS)
and demand consistently low video frame delivery latency.
Specifically, tail latency is particularly crucial: elevated tail
latency–even at 99.99th percentile–can directly cause fre-
quent video freezes and stalls [8, 9], significantly degrading
user experience: a recent study [9] has shown that even a
minor 0.5% increase in stall rate leads to a dramatic 33%
reduction in user retention time. Thus, although Wi-Fi 6/7 of-
fers theoretical rates of 9.6 Gbps and 46 Gbps, far exceeding
NGRTC’s bitrate requirements, NGRTC’s sensitivity to tail
latency imposes higher demands on the real-time performance
and stability of wireless network transmissions.

2.2 WLAN Channel Access
In this section, we introduce Wi-Fi’s contention-based channel
access and packet transmission procedures.
Channel via CSMA/CA. Wi-Fi leverages carrier sense mul-
tiple access/collision avoidance (CSMA/CA) for channel ac-
cess, which requires a device to monitor channel activity be-
fore packet transmission. Specifically, as illustrated in Fig. 2,
a device must detect the channel as idle for B backoff slots
before initiating transmission. The value of B is randomly cho-
sen from the range [0, CW] upon each transmission, where

1We infer access type from the client’s active network interface at session
start and exclude sessions where access type is unknown.
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CW is the contention window of the device. If the device
detects an ongoing transmission during its countdown from B,
it suspends the countdown and resumes only after detecting
the channel as idle for a DCF 2 interframe space (DIFS) in-
terval. Upon successful completion of the B slot countdown,
the device gains channel access for transmission.
Channel Contention Interval. We define the contention
interval as the period starting from DIFS until the successful
completion of B backoff slots countdown. During one device’s
contention interval, other devices may gain channel access
first, as illustrated in Fig. 2. Consequently, the duration of a
contention interval is determined by two factors: the initial
number of backoff slots (B) and the number of channel access
instances obtained by competing devices.
Wi-Fi Packet Transmission Procedure. After gaining chan-
nel access through CSMA/CA, the device encapsulates pack-
ets into PLCP Protocol Data Units (PPDUs) with radio head-
ers and proceeds with packet transmission during the PHY TX
period shown in Fig. 2. Upon successful PPDU reception, the
receiver must acknowledge by sending an ACK frame after a
short inter-frame space (SIFS) interval. If a transmission fails
(i.e., no ACK or a NACK is received), the sender triggers a re-
transmission and re-gains channel access through CSMA/CA.
From the initial DIFS to the final ACK, it is defined as a frame
exchange sequence (FES) for a PPDU.
Wi-Fi MAC Throughput Analysis. Wi-Fi MAC throughput
is determined by three key components: i) PHY transmission
rate, which dictates how quickly data packets can be trans-
mitted over the air; ii) Channel access overhead, including
variable contention intervals and fixed intervals like DIFS,
SIFS, and ACK; iii) Transmission failure rate, failures are
primarily caused by poor signal strength or signal collisions,
where multiple devices attempt to transmit simultaneously.

2.3 Predictability VS. Efficiency in CSMA
It is important to distinguish the problem of tail latency from
the well-studied issue of CSMA efficiency. CSMA efficiency
is typically defined as the ratio of airtime used for successful
data payload transmission to the total airtime consumed by a
full frame exchange sequence, which includes fixed overheads
like the contention interval, DIFS, SIFS, and the ACK frame.
A long-standing challenge in Wi-Fi has been that as physical
data rates increased, the time to transmit a packet shrank,
while these overheads remained constant, causing a decline
in overall channel efficiency.

This problem has been the subject of extensive research
in the past two decades. Representative examples include
fine-grained or frequency-domain contention to shrink time-
domain overheads [23, 24], explicit collision notification to
curtail wasted airtime and hidden-terminal losses [25], and
hybrid centralized–distributed coordination to exploit con-
troller visibility while retaining CSMA agility [26]. Earlier
algorithmic tuning of contention parameters likewise sought

2DCF means distributed coordinate function in IEEE 802.11 [22].

high throughput and fairness under CSMA [27]. This problem
is now largely mitigated in modern Wi-Fi standards by highly
effective solutions like frame aggregation (e.g., A-MPDU).
By allowing multiple packets to be transmitted after a single
contention event, aggregation amortizes the overhead cost and
significantly improves system throughput.

This paper, however, does not aim to solve the general
CSMA efficiency problem. Instead, we focus on a distinct
but equally critical issue: the opportunistic and severe infla-
tion of the contention interval for specific packets. While
low efficiency is a systemic issue affecting average through-
put, the problem we address is transient and statistical. The
long-term throughput and average latency for a user can be
perfectly acceptable, yet the user’s experience can be ruined
by intermittent packet-delivery droughts where the contention
window for a single video frame inflates to an extreme value.
Efficiency is a problem of averages; contention-driven tail
latency is a problem of outliers, and for NGRTC applications,
these outliers are catastrophic.

3 Measurement and Motivation
In this section, we build the case for our proposed solution
by first identifying and then diagnosing the core performance
problem for NGRTC applications in today’s Wi-Fi networks.

3.1 Large-Scale Online Measurement
In this section, we present the first large-scale measurement
study of Wi-Fi performance for NGRTC, revealing critical
limitations in current Wi-Fi APs’ ability to support these
demanding workloads.

While it is well known that CSMA/CA contention intro-
duces variable per-packet delay, the application-level implica-
tions for modern high-bitrate interactive streaming—and the
concrete failure mode that triggers stalls—have been unclear.
Our measurement contributes three pieces of evidence: (i)
quantified stall-rate tails under Wi-Fi versus wired access,
(ii) latency decomposition showing that the Wi-Fi last hop
dominates even when WAN RTT is low and stable, and (iii) a
near one-to-one correlation between 200 ms packet-delivery
droughts and video stalls. These findings motivate a link-layer
contention-control mechanism that targets micro-level access
fairness and bounds last-hop tail latency.

3.1.1 Testbed and Data Collection Scheme

Testbed. To understand how Wi-Fi last-hop performance im-
pacts next-generation real-time streaming applications, we
conducted an extensive measurement study through Tencent
START cloud gaming platform. This platform delivers high-
quality interactive gaming content, streaming 1080p to 4K
video at 60-144 FPS with bitrates around 50 Mbps. Our mea-
surement infrastructure consists of 200 commercial Wi-Fi
access points distributed to volunteer users nationwide. To
reduce and stabilize server-side queuing delay (so that last-
hop effects are more visible), we deployed Pudica [8] on
the cloud-gaming servers. Pudica enables near-zero queu-
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Figure 3: Stall rate percentiles
in Dec. 2024.
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Figure 4: Stall rate for 5 GHz
Wi-Fi in Dec. 2022 and 2024.

ing delay, emerging as the state-of-the-art congestion control
algorithm tailored for low-latency demands.

Data Collection. To collect comprehensive network perfor-
mance data, we instrumented the WNIC driver on our Wi-Fi
APs to report essential channel status, MAC layer metrics, and
PHY layer parameters. The AP also records the successfully
transmitted packets within each 200 ms interval, providing
direct insight into wireless channel contention. Along with
traditional metrics like RSSI, transmission delay, packet loss,
and channel properties, the APs report these measurements
every 200 ms. This data collection scheme allows us to mea-
sure server-to-router RTT and distinguish between wired and
wireless latency issues. Our server also collects transport layer
statistics including frame-level RTT, packet loss, and jitter.
Concretely, the AP periodically measures a server↔AP RTT
(every 200 ms) over the control channel and reports it with the
same granularity as MAC/PHY metrics. The server separately
obtains per-frame end-to-end RTT from the cloud-gaming
feedback path. We align the two by time (no clock synchro-
nization is needed because both are RTTs). Over one year, we
gathered data from 336 million video frames—representing
the first large-scale study of wireless last-hop performance
for real-time streaming.

3.1.2 Measurement Results

High Video Stall Rate. Fig. 3 shows the video stall rate3

percentiles for cloud gaming users in December 2024 across
different networks. We report stall rate as stalls per 10,000
frames (×10−4), so values above 100 correspond to more
than 1% of frames stalling. 5 GHz Wi-Fi exhibits significantly
higher tail latency compared to wired networks, indicating
the superior stability of wired connections. Fig. 4 compares
the stall-rate percentiles for 5 GHz Wi-Fi sessions from two
matched one-month snapshots (Dec. 2022 vs. Dec. 2024) un-
der the same stall definition. The similarity indicates that, even
as Wi-Fi hardware evolves, tail stalls driven by CSMA/CA
contention remain a dominant factor in dense environments.

Wi-Fi Last-Mile Causes High Video Stall Rate. Our mea-
surement campaign reveals the root cause of these video stalls:
the Wi-Fi last hop acts as a critical performance bottleneck.
By analyzing each video frame’s end-to-end path, we find
striking differences between wired and wireless segments. As

3We define a video stall as occurring when end-to-end frame delivery
latency exceeds 200 ms. This metric is based on user QoE feedback and has
been adopted by many previous studies in NGRTC [8, 9, 11].

Range Probability (%) Range Probability (%)
0 86.19 5 0.78
1 0.29 [6,10) 2.55
2 0.39 [10,20) 2.86
3 0.36 [20,50) 2.46
4 0.29 (50,∞) 3.82

Table 1: The distribution of the number of packets transmitted
by the Wi-Fi router within 200 milliseconds, when down-
stream long-tail latency occurs (with the absence of wired
network issues confirmed).

shown in Fig. 5, the wired portion (server to AP) maintains
consistently low latency, staying below 200 ms even at the
99.99th percentile. However, when including the wireless last
hop (AP to user), the total latency can exceed 1000 ms. To
precisely quantify this impact, we decomposed each frame’s
delivery time into wired and wireless components. Fig. 6 re-
veals that the wireless segment contributes disproportionately
to total latency, with its share growing dramatically as deliv-
ery times increase. This finding is particularly concerning
because it shows that even with state-of-the-art WAN con-
gestion control, the wireless last hop remains the primary
obstacle to reliable real-time streaming.

Packet Delivery Droughts: Root Cause of Frame Stalls. To
identify the root cause of Wi-Fi last-hop delays, we analyzed
the correlation between stalled video frames and success-
ful packet transmissions. For each frame with a high end-
to-end delay (server to client), we examined the number of
successfully transmitted packets within each 200 ms window
of the frame’s transmission. To isolate Wi-Fi-induced stalls,
we focused on frames where server-to-client latency exceeded
200 ms while server-to-router RTT remained below 50 ms—
effectively filtering out stalls caused by wired network issues.

Table 1 reveals a striking pattern: in 86.19% of these stalled
frames, the router failed to successfully transmit even a single
packet during at least one 200 ms interval, despite potentially
having transmission opportunities. This near one-to-one corre-
spondence between packet delivery droughts and frame stalls
suggests a fundamental issue in Wi-Fi’s channel access mecha-
nism, where either transmission opportunities are not obtained
or packets fail to be delivered even when opportunities are
granted. In contrast, we calculate the PHY transmission delay
of PPDUs and present its distribution in Fig. 7. Once PPDUs
are granted transmission opportunities, the actual transmis-
sion completes quickly, with 92.7% finishing within 3.5 ms
and a maximum delay of 7.5 ms.

To further understand why AP fails to deliver packets, we
investigated the relationship between packet delivery and
channel contention. We define the channel contention rate
as the proportion of airtime occupied by other transmitters
within each 200 ms interval (longer airtime by others indi-
cating higher contention). Fig. 8 shows that the probability
of zero packet deliveries rises dramatically with increased
channel contention—when contention exceeds 80%, the prob-
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AP Num. Session Num. Stall Rate (%)
2 52349 0.08
4 25624 0.17
6 14414 0.42
≥ 8 7976 1.34

Table 2: Relations between video stall rate of Wi-Fi sessions
and Wi-Fi AP numbers in the environment from our online
cloud gaming platform for 8 weeks.

ability of a complete delivery drought is 74.5 times higher
than under 20% contention.

We further validated this relationship through an 8-week
field study where, with user consent, we monitored the num-
ber of nearby Wi-Fi APs as a proxy for potential channel
contention. Table 2 demonstrates that video stall rates, par-
ticularly at the tail, increase systematically with the num-
ber of surrounding APs. These findings establish that frame
stalls primarily occur when routers experience packet delivery
droughts during periods of intensive channel contention. Im-
portantly, a single 200 ms delivery drought already crosses the
stall threshold used by the application, so mitigating micro-
level droughts is directly reflected in lower stall rate and better
user QoE.

3.2 Mechanism Behind Packet Delivery
Droughts

Our online measurements establish that delivery droughts con-
centrate under high contention, but they do not expose the
packet-level dynamics that create 100–200 ms gaps. We there-
fore complement them with ns-3 simulations and controlled
experiments with commercial Wi-Fi APs. Across both set-
tings, we find that (i) collisions increase retransmissions, and
(ii) each retransmission triggers binary exponential backoff
whose countdown is repeatedly frozen under a busy chan-
nel, stretching the effective contention interval from sub-
millisecond to hundreds of milliseconds. We report the full
methodology and supporting figures in §D. These dynamics
point to a deeper limitation: 802.11’s contention control is
collision-driven and purely reactive, which we summarize
next.

3.2.1 Root Cause: Collision-Driven Reactive Contention
The fundamental issue lies in 802.11’s reactive approach
to contention control. As detailed in §D, the long gaps are
dominated by collision-driven retransmissions and prolonged

countdown freezes, rather than PHY transmission time. Cur-
rent CSMA/CA mechanism has two critical limitations that
lead to extended packet delivery times. First, the protocol al-
ways initializes transmission with a small contention window
(CWmin), regardless of network contention levels. In dense net-
works with high contention, this approach inevitably leads to
frequent collisions—multiple devices are likely to select sim-
ilar small backoff values. A more effective approach would
be to proactively adjust the initial window size based on ob-
served network contention, starting with larger windows when
contention is high.

Second, the protocol creates unfair channel access after
collisions. When a device experiences a collision, it doubles
its contention window, while devices without recent collisions
maintain small windows. This creates a problematic asymme-
try: devices with larger windows must count down through
more slots, making them more likely to be interrupted by
transmissions from devices with smaller windows. Each in-
terruption forces the device to pause its countdown until the
channel becomes idle again. In dense networks, these interrup-
tions can extend a simple backoff period from milliseconds
to hundreds of milliseconds.

This reactive, device-by-device approach means the system
never achieves a coordinated response to network contention.
Instead, devices independently adjust their windows based
only on their own collision experiences, leading to persistent
unfairness and inefficient channel utilization. A better ap-
proach would be to maintain similar window sizes across all
devices based on overall network contention levels, ensuring
fair channel access while proactively preventing collisions.

4 BLADE Design
To meet the latency and throughput stability requirements of
NGRTC in Wi-Fi networks, we consider the following two as-
pects as the most critical: (1) maintaining a low collision prob-
ability; (2) ensuring that the CW of different co-channel Wi-Fi
devices remains as consistent as possible. Based on these two
principles, we design BLADE, which leverages MAR and em-
ploys the HIMD approach to adaptively adjust CW, achieving
a balance between high throughput and low collision proba-
bility, without relying on priority queues in Wi-Fi networks.
We first present the design goals of BLADE.

4.1 Design Goals
A practical and effective contention window adjustment mech-
anism should achieve four key goals:
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High Transmission Efficiency. The system must maximize
channel utilization by maintaining an optimal collision rate.
Since collision recovery (3-5ms) costs significantly more
than contention slot time (9µs), we need to balance between
avoiding excessive collisions from small contention windows
and preventing unnecessary idle periods from large windows.
Fair Channel Access. All devices should reach a consensus
on network contention levels and adjust their windows ac-
cordingly. This differs from current IEEE mechanisms where
devices react individually to their own transmission outcomes,
leading to unfair access patterns. Instead, devices should col-
lectively adapt their contention windows based on shared
network conditions, ensuring balanced transmission opportu-
nities across the network.
Fast Convergence. The system should rapidly adapt to net-
work changes while maintaining stable operation. When net-
work conditions shift (e.g., , traffic flows joining or leaving),
all devices should quickly converge to appropriate window
sizes, maintaining both efficiency and fairness in their channel
access patterns without oscillating between states.
Minimal Assumptions. The system should be designed with-
out relying on assumptions about user traffic patterns, the
number of competing flows, or PPDU PHY transmission du-
ration, as real-world networks are inherently complex. They
exhibit unpredictable user traffic, highly dynamic compet-
ing transmitters, and varying PHY transmission rates. This
contrasts with existing studies on contention window control
algorithms [28–32] beyond the IEEE 802.11 standard, which
are based on these assumptions.

These goals are particularly challenging because Wi-Fi
operates as a fully distributed system where devices must
make decisions without explicit coordination.

4.2 Search of a Universal Contention Signal
Requirement. To enable coordinated contention window ad-
justment across distributed Wi-Fi devices, we need a reliable
signal that indicates network contention levels. This signal
must satisfy three key requirements: it should be universally
observable by all devices, accurately reflect current network
competition, and remain stable enough to facilitate consen-
sus. Several candidate signals face fundamental limitations:
i) Collision-based signals only provide local feedback to in-
volved devices; ii) Detecting competing flows requires packet-
level decoding at the MAC layer, which is both complex to im-
plement and potentially misleading—flows operate at longer
time scales and may be temporarily inactive, making them
poor indicators of instantaneous network contention; iii) Air-
time utilization rate (the fraction of airtime occupied by trans-
missions) can be deceptive, since high utilization rate may
simply caused by large PPDUs from few devices rather than
actual competition for channel access.
4.2.1 Proposed Signal: MAR
Definition of MAR. We define the microscopic access rate
(MAR) as the ratio of transmission opportunities to total

Wi-Fi dev 1
Successful TX

Wi-Fi dev 2

Failed TX (collision)

Failed TX (collision)
Detects channel busy 
time via CCA

timeline

timeline

Idle slot-timeTX duration

3 2 01 2 01

2 014 356

9 8

13 12

DIFS

Figure 9: Illustration of MAR. There are 9 idle slot times (in
red) and 2 TX durations, the MAR that both device 1 and
device 2 detect via CCA is 2/(9+2).

available slots in the channel. As shown in Fig. 9, each device
monitors both idle slots during its backoff countdown and
transmission events in the channel. A transmission event
occurs either when the device itself gains channel access or
when it detects other devices’ transmissions through CCA.
Mathematically, MAR is defined as:

MAR = Ntx
Ntx+Nidle

(1)
where Ntx is the number of transmission events and Nidle is
the number of idle slots during backoff countdown. In the
example shown in Fig. 9, there are 2 transmission events and
9 idle slots, resulting in a MAR of 2/11.
MAR: Properties and Advantages. MAR offers three key
advantages as a contention signal:
Universal Observability. For devices that can carrier-sense
each other (i.e., within the same carrier-sense domain), MAR
is consistently observable: when any device transmits, others
detect it via CCA and freeze backoff, leading to a shared se-
quence of transmission events and idle slots. Hidden terminals
and partial visibility can violate this assumption; we discuss
mitigation via RTS/CTS and empirically validate robustness
in §H.
Direct Competition Indicator. MAR directly reflects the inten-
sity of channel competition by measuring the ratio of trans-
mission attempts to available slots. Unlike network utilization
or flow counts, MAR captures the actual contention for trans-
mission opportunities, allowing devices to accurately gauge
network competition levels.
Predictable Collision Control. When devices maintain MAR
at a target threshold through contention window adjustment,
collision probability remains stable regardless of the number
of competing devices (See §L for proof). This property en-
ables systematic congestion management without requiring
knowledge of network size or traffic patterns.

4.3 MAR-Driven Contention Window Control
Problem Statement The core challenge in MAR-driven con-
tention control is to dynamically adjust each transmitter’s
contention window (CW) to achieve three key objectives. i)
the system must maintain the observed MAR close to a tar-
get value MARtar to ensure efficient channel utilization; ii)
all competing transmitters must converge to similar CW val-
ues to guarantee fair channel access—significant differences
in CW values would give some transmitters unfair advan-
tages in channel competition. iii) the system needs to rapidly
adapt CW values in response to network changes, converging
quickly to optimal settings without oscillation.
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These objectives present inherent tensions. Aggressive CW
adjustments achieves faster convergence but risks creating
temporary unfairness or oscillations. Conservative adjust-
ments provide more stability but may react too slowly to net-
work changes. Additionally, transmitters must achieve these
objectives through independent decisions without explicit
coordination, as the distributed nature of Wi-Fi networks pre-
cludes direct communication between devices.

4.3.1 HIMD-based Contention Window Control
Drawing inspiration from traditional TCP congestion control,
we design a hybrid increase multiplicative decrease (HIMD)
policy for CW adjustment. Note that the “increase/decrease”
directions are inverted compared to transport-layer conges-
tion windows: in Wi-Fi, a larger contention window reduces a
transmitter’s attempt probability, so “increasing CW” makes
the transmitter less aggressive. Traditional AIMD (additive
increase multiplicative decrease) has been proven to achieve
fair bandwidth sharing in congestion control. We extend it
with a hybrid increase phase that combines both additive and
multiplicative components—the additive component ensures
steady fairness convergence, while the multiplicative compo-
nent provides rapid response to severe congestion. This hybrid
approach offers better adaptivity than pure AIMD while main-
taining its fairness properties. Like AIMD, our HIMD policy
increases CW when MAR exceeds MARtar to reduce channel
contention, and decreases CW when MAR is below MARtar
to encourage more transmission attempts. Here, MARtar is
the target microscopic access rate that we regulate to in steady
state (default 0.1), and MARmax is an empirical upper bound
of MAR under saturated contention (default 0.35), used to nor-
malize/clip the control signal and avoid over-reacting when
the channel is nearly fully occupied by transmissions and
fixed MAC overheads.
Hybrid Increase. When the observed MAR exceeds the target
MARtar, it indicates excessive contention, leading to more
collisions and longer contention intervals. To alleviate this,
BLADE increases the contention window CW to yield more
transmission opportunities and reduce contention:

CW =CW +Minc(min{MAR,MARmax}−MARtar)+Ainc

+CW ·max{0,MAR−MARmax} (2)

Eqn. 2 involves two additive and one multiplicative terms: i)
Additive term Minc(min{MAR,MARmax}−MARtar) ensures
a faster increase in CW when the observed MAR significantly
exceeds the target and a slower increase when it is close to the
target. We use Minc = (CWmax−CWmin)/2 by default; ii) Ad-
ditive term Ainc guarantees a minimum increase, promoting
fairness among all transmitters’ CW values; iii) Multiplica-
tive term CW ·max{0,MAR−MARmax} is applied to handle
extreme contention scenarios. When the observed MAR ex-
ceeds MARmax, the channel is considered highly congested
and unstable. In response, CW is increased multiplicatively
to rapidly reduce contention. Overall, Eqn. 2 behaves as a

stable proportional controller on the MAR error within a safe
range, while providing (i) a fairness floor via Ainc and (ii) an
emergency brake via the multiplicative term when the sys-
tem enters a highly congested regime (MAR > MARmax). The
default value of MARmax is set to 35%, as our simulation ex-
periments revealed that under the IEEE standard, the MAR
tends to rise to approximately 35% with an increasing number
of competing Wi-Fi flows.

Multiplicative Decrease. When the observed MAR is below
the target MARtar, it indicates insufficient traffic load, wasting
transmission chances and overall bandwidth. To effectively
utilize the airtime resource, BLADE should rapidly contend
for more transmission chances by decreasing the contention
window CW multiplicatively: CW = β ·CW,β< 1. Our choice
on β value involves two factors: On the one hand, to quickly
converge without oscillation, we aim for the observed MAR
to increase by (MARtar−MAR)/2 per step. In the converged
state, MAR is (approximately) inversely proportional to the
converged CW : with attempt probability τ≈ 2

CW+1 per trans-
mission chance, MAR= 1−(1−τ)N ≈Nτ≈ 2N

CW+1 for τ≪ 1.
Therefore, we use

β1 =
MAR

MARtar−
MARtar−MAR

2
= 2MAR

MARtar+MAR (3)

On the other hand, to accelerate fair convergence, the greater
the CW value is, the larger the reduction magnitude should
be, therefore, we use

β2 = Mdec− (1−Mdec)(CW−CWmin)
CWmax−CWmin

(4)
where Mdec is a minimum decrease factor, with a default value
of 0.95. The second term on the right-hand side of Eqn. 4
ensures that Wi-Fi devices with larger CW values experience
a greater reduction, thereby speeding up the convergence pro-
cess. Finally, combining the two considerations, we update
the contention window as:

CW = min(β1,β2) ·CW (5)
Because MAR is a channel-wide consensus signal (all trans-
mitters on the same channel observe the same busy/idle pat-
tern), all nodes react to a common feedback loop. β1 drives the
system toward the fixed point where MAR≈MARtar, while
β2 contracts CW disparities faster by applying larger reduc-
tions to larger CW values. Taking min(β1,β2) avoids over-
shooting and reduces oscillation. Together with hard bounds
[CWmin,CWmax], this yields rapid convergence without persis-
tent unfairness.

Target MAR. The target microscopic access rate MARtar is a
critical parameter in our HIMD control policy. Using a stan-
dard CSMA/CA throughput model, the throughput-optimal
MAR is approximately MARopt =

1√
η+1 , where η=Tc/Ts is

the collision duration (in slots) relative to an idle backoff
slot. In modern Wi-Fi, η is typically large (collisions last
tens to hundreds of slots), which places MARopt in a narrow
“safe” band around 0.1. Accordingly, we set MARtar = 0.1 by
default, and §6.2.1 shows that BLADE remains robust when
MARtar varies within this band.
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Fast Recovery Policy for Collisions. While our HIMD policy
ensures stable convergence, random collisions can still occur
when multiple transmitters select the same backoff value. To
minimize the delay impact of these collisions, we implement
a special handling for retransmissions. Upon a transmission
failure, instead of the standard IEEE 802.11 approach of dou-
bling CW, we set:

CWf ail =CW +A f ail CW =CWf ail/2 (6)
This temporary CW reduction accelerates retransmission of
collided packets while A f ail serves as a compensation term.
After successful retransmission, we restore CW to CWf ail be-
fore resuming normal HIMD control. To prevent excessive
contention, this halving is applied only to the first retransmis-
sion attempt.

5 Implementation
We implement BLADE on Tenda AX12 Pro Wi-Fi APs, ac-
cessing the Wi-Fi driver layer to monitor channel activity. Our
implementation primarily leverages three hardware counters
from the CCA mechanism: TX_time: duration of AP’s active
data transmission; BUSY_time: duration when channel is busy
with other transmissions; IDLE_slot_time: count of idle chan-
nel slots. We poll these microsecond-precision counters every
1 ms and calculate the observed MAR by tracking changes in
counter values. This provides accurate measurement of Ntx
and Nidle as defined in §4.2.1. For CW control, we implement
the complete HIMD algorithm with: observation interval of
300 slots when calculating MAR (justified in §J) and standard
BE queue parameters (CWmin = 15, CWmax = 1023). The im-
plementation consists of approximately 500 lines of C code,
focusing on counter monitoring and CW adjustment logic.

6 Evaluation
We evaluate BLADE’s performance through extensive exper-
iments on commercial Wi-Fi APs and ns3 simulations. The
assessment covers diverse network conditions, from saturated
links to realistic traffic, culminating in real-world tests with
cloud gaming applications. We benchmark BLADE against the
standard IEEE 802.11 contention control and other relevant
algorithms to validate its effectiveness.

6.1 Trace-driven Simulation
We use ns3 for our experimental environment because it
accurately simulates the CSMA/CA behavior of Wi-Fi net-
works [33, 34] and allows easy modification of the contention
control policy. For PHY transmission rate selection, we use
Minstrel [35], the default rate adaptation algorithm in both
ns3 and the mac80211 module of Linux kernel.

Baselines. We evaluate BLADE against the following con-
tention window control mechanisms:

• BLADE SC: BLADE with only stable-state control logic
(i.e., HIMD) to demonstrate the effectiveness of the fast
recovery policy for collisions;

• IEEE: The default policy in the IEEE 802.11 standard, as
explained in §3.2, using the BE (Best Effort) AC queue
(CWmin = 15,CWmax = 1023);
• IdleSense [28]: It observes the mean number of idle slots

between transmission attempts to control the contention
window. We provide the transmitter number N to it as it
requires such information to operate;

• DDA [29]: It controls the contention window to match the
backoff delay threshold ∆ imposed by applications. We ∆

to be 5 ms (99th percentile value in Fig. 29).

6.1.1 Saturated Link

Experimental Setup. To evaluate the performance of BLADE
under intensive contention, we deploy N AP-STA pairs (N =
2,4,8,16), each transmitting traffic from AP to STA us-
ing iperf to saturate the link. The evaluation utilizes the
802.11ax standard (Wi-Fi 6) operating in the 5 GHz band
with a 40 MHz bandwidth. All transmitters share the same
channel and can hear each other with equal signal strength.

AP Transmission Latency. To demonstrate BLADE’s effec-
tiveness in reducing tail latency for Wi-Fi last hop, we first
evaluate the PPDU transmission latency (i.e., frame exchange
sequence duration in Fig. 2) to show how long a PPDU blocks
the AP sending queue. As shown in Fig. 10, as the number of
competing flows increases from 2 to 16, the median latency
remains similar across all methods. However, the tail latency
increases rapidly for the IEEE 802.11 standard contention
control policy, exceeding 300 ms at the 99th percentile with 8
competing flows. In contrast, BLADE achieves the lowest tail
latency among all methods, limiting the 99.99th percentile la-
tency to 200 ms even with 16 competing flows. Notably, under
16 competing flows and the standard contention control policy,
we observe frequent AP-STA disconnections due to Beacon
frames experiencing excessively long contention intervals
before transmission. This indicates that standard contention
control policy fails to operate effectively under such high con-
tention levels. Additionally, BLADE without the fast recovery
policy shows a slight increase in tail latency, highlighting the
effectiveness of BLADE’s fast recovery mechanism.

Retransmission Rate. To show BLADE’s effectiveness in
avoiding collisions and improving transmission efficiency, we
plot the distribution of PPDU retransmission counts under
8 competing flows (N = 8) in Fig. 12. Thanks to the stable
state control policy, BLADE adapts the contention windows
of all transmitters to the channel contention level, achieving
a low retransmission rate. Specifically, only 10% of PPDUs
are retransmitted once, and 1% are retransmitted twice. In
contrast, under intensive contention, the standard contention
control policy results in 34% of PPDUs being retransmitted
at least once, with 4% retransmitted more than twice.

MAC Throughput. We calculate the MAC throughput in
100 ms intervals and show the distribution in Fig. 11. Due to
its lower PPDU retransmission rate and transmission latency,
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Figure 10: PPDU transmission delay distribution under N competing flows.
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Figure 11: Distribution of MAC throughput within 100 ms interval under N competing flows.

BLADE achieves higher median throughput compared to the
standard policy as the number of competing flows increases.
This result demonstrates that BLADE improves MAC layer
transmission efficiency for Wi-Fi APs. Furthermore, BLADE
results in a steadier and more converged throughput distri-
bution. In contrast to the standard policy, BLADE prevents
transient starvation, where the MAC throughput within 100
ms drops to zero, demonstrating that BLADE achieves fairer
bandwidth allocation for all transmitters at the micro level.
Convergence & Fairness. To demonstrate the convergence
of BLADE, we deploy five AP-STA pairs (N = 5) and sequen-
tially start and stop their transmissions over a 5-minute period.
As shown in Fig. 12a, with the arrival and departure of com-
peting flows, the contention windows of all transmitters adapt
dynamically to the contention level and converge within 1 sec-
ond. Consequently, BLADE quickly achieves a fair bandwidth
share among all transmitters, as illustrated in Fig. 12b.
6.1.2 Real-world Traffic
Experimental Setup. To evaluate BLADE’s performance un-
der real-world network traffic, we follow the simulation guide-
lines outlined in the IEEE standard [36] and simulate a three-
floor apartment in ns3, as shown in Fig. 14. Each floor has
eight rooms, each with one Wi-Fi AP (central-placed) and
ten randomly distributed STAs forming a BSS. In every BSS,
the AP sends two cloud gaming flows to two STAs, and the
other STAs run real-world traffic trace(video streaming, web
browsing, file transfer, etc.). We utilize four channels (i.e.,
channel numbers 42, 58, 106, and 122) in the 5 GHz band
with an 80 MHz bandwidth, ensuring that BSSes in adjacent
rooms operate on different channels.
Traces. We use real-world open-source traces collected from
routers [37] and base stations [38], covering traffic patterns
used in our simulation. These traces include timestamps and
packet sizes for packet arrivals in both downlink and uplink,

representing traffic patterns at wireless last hops. For cloud
gaming, we additionally access our cloud gaming platform
and collect traffic traces directly from the Wi-Fi router.

Performance. Following the calculation in §6.1.1, we plot the
PPDU transmission latency and MAC throughput for cloud
gaming flows in Fig. 15 and Fig. 16. With contention from
real-world competing network traffic, BLADE constrains the
99.9th and 99.99th percentile latency to 75 ms and 120 ms,
respectively.In contrast, other methods inflate the tail latency
to over 300 ms at the 99.99th percentile, while the standard
control policy exceeds 500 ms. As a result, BLADE achieves
only a 5% starvation rate (i.e., MAC throughput within 100
ms drops to zero) across all methods, compared to the 25%
starvation rate observed with the standard control policy. No-
tably, DDA and IdleSense perform worse than in the saturated
link scenario because they assume i.i.d. traffic patterns from
all competing flows, which is not true in real-world traffic.

6.2 Microbenchmarks
6.2.1 Influence of Target MAR
We evaluate the impact of the target MAR on the performance
of BLADE. We repeat the experiment in §6.1.1 with N = 4
and MARtar varying from 0.05 to MARmax = 0.35. As shown
in Fig. 17, when MARtar deviates from the default value of 0.1
within ±0.05, the performance of BLADE remains relatively
stable, with a ±5 ms tail PPDU transmission delay and a
±2.5 Mbps median MAC throughput deviation. However, as
MARtar approaches MARmax, the tail latency increases rapidly,
reaching 150% of the default value. These results align with
our analysis in §F, which shows that MARtar = 0.1 is an
appropriate and robust default value.

6.2.2 Parameter Sensitivity
BLADE is robust to parameter choices; varying Minc, Mdec,
Ainc, and A f ail yields negligible changes in throughput and
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Figure 13: Convergence of BLADE with five competing flows.
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Figure 17: Performance of BLADE under different target uti-
lization rate MARtar.

Table 3: Mobile gaming packet latency distribution (%)
RTT
(ms)

0 Competing
Flow

1 Competing
Flow

2 Competing
Flows

3 Competing
Flows

IEEE Blade IEEE Blade IEEE Blade IEEE Blade
[0, 10) 99.7 99.8 12.4 88.6 2.1 85.9 2.3 84.1
[10, 20) 0.3 0.2 32.1 11.2 30.6 13.8 22.7 15.7
[20, 30) 0.0 0.0 28.3 0.2 29.5 0.1 27.8 0.1
[30, 40) 0.0 0.0 18.1 0.0 19.0 0.2 22.7 0.1
[40, 50) 0.0 0.0 5.3 0.0 10.1 0.0 11.3 0.0
[50,100) 0.0 0.0 3.8 0.0 8.7 0.0 13.2 0.0

PPDU TX-delay percentiles (details in §C.1).

6.3 Real-World Experiments
Experimental Setup. To evaluate the performance of BLADE
in real world, we conduct experiments using commercial Wi-
Fi APs with BLADE implemented. We deploy 4 AP-STA
pairs. The evaluation utilizes the 802.11ax standard (Wi-Fi
6) operating in the 5 GHz band with 40 MHz bandwidth. All
transmitters share the same channel and can hear each other.

6.3.1 Saturated Links
We first saturate the wireless link with 4 AP each transmit-
ting an iperf flow to the STA. As shown in Fig. 18, BLADE
consistently achieves lower tail PPDU transmission delay
compared to the IEEE standard, with more than 4× reduc-
tion. Therefore, as shown in Fig. 19, BLADE achieves more
stable and higher MAC bandwidth utilization than the IEEE
standard, demonstrating better adaptation to real-world wire-

less channel dynamics and reducing inefficiencies caused by
excessive contention window growth.

6.3.2 Cloud Gaming
We replay our cloud gaming session while injecting 0–3 con-
tending iperf flows. Fig. 20 shows that BLADE keeps the
99th-percentile end-to-end frame delay below 100 ms under
heavy contention (vs. > 200ms for IEEE), cutting stall rate
by > 90%. This directly translates to smoother interactive
gameplay, aligning with the motivation in §3.1.

6.3.3 Mobile Game Traffic
we compares the RTT distribution of a mobile game under
different numbers of competing flows using the IEEE 802.11
standard and BLADE. all flows adopt the same CW adjustment
algorithm during the experiment. As shown in Tab. 3,without
competing flows, both strategies achieve ultra-low latency.
However, IEEE 802.11 performance degrades sharply with
more competing flows, with far fewer low-latency packets
and higher RTTs. In contrast, BLADE maintains over 84% of
packets within [0,10) ms even under three competing flows,
while IEEE 802.11 drops to only 2.3%. This demonstrates
BLADE’s effectiveness in mitigating contention and ensuring
low-latency performance for mobile gaming applications.

6.3.4 File Downloading
Tab. 4 presents the speed distribution under different con-
tention levels while downloading a large file, comparing IEEE
802.11 with BLADE. Without competing flows, both schemes
maintain speeds above 50 Mbps. However, IEEE degrades
with 40% of traffic below 50 Mbps under one competing flow
(BLADE keeps 94% at 10–50 Mbps). Under heavy contention,
50% of IEEE traffic drops below 10 Mbps,while 67% BLADE
traffic exceeds 20 Mbps. These results proving BLADE miti-
gates contention-induced degradation for more stable through-
put.
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Figure 18: Distribution of transmission
delay for four iperf flows.
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Figure 19: Distribution of MAC through-
put for four iperf flows.
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Figure 20: End-to-end frame delay under
varying number of iperf flows.

Table 4: Download bandwidth distribution under different
contention levels (%)

Bandwidth
(Mbps)

0 Flow 1 Flow 2 Flows 3 Flows
IEEE Blade IEEE Blade IEEE Blade IEEE Blade

0–5 0 0 1 0 0 0 1 0
5–10 0 0 5 0 43 1 79 0
10–20 0 0 50 2 57 17 10 24
20–30 0 0 3 3 0 71 0 74
30–40 0 0 0 52 0 9 0 2
40+ 100 100 41 43 0 2 0 0

Overall, these real-world experiments demonstrate that
BLADE effectively optimizes CW adjustment, accommodat-
ing both throughput and latency-sensitive applications.

7 Discussion
Why not centralized scheduling? Explicit scheduling (e.g.,
TDMA-style airtime reservation) avoids contention, but re-
quires tight coordination and a common administrative do-
main, which is unachievable for Wi-Fi routers purchased
and controlled by end consumers who lack centralized man-
agement capabilities.In contrast, BLADE operates within
CSMA/CA, only adjusting local contention windows (CW).
Its fully distributed design enables incremental deployment
in commodity APs without neighboring coordination.
Coexistence with IEEE 802.11 Contention Control.
BLADE achieves fair convergence when universally deployed,
but may inadvertently cede transmission opportunities to
IEEE 802.11-compliant devices (which typically retain small
contention windows). As shown in §G,configuring BLADE
with a higher MARtar enhances its competitiveness with
legacy devices. Notably, BLADE supports incremental de-
ployment: even on partial adoption, it suppresses contention-
driven packet-delivery droughts for its own traffic, while full
deployment maximizes fairness and latency performance.
Hidden Terminal. Since BLADE relies on the consensus sig-
nal from the same channel, it may be affected by the Hidden
Terminal Problem [39], where transmitters perceive differ-
ent transmission opportunity utilization rates. In this setting,
MAR should be interpreted as a “local” contention signal
within a carrier-sensing domain rather than a globally consis-
tent metric. RTS/CTS is widely used to mitigate this issue.
Since a CTS is followed by a PPDU transmission from a
hidden terminal, upon receiving CTS, BLADE can infer that

two transmission opportunities have been utilized when cal-
culating MAR. We show in §H that BLADE maintains low
PPDU transmission delay for all transmitters in the presence
of hidden terminals.

8 Related Work
Real-Time Streaming in Wireless Networks. Many prior
studies have discussed the latency bottleneck of wireless net-
works in real-time streaming. They propose various methods
to reduce the tail frame delivery latency, including congestion
control algorithms [8], multipath transmission [9], and novel
loss recovery schemes at both transport layer [11] and applica-
tion layer [40]. These studies regard wireless fluctuations as
inherent to the link and rely on indirect solutions from higher
layers to alleviate its impact. Orthogonal to all these methods,
BLADE takes a direct approach on the link layer to mitigate
the long tail latency induced by Wi-Fi last hop and can be
jointly deployed with them.
Wi-Fi Performance Enhancement. Prior work improves Wi-
Fi via rate adaptation, contention control, channel selection,
and AQM [28, 29, 35, 41–43]. Few focus on latency-sensitive
flows [10, 44]. BLADE targets contention-driven tail latency
with no traffic-pattern assumptions.

9 Conclusion
In this paper, we reveal the fundamental limitation of the
contention window adjustment mechanism in IEEE 802.11
standard and identify it to be the root cause of long tail video
frame delivery latency of next-generation real-time communi-
cation applications (NGRTC) in Wi-Fi networks. We present
BLADE, a novel contention window control algorithm. Com-
pared to the standard, BLADE can significantly reduce Wi-Fi
transmission latency and improve MAC throughput. We be-
lieve BLADE to be an important building block towards the
rapid development of NGRTC.
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A PPDU Contention Interval Calculation

Since the random backoff procedure is handled by WNIC
firmware, it is not easy to directly acquire the contention
interval for each PPDU transmitted in Wi-Fi. Therefore, we
adopt a passive approach: we deploy an AP-STA pair and use
iperf to keep the AP WNIC busy. We place a Wi-Fi sniffer
closely to the AP to capture all traffic (including PPDUs and
ACKs) related to the AP. As shown in Fig. 21a, because the
WNIC keeps busy, the frame exchange sequence (FES) of
the i-th PPDU is immediately followed by the FES of the
(i+1)-th PPDU. From the sniffed trace, we can acquire the
precise timestamp of PHY transmission event T i

tx and ACK
event T i

ack of the i-th PPDU. Since the DIFS, SIFS and ACK
are standard intervals with fixed values, we can calculate the
contention interval of the (i+1)-th PPDU as T i+1

tx −T i
ack−

ACK−DIFS. The PHY transmission time of the i-th PPDU
can be calculated as T i

ack−T i
tx−SIFS.

Upon transmission failures, no ACK frame is sniffed. As
illustrated in Fig. 21b, in this case, we can calculate the PHY
transmission time of the i-th PPDU τi

PHY as we can acquire
the PPDU size and transmission rate from the sniffed trace.
Therefore, the contention interval of the (i+1)-th PPDU can
be calculated as T i+1

tx −T i
tx− τi

PHY −SIFS−DIFS.

B Limitation of Priority-Based IEEE 802.11
Contention Control

IEEE 802.11e standard [45] has proposed Enhanced Dis-
tributed Channel Access (EDCA), defining several Access
Categories (ACs) queues with different CWmin and CWmax val-
ues to accommodate various QoS requirements. Specifically,
there are BK (Background) queue with CWmin = 7,CWmax =
1023 BE (Best Effort) queue with CWmin = 15,CWmax = 1023,
VI (Video) queue with CWmin = 7,CWmax = 15, and VO
(Voice) queue with CWmin = 1,CWmax = 3. While the BE
queue is the default, adopting AC queues with higher prior-
ity can lower the CW value and occupy more transmission
chances. However, with the rapid development of RTC appli-
cations, it is common to have multiple RTC sessions in the
same wireless environment nowadays. When multiple flows
with high priority contend for transmission chances in the
same channel, the contention level can be severely intensified,
leading to more collisions. We demonstrate this by repeating
the experiment in §6.1.1, with N (N = 2,4,6) iperf flows
saturating the link with the VI queue. As shown in Fig. 22,
with competing flows from VI queues, the PPDU transmis-
sion delay significantly increases even with N = 2, compared
to the BE queue (the 99.99th percentile delay is 56 ms for BE
queue, as shown in Fig. 10a). Therefore, the MAC throughput
within 100 ms interval exhibits a more unsteady pattern, with
19% starvation rate when N = 4 (the starvation rate for BE
queue when N = 4 is 4%, as shown in Fig. 11b).
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(b) Transmission failure.
Figure 21: Illustration of PPDU contention interval calculation.
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(a) PPDU transmission delay.
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(b) MAC throughput.
Figure 22: Performance of VI AC queue with N competing
flows.
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(a) RTS/CTS disabled.
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(b) RTS/CTS enabled.
Figure 23: Influence of hidden terminal on BLADE with
RTS/CTS disabled/enabled.

C Additional Evaluation Results

C.1 Parameter Sensitivity
We evaluate the parameter sensitivity of BLADE by repeating
the experiment in §6.1.1 with N = 4 and different parameter
values. As shown in Tab. 5, changes in parameter values
lead to negligible performance shifts compared to the default
configuration. Therefore, BLADE is robust and not sensitive
to its parameters.
D Detailed Anatomy of Packet Delivery

Droughts
This appendix expands the mechanism summary in §3.2. We
provide (i) ns-3 simulation evidence that collisions increase
retransmissions under multi-AP contention, (ii) controlled AP
experiments validating the same effect in practice, and (iii)
a packet-level example and delay decomposition illustrating
how countdown freezes amplify contention intervals.

Variant Avg. MAC
Throughput (Mbps)

50/95/99/99.9/99.99th
PPDU TX Delay (ms)

BLADE Default 48.5 9.8/21.0/26.7/34.6/42.1
Minc = 250 48.1 9.8/21.2/27.3/35.2/43.1
Minc = 125 48.6 9.7/21.0/26.6/34.3/42.4
Mdec = 0.85 48.5 9.7/21.4/27.7/36.5/44.9
Mdec = 0.75 48.1 9.7/21.9/28.6/37.8/46.4

Ainc = 10 48.2 9.8/21.2/26.9/35.0/42.1
Ainc = 30 48.9 9.6/21.7/28.2/37.1/46.1
A f ail = 10 48.6 9.7/21.2/27.1/35.3/42.5
A f ail = 20 48.7 9.7/21.7/28.1/37.7/44.4

Table 5: Parameter Sensitivity of BLADE.

To understand why packets fail to be delivered within mea-
surement intervals, we conducted systematic NS3 simulations,
which accurately model Wi-Fi’s CSMA/CA behavior [33,34].
We deploy N Wi-Fi APs contending in the same channel, each
transmitting iperf flows to saturate the link. Our analysis
reveals two key factors that lead to packet delivery droughts:

First, packet retransmissions significantly extend the to-
tal delivery time, as each failed attempt requires additional
transmission attempts. Fig. 26 demonstrates how channel
contention directly impacts retransmission frequency: with
2 competing devices (N = 2), almost all packets are deliv-
ered successfully on first attempt. However, as contention in-
creases, packets require more retransmission attempts. When
eight devices compete (N = 8), 34% of packets need at least
one retransmission, with some requiring up to 6 retries. This
means a single packet can require multiple transmission at-
tempts before successful delivery, substantially extending its
delivery time.

Second, and more critically, each retransmission triggers
a vicious cycle due to Wi-Fi’s exponential backoff mecha-
nism. When a transmission fails, the device doubles its con-
tention window, effectively reducing its ability to compete for
channel access compared to devices with smaller windows.
Fig. 27 demonstrates this effect by tracking contention inter-
vals across successive retransmission attempts (with N = 6).
While the first transmission attempt experiences relatively
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(b) N = 4.
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(c) N = 8.
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(d) N = 16.
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(e) N = 32.
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(f) N = 64.
Figure 24: L(MAR) dynamics with respect to different values of MAR and η under different transmitter numbers N. The blue
line illustrates the optimal MAR value for each η.
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(b) BLADE’s HIMD
Figure 25: The comparison of convergence speed of tradi-
tional AMID and HIMD of BLADE.

short contention intervals, each subsequent attempt faces pro-
gressively longer delays due to the enlarged contention win-
dow. By the sixth retransmission, over 60% of PPDUs ex-
perience contention intervals exceeding 200ms. As a result,
the transmission delay for each PPDU (i.e., frame exchange
sequence duration in Fig. 2) significantly increases with com-
peting flow number N, as shown in Fig. 28. This combination
of frequent retransmissions and extended contention inter-
vals explains the packet delivery droughts we observed in
production networks.

D.0.1 Validating Simulation Results with Wi-Fi AP
To complement our simulation findings and validate them in
real-world conditions, we conducted controlled experiments
using commercial Wi-Fi APs. While our simulations provide
insights into the fundamental relationship between contention
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Figure 26: PPDU retransmis-
sion times with N competing
flows.
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Figure 27: PPDU backoff time
at the n-th transmission with
N = 6.

and packet delivery, real-world factors such as channel dy-
namics and interference could affect these behaviors. We set
up a testbed using Xiaomi AX3600 Wi-Fi APs in a typical
office environment, where they experience natural channel
contention from existing network traffic. Through these exper-
iments, we aim to verify whether the packet delivery patterns
and retransmission behaviors observed in simulations mani-
fest similarly in practice.

In our experiments, we established a saturated link between
the AP and a client device (STA) using iperf, allowing us to
observe the system under consistent load. By analyzing air-
sniffed traces, we calculated precise PHY transmission delay
and contention interval for each PPDU (detailed methodol-
ogy in §A). This controlled setting enabled us to dissect the
transmission process and identify the key factors leading to
packet delivery drought.
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Figure 28: PPDU transmis-
sion delay with N competing
flows.
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Figure 30: Lifetime of a single PPDU (in red). Green triangles
illustrate the competing traffic from other devices.

An Example of Extended Packet Delivery Time. Fig. 30
shows how a single packet’s delivery time can extend to
75.9ms, orders of magnitude longer than expected. This signif-
icant extension stems from two factors. First, after each colli-
sion, the PPDU requires a retransmission attempt, and our ex-
ample packet needs multiple retransmissions. Second, during
each retransmission attempt, the contention interval becomes
severely extended. While the doubled contention window
only increases from CW=15 (max of 135µs) to CW=31 (max
of 279µs), the actual contention intervals stretch to 43.5ms
and 25.5ms because other devices (green triangles) repeatedly
gain channel access during the countdown process. Each time
another device transmits, our PPDU must freeze its count-
down. Through this combination of multiple retransmission
attempts and extended contention intervals, what should be a
quick packet delivery becomes a 75.9ms process.

Statistical Analysis of Contention Intervals. To quantify
this phenomenon, we analyzed the distribution of both PHY
transmission times and contention intervals across all PP-
DUs (Fig. 29). PHY transmission time—the actual time spent
transmitting data over the air as shown in Fig. 2—remains pre-
dictably brief (< 5ms at 99.99th percentile) due to fixed Wi-Fi
hardware constraints. In stark contrast, contention intervals,
representing time spent competing for channel access, exhibit
alarming variability. While their median stays below 1ms,
the tail extends dramatically, exceeding 200ms at the 99.99th
percentile. This means Wi-Fi devices spend orders of mag-
nitude more time competing for transmission opportunities
than actually transmitting data.

Takeaway. Our real-world measurements validate that packet
delivery drought stems from both retransmission attempts and
extended contention intervals, with devices spending up to
200ms competing for channel access compared to just 5ms
for actual data transmission.

E MAR-Driven CW Control Algorithm
The detailed pseudo code of the MAR-driven CW control
algorithm is shown in Alg. 1.

F Target MAR Analysis
The target microscopic access rate MARtar plays an essential
role in BLADE’s stable-state control policy. Here, we analyze
the impact of MARtar and discuss the criteria for selecting its
optimal value.

F.1 Inverse Proportion
We first analyze the relationship between the CW value and
the microscopic access rate MAR. For a transmitter i with
contention window CWi, the probability τi of attempting a
transmission at any given transmission chance (highlighted in
red in Fig. 9) is the probability that its random backoff timer
reaches zero at that moment:

τi =
CWi

∑
CWi
k=1 k

=
2

CWi +1
(7)

In the stable state, the contention windows of all transmitters
converge to the same value CW (i.e., τi = τ = 2

CW+1 ). With N
transmitters, the probabilities for a transmission chance being
idle, occupied by a successful transmission, or resulting in a
collision are as follows:

Pi = (1− τ)N , Ps = Nτ(1− τ)N−1, Pc = 1−Pi−Ps (8)

The microscopic access rate MAR represents the probability
that a transmission chance is used:

MAR = 1−Pi = 1− (1− τ)N τ≪1
≈ Nτ =

2N
CW +1

(9)

Since CW values are typically much larger than 1, we apply a
first-order approximation in Eqn. 9. This shows that, in the
stable state, the microscopic access rate MAR is inversely
proportional to the converged contention window value CW .

F.2 Robustness
Here, we discuss the selection of the target MAR. In the stable
state, the micro-level bandwidth fairness is achieved as all
transmitters’ CW values converge to the same. Therefore, our
target MAR aims to maximize the overall transmission band-
width. Suppose the average PPDU size is S, the average time
of a successful transmission, collided transmission, and slot
time is Tt , Tc, and Ts, respectively. Note that BLADE’s design
principle and control logic do not rely on these assumptions.
Similar to the derivation in [28], the overall throughput can
be presented as:

T hp =
PtS

PsTt +PcTc +PiTs
=

S

Tt +
(1−Pi−Ps)η+Pi

Ps
·Ts

(10)

148    23rd USENIX Symposium on Networked Systems Design and Implementation USENIX Association



where η = Tc/Ts. To maximize T hp, combined with Eqn. 8
and Eqn. 9, we only have to minimize the cost function:

L(MAR) =
(1−Pi−Ps)η+Pi

Ps

=
N−MAR

N
· (η−1)MAR+1

MAR(1−MAR)
(11)

The optimal value MARopt is determined by N and η. How-
ever, since MAR < 1 and N ≥ 2, MAR has a negligible effect
on the first term N−MAR

N . As a result, MARopt is almost inde-
pendent of the number of transmitters N. Next, consider the
second term (η−1)MAR+1

MAR(1−MAR) . Taking the derivative of this term
and setting it equal to zero yields:

MARopt =
1

√
η+1

(12)

Since η represents the number of time slots occupied by a
collided transmission, its average value depends on the PHY
transmission time of each PPDU, which in turn is determined
by the PPDU size and PHY transmission rate. In the 802.11ax
(Wi-Fi 6) standard, η can range from 20 to over 500. More
importantly, although the optimal value of MAR is primarily
determined by η, the cost function L(MAR) is relatively in-
sensitive to changes in MAR. We illustrate this by plotting
L(MAR) against different values of MAR and η in a heatmap
(Fig. 24) with increasing N values. As MAR deviates from
MARopt , the change in L(MAR) is minimal, and such pat-
tern does not change with the increase of N value. Therefore,
BLADE is robust to the selection of MARtar, as long as it
remains within a "safe zone" (±0.1) around MARopt . As a
result, from Fig. 24, we set the default value of MARtar to be
0.1.

G Coexistence with IEEE 802.11 Standard
Contention Control

Similar to the experimental setup in §6.1.1, we deploy four
AP-STA pairs, with two pairs running BLADE and the other
two pairs using the IEEE 802.11 standard contention control
policy. The APs saturate the wireless link by sending iperf
traffic to the STAs. As shown in Tab. 6, with MARtar increas-
ing from 0.1 to 0.5, BLADE becomes more competitive to
the standard control policy and gains more MAC throughput
with lower PPDU transmission delay. Therefore, BLADE can
be configured with higher MARtar values when coexisting
with the standard policy, while still ensuring convergence and
fairness when all APs implement BLADE.

H Influence of Hidden Terminal
Since BLADE relies on the consensus signal from the same
channel, it may be affected by the Hidden Terminal Prob-
lem [39]. To demonstrate this impact, similar to the exper-
imental setup in §6.1.1, but we deploy the AP-STA pairs
in three rooms arranged in a row. Transmitters at both ends

cannot hear each other, acting as hidden terminals, while trans-
mitters in the middle can hear traffic from both ends, acting as
exposed terminals. We show the PPDU transmission delay dis-
tribution for hidden and exposed terminals in Fig. 23. When
RTS/CTS is disabled, both BLADE and the IEEE 802.11 stan-
dard contention control policy result in increased tail latency
for exposed terminals, as they undergo more intensive con-
tention. However, with RTS/CTS enabled, because BLADE
counts CTS signals in opportunity utilization rate calculation,
BLADE shows much smaller differences in delay distribution
between exposed and hidden terminals. These results demon-
strate that BLADE is compatible with the widely deployed
RTS/CTS mechanism and is robust to the Hidden Terminal
Problem when RTS/CTS is enabled.

I BLADE Contention Window Control Algo-
rithm

We show the pseudo-code of BLADE contention window con-
trol algorithm in Alg. 1.

J Observation Interval Analysis
Assume that all Wi-Fi devices in the current Wi-Fi environ-
ment are collaboratively working to stabilize the MAR around
the target value MARtar. We assume that the state of the chan-
nel being busy is represented by 1, and the state of the chan-
nel being idle is represented by 0. These busy or idle states
of the channel over a period of time form an approximate
i.i.d. sequence of Bernoulli random variables Xi, with suc-
cess probability MARtar = 0.15. The sample mean over Nobs
observations is:

XNobs =
1

Nobs

Nobs

∑
i=1

Xi.

For Nobs = 300, the standard error (SE) of X300 is:

SE(X300) =

√
0.15×0.85

300
≈ 0.0206.

By the Chernoff bound for binomial distributions, the prob-
ability of deviation exceeding δ satisfies:

P(|XNobs−MARtar| ≥ δ)≤ 2exp
(
− Nobsδ

2

3MARtar(1−MARtar)

)
.

For Nobs = 300 and δ = 0.02:

P(|X300−0.15| ≥ 0.02)≤ 2e−0.314 ≈ 1.462%.

This confirms that the estimation error remains negligible
with high probability. So Nobs = 300 is Sufficient.

USENIX Association 23rd USENIX Symposium on Networked Systems Design and Implementation    149



MARtar = 0.1 / IEEE MARtar = 0.25 / IEEE MARtar = 0.35 / IEEE MARtar = 0.5 / IEEE
Avg. MAC Throughput (Mbps) 2.2 / 94.1 21.8 / 60.0 28.1 / 52.5 32.0 / 43.9

50th PPDU TX Delay (ms) 224.8 / 4.6 21.3 / 6.5 16.1 / 7.2 13.7 / 7.9
95th PPDU TX Delay (ms) 491.7 / 11.3 48.6 / 21.6 38.9 / 25.1 38.9 / 25.1
99th PPDU TX Delay (ms) 634.1 / 17.9 63.9 / 38.8 52.9 / 48.5 52.9 / 48.5

99.9th PPDU TX Delay (ms) 888.2 / 34.9 88.8 / 85.7 72.2 / 112.6 72.2 / 112.6
Table 6: The performance of BLADE coexisting with IEEE 802.11 standard contention control policy.

K Collision Probability in Wi-Fi Networks
Consider a scenario with N Wi-Fi devices, where each device
has a transmission probability of τ in an arbitrary time slot
and the transmission queue of each device remains non-empty.
The collision probability, denoted as ρ, can be expressed as:

ρ = 1− (1− τ)N−1. (13)

Assume all Wi-Fi devices operate in the BE (Best Effort)
queue, where the contention window (CW ) doubles from
CWmin to CWmax after each retransmission, up to a maximum
of r retransmissions. Suppose x transmissions use CWmin, and
xρi transmissions use CWmin2i for 0≤ i≤ r. The probability
of transmitting with CWmin2i is then given by:

Pi =
xρi

∑
r
j=0 xρ j =

ρi

∑
r
j=0 ρ j . (14)

Thus, the transmission probability τ can be derived as:

τ =
r

∑
i=0

2Pi

CWmin2i . (15)

By solving Eqn. 13, Eqn. 14 and Eqn. 15 simultaneously,
the solution for ρ is obtained numerically using the bisection
method within the range (0,1), ensuring convergence to the
unique solution for each N. Fig. 31 illustrates the variation
in collision probability as the number of co-channel Wi-Fi
devices increases. The analysis assumes that all Wi-Fi devices
operate under the BE queue and maintain continuously non-
empty transmission queues. The results indicate that when the
number of co-channel Wi-Fi devices reaches 10, the collision
probability exceeds 50%, highlighting the significant impact
of device density on network performance.

L When MAR is Fixed, the Collision Probabil-
ity is Constrained Below MAR

Consider a scenario where N WiFi devices continuously trans-
mit data packets. Assuming that the contention window (CW)
value for each device is ω−1, the attempt probability τ (i.e.,
the probability that any given WiFi device completes its ran-
dom backoff and begins transmission at any slot-time [46]
can be expressed as:

τ =
ω

ω2

2

=
2
ω

(16)
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Figure 31: Collision probability vs. number of co-channel Wi-
Fi devices (when the transmission queue remains non-empty).

The probability of a collision occurring when a WiFi device
attempts transmission, denoted as ρ, is given by Eqn. 13. The
MAR is defined as the probability that the channel is in a
busy state, which corresponds to at least one WiFi device
transmitting. This can be expressed as:

MAR = 1− (1− τ)N (17)

Given that τ = 2
ω
∈ (0,1) and is relatively close to zero, it

follows that:

MAR = 1− (1− τ)N > 1− (1− τ)N−1 = ρ (18)

This implies that, when MAR is determined, the collision
probability remains stable at a level below MAR.
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Algorithm 1: BLADE contention window control.
Parameters
Nobs,MARtar,MARmax ▷ Default 300, 0.1, 0.35
CWmin,CWmax ▷ Default 15, 1023
Minc,Mdec,Ainc,A f ail ▷ Default 500, 0.95, 15, 5

Initialization
Nidle← 0, Ntx← 0, f irst_rtx← True,
CW ←CWmin, CWf ail ←CW

Func OnNewWNICState(state, duration)
if state = IDLE then

Nidle← Nidle +duration/slot_time
if state = BUSY then

Ntx← Ntx +1

Func OnACK() ▷ Stable Control Policy
CW ←CWf ail ▷ Restore the CW at previous failure
if Nidle +Ntx < Nobs then

return ▷ No enough samples
MAR← Ntx/(Ntx +Nidle)
if MAR > MARtar then

CW ←CW +CW ·max{0,MAR−MARmax}+
Minc(min{MAR,MARmax}−MARtar)+Ainc

else
CW ←min{Mdec− (1−Mdec)(CW−CWmin)

CWmax−CWmin
, 2MAR

MARtar+MAR}×CW

Nidle← 0, Ntx← 0,
CWf ail ←CW, f irst_rtx← True

Func OnACKFailure() ▷ Fast Recovery from Collision
if f irst_rtx then

CWf ail ←CW +A f ail ▷ Increase and store CW
CW ←CWf ail/2 ▷ Accelerated retransmission
f irst_rtx← False ▷ Only accelerate once
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