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Abstract- Recent advance in IEEE 802.11 based standard has
pushed the wireless bandwidth up to 600Mbps while keeping the
same wireless medium access control (MAC) schemes for full
backward compatibility. However, it has been shown that the
inefficient protocol overhead casts a theoretical throughput
upper limit and delay lower limit for the IEEE 802.11 based
protocols, even the wireless data rate goes to infinitely high. Such
limits are important to understand the bottleneck of the current
technology and develop insight for protocol performance
improvements.
This paper uses a queuing system approach to extend the
discussions of IEEE 802.11 protocol throughput and delay limits
to the situation that arbitrary non-saturated background traffic
is present in the network. We derive analytical models to quantify
the performance limits for Distributed Coordination Function
(DCF) of legacy 802.11a/b/g and Enhanced Distributed
Coordination Access (EDCA) of IEEE 802.11e. We find such
limits are functions of the underlying MAC layer backoff
parameters and algorithms, and are highly dependent on the load
that background traffic injects into the network. Depending on
the rate of arrival traffic, the packet delay limit may become
unbounded such that no delay sensitive services can be operated
under such condition. Moreover, we also discuss the effects of
different frame aggregation schemes on the performance limits
when data rate is infinite. The developed model and analysis
provide a comprehensive understanding of the performance
limitations for IEEE 802.11 MAC, and are useful in gauging the
expected QoS for the purposes such as admission control.
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I. INTRODUCTION
In recent years, the IEEE 802.11-based [1] wireless local

area networks (WLANs), namely IEEE 802.11b [2], 802.1ig
[3], and 802.1 la [4], have been increasingly popular in
providing low-cost high-bandwidth (up to 54Mbps) wireless
connections. With the growing demands of higher bandwidth
for applications such as high-definition video streaming,
network storage, and online gaming, the industry has been
working to seek higher data rate (HDR) extensions [5]-[7] to
the family of IEEE 802.11 specifications. Earlier this year,
IEEE Working Group meeting approved the first draft of IEEE
802.1 In [8], in which the data rate is expected to be as high as
600Mbps. Moreover, the 802.1 In specification adopts the same
medium access control (MAC) schemes to ensure backward
compatibility with existing IEEE 802.11 specifications.
The industry also seeks advancement in providing better

Quality-of-Service (QoS) at the MAC layer. A QoS
amendment of IEEE 802.11 MAC, IEEE 802.1le [9], aims to
provide service differentiations to different traffic types. In

particular, the Enhanced Distributed Channel Access (EDCA)
contention-based medium access improves the legacy IEEE
802.11 Distributed Coordination Function (DCF) by providing
differentiated medium contention opportunities to high priority
traffic.

Despite the efforts on advancing data rate and QoS of IEEE
802.11, an analysis of theoretical throughput and delay limit
was first discussed in [10] by Xiao and Rosdahl. The paper
emphasized on the 802.11 MAC overhead effectiveness and
proved the existence of theoretical throughput and delay limits
for IEEE 802.11 DCF protocol. The authors concluded that,
given that the PHY data rate has advanced to infinitely high
and only one station transmits in the ideal channel condition,
the minimum time required for completing one packet
transmission task is bounded by transmission time of PHY and
MAC headers as well as MAC layer backoff waiting time, and
consequently bounds the maximum achievable throughput and
minimum achievable packet delay. In [11], the authors
extended the derivation of packet transmission time to
consider collisions and backoff freeze in the case that multiple
stations transmit in saturation mode.

However, the results in [10] and [11] only represent the
throughput and delay limit in aforementioned special cases but
are unsuitable to real-world scenarios, which typically consist
of multiple wireless stations operating in non-saturation mode.
Besides, the delay analysis presented in [11] only considers
the "medium access delay" and fails to address the waiting
time packets spent when backlogged. On the other hand, as the
models used in [10] and [11] are only applicable to legacy
IEEE 802.11 DCF, it is also important to expand the
explorations of theoretical limits to the QoS enhanced IEEE
802.1 le specification. In particular, it is essential to answer the
following questions: will the similar performance boundaries
exist in the EDCA MAC protocol? If so, how to quantify such
boundaries in different prioritized traffic categories and what
are the subsequent impacts in fulfilling the QoS requirements
promised by IEEE 802.1 le EDCA?

Therefore, this paper aims to provide a comprehensive
understanding of the performance limitations on throughput
and total system delay of both IEEE 802.11 DCF and EDCA
MAC protocols with arbitrary amount of saturated and non-
saturated competing traffic. Such analysis is critical and
distinct from other IEEE 802.11 performance modeling paper
in the sense that it not only pinpoints the performance
bottleneck of state-of-the-art IEEE 802.11 technologies but
also develops insight for future protocol performance
improvements. The key point of this paper is in proposing a
queuing system point of view to directly analyze the access
dynamics of 802.11 contention-based MAC. Each wireless
station is modeled as a queuing system with the packet
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generation process as the 'arrival process' and the variable
amount of time a packet spends on MAC layer medium
contention as the packet 'service process'. The packet
throughput and delay bound is then derived with infinitely
high operating data rate. The results are validated through
extensive simulations under various network loading and
operation conditions. The challenges to such analysis are in
modeling the dynamic interactions between the arrival pattern
of the considered node and the significantly variable amount
of network delay incurred by the backoff, collision, and re-
transmission procedures under different background traffic
load level.

Our paper makes the following contributions:
* We construct a lightweight mathematical model for
characterizing the throughput and delay limits and
performance of contention-based IEEE 802.11 MAC. The
proposed model enables us to systematically explore the
effects of backoff settings, arrival processes, competing
traffic characteristics, and frame aggregation schemes on
theoretical throughput and delay limit of different versions
of IEEE 802.11 MAC protocols, including legacy DCF
and QoS enhanced EDCA.

* We discover a performance bottleneck of the 802.11
DCF and EDCA that is not explicitly discussed in a
quantifiable manner from previous literature: under the
presence of background traffic, there is a turning point that
packet delay becomes unboundedly high when packets
arrive faster than the packet 'service' rate.

The rest of the paper is outlined as follows. Section II
provides background information for IEEE802.11 MAC
standard. Section III describes the queuing system based
mathematical model for packet throughput and delay of IEEE
802.11 MAC. Evaluations and simulation comparisons of the
proposed model is presented in Section IV. Section V
concludes and provides future work directions.

II. BACKGROUND
In this section, we briefly review the legacy IEEE 802.11

DCF MAC protocol and the enhanced IEEE 802.1le EDCA.
We also describe the differences among 802.1 lb, 802.1 Ig, and
802.1 la. We highlight the different backoff settings, including
the special protection feature for 802.1lg devices to
interoperate with 802.1 lb devices, which affect the derivation
of the proposed model.
A. DCF and EDCA of802.11 Standard

The DCF of IEEE 802.11 is a "listen-before-talk" medium
access scheme based on the Carrier Sense Multiple Access
with Collision Avoidance (CSMA/CA) protocol. Before
initiating any packet delivery, the station detects the wireless
medium to be idle for a minimum duration called DCF
Interframe Space (DIFS). The station randomly select the
backoff timer interval from [0, CW..in] number of slot-time,
where slot-time is a parameter depends on the underlying
physical layer (PHY), and then enters the backoff process.
During the count-down of backoff timer, if the station senses
the medium busy, it stops decrementing the timer and does not
reactivate the paused value until the channel is sensed idle
again for more than a DIFS. At the timer expiration, the
station is free to access the medium for packet transmission.

AIFS[j] = AlFSnU]
AC CWmin CWmax AIFSn *Slot time+SIFS

AC BK 31 1023 7

AC-BE 31 1023 3 AlFS[i]
AC_VI 15 31 2

AC_VO 7 15 2 DIFS
. c . ~~Cc

DIFSSAIFSS
COTI

Figure 1. IEEE 802.1le EDCA

TABLE I. TIMING PARAMETERS OF 802.1 1A, 802.1IG, AND 802.1 lB
STANDARD

SlotTime
SIFS
DIFS
TP
Tply

cwmin
Supported Data Bit

Rate (Mbps)
54

802.11la 802.1lg
(pure/hybrid)

9gs 9gs/20gs
16gs 16gs/lOus
34gs 34gs/50I s
16gs 16gs/72gs*
4gs 4gsI24gs
15 15

t, 48, 36, 24 54, 48, 36, 24,
18, 12,9,6 18, 12,9,6/11,

5.5, 2, 1

802.lb

20pts
lOgs
50pts
72gs*
24gs
31

11,5.5,2,
1

Tp: transmission time of physical preambles
TPHY: transmission time of PHY header
*short preamble mechanism

Upon receiving an acknowledgement frame, the transmission
is considered successful; the CW is reset to minimum CWmin
and the station stands-by for the next packet arrival. The
transmission is considered failed if no acknowledgement is
received within a specified timeout; the station repeats the
backoff process with CW selection range doubled up to
maximum contention window, CWmax. If the transmission has
been re-tried for up to RetryLimit times, the packet will be
discarded and the CW is reset to CWmin.
The EDCF is a variant of DCF and provides prioritized

Quality-of-Service (QoS) support among different traffic
types. Each QoS-enhanced station (QSTA) maps the packets
arriving at MAC layer into four different access categories
(ACs) and assigns a set of backoff parameters, namely
Arbitration IFS (AIFS), CWmin, and CWmax to each AC. As
illustrated in Figure 1, each AC uses its own backoff
parameters to contend for the wireless medium by the same
backoff rules as legacy DCF stations in the previous
paragraph. The AIFS [AC], determined by AIFS [AC] =
AIFSn[AC]. slot-time + aSIFSTime, replaces the fixed DIFS
in DCF. Shorter AIFS[AC] in higher priority AC provides
high priority traffic earlier timing to unfreeze the paused timer
after each busy wait period. On the other hand, smaller CW
sizes probabilistically provide shorter backoff stages to high
priority traffic. More detailed description of DCF and EDCF
can be found in [2] and [9] respectively.
B. IEEE 802.11b, 802.11g, and 802.11a

The IEEE 802.1 lb, 802.1 la, and 802.llg are higher-speed
physical layer (PHY) extensions of the IEEE 802.11 standard.
They all use the same DCF medium access mechanism
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