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THE EV O L U T I O N O F WIRELESS LANS AND PANS

INTRODUCTION
The IEEE 802.11 (802.11) wireless local area net-
work (WLAN) is being deployed widely and
rapidly for many different environments, includ-
ing enterprise, home, and public access network-
ing [1]. The main characteristics of the 802.11
standard are simplicity and robustness against
failures due to the distributed approach of its
medium access control (MAC) protocol [2]. There
is a diverse set of versions of WLANs in the
market, which apply different transmission
schemes and operate in different frequency
bands. Operating in the industrial, scientific, and
medical (ISM) band at 2.4 GHz, the 802.11b ver-
sion provides data rates up to 11 Mb/s on the
wireless medium, applying complementary code
keying (CCK) and direct sequence spread spectrum
(DSSS) as transmission schemes. The 802.11a
version operates in the unlicensed 5 GHz band,
and is able to achieve data rates up to 54 Mb/s
on the wireless medium, applying the multicarri-
er technique orthogonal frequency-division multi-
plexing (OFDM) as the transmission scheme. The
802.11g version applies the same multicarrier
transmission scheme as 802.11a, but operates in
the 2.4 GHz ISM band like 802.11b. It is worth
noting that due to channel conditions and proto-
col overhead, the maximum achievable through-
put on the MAC layer is less than the data rate
available on the wireless medium.

Today, 802.11 WLAN (referred to as legacy
802.11 in this article) can be interpreted as a

wireless version of Ethernet supporting best
effort service. However, the interest in wireless
networks supporting quality of service (QoS) has
recently grown [1, 3–7]. There are already mech-
anisms available in the legacy 802.11 to support
QoS that have not yet been implemented in real
hardware because of their limitations. Accord-
ingly, the 802.11 working group initiated an
activity to enhance the current 802.11 MAC pro-
tocol to enable support of applications requiring
QoS. Analysis of the main results of this activity
is the goal of this article.

In this article we discuss the upcoming
enhancements of the 802.11e standard as speci-
fied in the current draft [8]. Limitations of QoS
support in the legacy 802.11 are discussed in the
next section. We summarize the new mecha-
nisms for QoS support being defined in 802.11e.
A performance evaluation of the described
mechanisms with the help of simulations is pro-
vided, followed by conclusions.

LEGACY 802.11
In this section the legacy 802.11 MAC protocol
defined in [2] is summarized. Its limitations to
support QoS are highlighted. We consider an
infrastructure basic service set (BSS), which is
composed of an access point (AP) and a number
of stations associated with the AP. The AP con-
nects its stations with the infrastructure such as
the Internet, and each associated station com-
municates only via the AP in legacy 802.11.

DISTRIBUTED COORDINATION FUNCTION
The basic 802.11 MAC protocol is referred to as
the distributed coordination function (DCF) and
operates as a listen-before-talk scheme, as
explained in the following.

Carrier Sense Multiple Access — The listen-before-
talk scheme of the DCF is based on carrier sense
multiple access (CSMA). Applying the DCF, a
station determines individually when to access
the medium. Hence, the decision making process
about medium access is distributed among all
stations. The station service responsible for
information exchange is referred to as MAC ser-
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vice data unit delivery (MSDU delivery). MSDUs
are transmitted with the help of a MAC protocol
data unit (MPDU) or, if a station decides to frag-
ment a long MSDU into a number of MPDUs,
with the help of several MPDUs. Stations deliver
MSDUs1 of arbitrary lengths (up to 2304 bytes)
(“talk”), after detecting that there are no other
transmissions in progress on the wireless medi-
um (“listen”). If two or more stations detect the
medium as being idle at the same time, they may
initiate their transmissions at the same time, and
inevitably a collision occurs.

Collision Avoidance — To reduce the probability of
collisions, the DCF applies a collision avoidance
(CA) mechanism, where stations perform a so-
called backoff procedure before initiating a trans-
mission. After detecting the medium as idle for a
minimum duration called DCF interframe space
(DIFS) (34 µs in 802.11a), stations keep sensing
the medium (listening) for an additional random
time called backoff time. A station initiates its
transmission only if the medium remains idle for
this additional random time. The duration of this
random time is determined by each station individ-
ually, as a multiple of a slot time (9 µs in 802.11a).
A new independent random value is selected for
each new transmission attempt. See Fig. 1 for an
illustration of the backoff procedure. Since stations
select the number of slots at random out of an
interval between 0 and contention window (CW),
which is initially set to the minimum value CWmin
(15 in 802.11a), it is less likely that collisions occur.
All stations use the same value for CWmin, but
select their random backoff time individually. Since
all stations operate with the same CWmin, all sta-
tions have the same medium access priority in the
DCF. This results in no mechanism to differentiate
between stations and their traffic, and therefore no
QoS support in the DCF.

If the medium gets busy due to interference
or other transmissions while a station is down-
counting its backoff counter (i.e., waiting until
the random time has elapsed), the station stops
downcounting and defers from medium access
until the medium becomes idle for a DIFS again
(Fig. 2). This occurs, for example, when the ran-
dom backoff time of a station is longer than the
random backoff time of at least one other sta-

tion. Stations that deferred medium access
because of detecting the medium as busy do not
select a new random backoff time, but continue
downcounting the time of the deferred backoff
after sensing the medium as idle again.

Since collisions may occur due to the nature
of the CSMA/CA protocol, a station that has
transmitted an MPDU needs to be informed
about the success of its transmission. Therefore,
in legacy 802.11 using the DCF, each transmitted
MPDU requires an acknowledgment (ACK).
For each successful reception of an MPDU, a
receiving station immediately acknowledges the
frame reception by transmitting an ACK frame
back to the transmitting station. If this ACK
frame is not received by the transmitting station
right after the MPDU transmission, this trans-
mitting station concludes that the MPDU was
not delivered successfully and may repeat the
transmission.

The CW of a transmitting station increases
when a transmission fails (i.e., the transmitted
data frame is not acknowledged). After any
unsuccessful transmission attempt, a new backoff
procedure is performed with double-sized CW,
up to a maximum value defined by CWmax
(equals 1023 in 802.11a). The CW is now larger
than before to reduce the probability of repeat-
ed collisions if there are multiple stations
attempting to access the medium. The larger the
CW, the smaller the collision probability.

After each successful transmission, the trans-
mitting station initiates another random backoff,
even if there is no other pending MSDU to be
delivered. This is often referred to as post-back-
off, as this backoff is done after, not before, a
transmission. There is one exception to the rule
that a backoff has to be performed before any
MPDU transmission. If an MSDU from the
higher layer arrives at the station when:
• The transmission queue is empty.
• The latest post-backoff has finished already.
• The medium has been idle for at least one

DIFS; it may be delivered immediately with-
out performing the backoff procedure.

The post-backoff guarantees that there is always
one random backoff time between two consecu-
tive frame exchanges, and therefore is an impor-
tant mechanism to guarantee DCF functionality.

1 The MSDU can be inter-
preted as the data frame
arriving at the MAC from
the higher layer, for exam-
ple, from the IEEE 802.2
logical link control (LLC)
sublayer. The MSDU is
transmitted inside one or
more MPDUs.

�� Figure 1. [3] Interframe spaces and backoff procedure with random contention window size. Here the
transmitting station uses CW = CWmin (15 slots) of 802.11a, and has selected a random backoff time of
12 slots.

SIFS

Time

CTS

With 802.11a:
Slot: 9 µs
PIFS: 25 µs

SIFS: 16 µs
DIFS: 34 µs

Contention window
(counted in slots,

9 µs per slot, 15 slots in 802.11a)

ACK

SIFS

Count down as long as medium is
idle, backoff when medium gets

busy

Defer access

SIFS

Busy
channel

PIFS

DIFS

SIFS

Data

RTS

Since collisions may
occur due to the

nature of the
CSMA/CA protocol,

a station that has
transmitted an

MPDU needs to be
informed about the

success of its
transmission.

Therefore, in legacy
802.11 using the

DCF, each transmitted
MPDU requires an
acknowledgment.



IEEE Wireless Communications • December 200342

Optional Fragmentation and RTS/CTS — To reduce
the loss of capacity due to collisions of long
MPDUs, MSDUs may also be fragmented into
multiple MPDUs. A large MSDU may be divid-
ed into several smaller MPDUs (i.e., fragments),
which can then be transmitted one after the
other as a fragment burst with individually
acknowledged fragments. One backoff is per-
formed before the transmission of the first frag-
ment. All following fragments are transmitted
subsequently without backoff. The benefit of
fragmentation is that in case of a collision or
other interference resulting in an error, less data
has to be retransmitted. The obvious drawback is
the increased overhead of fragmentation.

To reduce the hidden station problem, 802.11
uses a request-to-send/clear-to-send (RTS/CTS)
mechanism, which can be used optionally before
MPDU transmission. The hidden station problem
refers to a scenario where a station (the “hidden”
station) is not able to detect ongoing transmission
of other stations because of radio channel condi-
tions. The hidden station may initiate transmis-
sions during the ongoing transmission because it
determines the medium as idle, which may result
in unacceptable levels of interference at the receiv-
ing station. The RTS/CTS works as follows. Before
transmitting an MPDU, a station transmits a short
RTS control frame, followed by the CTS control
frame transmitted by the receiving station. The
RTS and CTS frames include information on how
long it will take to transmit the next data frame (in
fragmentation the first fragment), and the corre-
sponding ACK. Upon receiving either RTS or
CTS, stations in transmission range to the trans-
mitting station and hidden stations in transmission
range to the receiving station set their timer,
called a network allocation vector (NAV), with the

duration announced within the RTS/
CTS frames. The RTS/CTS frames protect the
MPDU from interference. Stations that receive
these frames will not start any transmission until
this timer expires. NAVs are shown as triangles in
Fig. 2.

Between two consecutive frames in the
sequence of RTS, CTS, MPDU, and ACK
frames, a short interframe space (SIFS) (16 µs in
802.11a) gives transceivers time to turn around.
It is worth noting that SIFS is shorter than DIFS,
which gives CTS and ACK always the highest
priority access to the wireless medium. No other
station can interrupt ongoing frame exchanges
(e.g., before an ACK is transmitted) by initiating
another transmission.

LIMITED QOS SUPPORT APPLYING THE
POINT COORDINATION FUNCTION

The legacy 802.11 uses the point coordination
function (PCF) to support QoS for time-bound
services. The PCF provides mechanisms for pri-
oritized access to the wireless medium, and is
centrally coordinated by a station called the
point coordinator (PC). This station is typically
the AP. PCF medium access has higher priority
than medium access according to the DCF.

Contention-Free Period — With the PCF, a con-
tention-free period (CFP) and a contention period
(CP) alternate periodically over time, where a
CFP and the following CP form one
superframe.2 The PCF is used for accessing the
medium during the CFP, whereas the DCF is
used during the CP. A superframe must include
a CP of a minimum length that allows at least
one MSDU delivery (one frame exchange) of

2 Originally, the phrase
superframe was defined
in the context of 802.11e,
but can also be used for
the legacy 802.11.

�� Figure 2. Timing of frame exchanges and NAV settings of the 802.11 DCF [3]. Station 6 cannot detect the RTS frame of transmitting
station 2, but receives the CTS frame of station 1. Although station 6 is hidden to station 1, it refrains from medium access because of
the NAV.
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maximum size and at the slowest transmission
rate under DCF.

A superframe starts with a beacon manage-
ment frame transmitted by the AP. This beacon
frame is transmitted irrespective of whether or
not the PCF is used. Beacon frames are used to
maintain synchronization of the local timers in
the stations and to deliver protocol-related
parameters. The AP generates beacon frames at
regular beacon frame intervals. Every station
knows when the next beacon frame will arrive.
These points in time are referred to as target
beacon transmission time (TBTTs) and are
announced in the previous beacon frame.

During the CFP, there is no contention among
stations; instead, stations are polled. See Fig. 3
for typical frame exchange sequences during a
CFP. The PC polls a station asking for the trans-
mission of a pending frame. Whenever the PC
itself has a pending frame destined to this station,
it uses a combined data and poll frame by piggy-
backing the CF-Poll frame onto the data frame.

Upon receiving the poll+data, the polled sta-
tion acknowledges the successful data reception
and piggybacks an MPDU. If the PC receives no
response from a polled station after waiting for a
PCF interframe space (PIFS) (25 µs in 802.11a) it
polls the next station, or ends the CFP. There-
fore, no idle period longer than a PIFS occurs
during a CFP. Note that a PIFS is longer than a
SIFS, but shorter than a DIFS. Because PIFS >
SIFS, a poll is not issued, for example, between
data and ACK, so a poll frame cannot interrupt
an ongoing frame exchange. The PC continues
with polling other stations until the CFP expires.
A specific control frame, CF-End, is transmitted
by the PC as the last frame within a CFP to indi-
cate the end of the CFP.

Unsolved Problems of PCF — There are problems
with the PCF that led to the current activities
within the IEEE 802.11 working group to enhance
the protocol. Among many others, those include
unpredictable beacon delays and unknown trans-
mission durations of the polled stations. At TBTT,
a PC schedules the beacon as the next frame to

be transmitted, but the beacon can only be trans-
mitted when the medium has been determined to
be idle for at least a PIFS. For the legacy 802.11
standard, stations can start their transmissions
even if the MSDU delivery is not finished before
the upcoming TBTT [7]. Depending on whether
the wireless medium is idle or busy at TBTT, a
delay of the beacon frame may occur. The time
the beacon frame is delayed from TBTT deter-
mines the delay of the transmission of time-
bounded MSDUs that have to be delivered in the
CFP. This may severely affect the QoS as it intro-
duces unpredictable time delays in each CFP.
Beacon frame delays of around 4.9 ms are possi-
ble in 802.11a in the worst case (longest MSDU,
fragmentation, RTS/CTS, most robust modulation
and coding scheme).

Another problem with the PCF is the
unknown transmission time of polled stations. A
station that has been polled by the PC is allowed
to deliver an MSDU that may be fragmented
and of arbitrary length, up to the maximum of
2304 bytes (2312 bytes with encryption). Further-
more, different modulation and coding schemes
are specified in 802.11a. As a result, the duration
of MSDU delivery after polling is not under the
control of the PC, which reduces the QoS pro-
vided to other stations polled during the rest of
the CFP.

A detailed description of existing problems in
QoS support in legacy 802.11 is provided in [4].

QOS SUPPORT MECHANISMS OF 802.11E

Enhancements to the above-described 802.11
MAC are currently under development. These
enhancements will lead to the 802.11e extension
of the 802.11 standard. 802.11e introduces the
hybrid coordination function (HCF) for QoS sup-
port [8]. The HCF defines two medium access
mechanisms:
• Contention-based channel access
• Controlled channel access (includes polling)
Note that 802.11e uses channel access as a syn-
onym for medium access. Contention-based
channel access is referred to as enhanced dis-

� Figure 3. An example of PCF operation [3]. Station 1 is the PC and polls station 2. Station 3 detects the
beacon frame and updates the NAV to the whole CFP. Station 3 has learned from earlier beacons that a
CFP starts after the TBTT shown here.
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tributed channel access (EDCA), controlled
channel access as HCF controlled channel access
(HCCA). With 802.11e, there may still be the
two phases of operation within a superframe
(i.e., CP and CFP). The EDCA is used in the CP
only, while the HCCA is used in both phases.
The HCF combines methods of the PCF and
DCF, which is the reason it is called hybrid.

Stations operating under the 802.11e protocol
are referred to as 802.11e stations in this article.
The station that operates as the central coordi-
nator for all other stations within the same QoS
supporting BSS (QBSS) is called the hybrid coor-
dinator (HC). Similar to the PC, the HC resides
within an 802.11e AP. A BSS that includes an
802.11e-compliant HC is referred to as a QBSS.
There are multiple backoff processes operating
in parallel within one 802.11e station, which will
be explained later. Therefore, in the following
we refer to backoff entities that attempt to deliv-
er MSDUs instead of stations.

BASIC IMPROVEMENTS OF THE
LEGACY 802.11 MAC

An 802.11e station (more precisely, a backoff
entity) that obtains medium access must not uti-
lize radio resources for a duration longer than a
specified limit. This important new attribute of

the 802.11e MAC is referred to as a transmission
opportunity (TXOP). A TXOP is an interval of
time during which a backoff entity has the right
to deliver MSDUs. A TXOP is defined by its
starting time and duration. TXOPs obtained via
contention-based medium access are referred to
as EDCA-TXOPs. Alternatively, a TXOP
obtained by the HC via controlled medium access
is referred to as HCCA-TXOP or polled TXOP.

The duration of an EDCA-TXOP is limited
by a QBSS-wide parameter referred to as TXOP-
limit. This TXOPlimit is distributed regularly by
the HC within an information field of the bea-
con.3 However, in the absence of legacy stations,
the TXOPlimit allows control of the maximum
time a backoff entity allocates the medium for
MSDU delivery, and therefore is an important
means to control MSDU delivery delay.

Another enhancement is that no backoff enti-
ty transmits across the TBTT. That is, a frame
exchange is initiated only if it can be completed
before the upcoming TBTT. This reduces the
expected beacon delay, which gives the HC bet-
ter control over the medium, especially if the
optional CFP is used after beacon transmission.

Additionally, an 802.11e backoff entity is
allowed to transmit frames directly to another
backoff entity in a QBSS, without involving com-
munication with the AP. In the legacy 802.11

�� Figure 4. [3] Legacy 802.11 station and 802.11e station with four ACs within one station.
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protocol, within an infrastructure-based BSS all
data frames are either sent or received by the
AP. For this purpose, an 802.11e station needs
to establish a direct link with another 802.11e
station using the direct link protocol (DLP)
before initiating direct frame transmissions.

HCF CONTENTION-BASED MEDIUM ACCESS
The QoS support in EDCA is provided by the
introduction of access categories (ACs) and mul-
tiple independent backoff entities. MSDUs are
delivered by parallel backoff entities within one
802.11e station, where backoff entities are priori-
tized using AC-specific contention parameters,
called EDCA parameter set. There are four
ACs; thus, four backoff entities exist in every
802.11e station. The ACs are labeled according
to their target application, i.e., AC_VO (voice),
AC_VI (video), AC_BE (best effort), and
AC_BK (background). See Fig. 4 for an illustra-
tion of the parallel backoff entities. The EDCA
parameter set defines the priorities in medium
access by setting individual interframe spaces,
contention windows, and many other parameters
per AC, as explained below.

EDCA Parameters per AC — Contention-based medi-
um access is performed in every backoff entity by
using different parameter values for the EDCA
parameter set. Which values to be used by which
backoff entity is defined by the HC. The EDCA
parameter set can be modified over time by the
HC, and is announced via information fields in
beacon frames. The same EDCA parameter set is
used by the backoff entities of the same AC in dif-
ferent stations. It is essential that the same values
for the parameters are used by all backoff entities.

Each backoff entity within a station indepen-
dently contends for a TXOP. It starts down-
counting the backoff-counter after detecting the
medium being idle for a duration defined by the
arbitration interframe space (AIFS[AC]) instead
of DIFS, which is used by legacy stations. The
AIFS[AC] is at least DIFS, and can be enlarged
per AC with the help of the arbitration interframe
space number (AIFSN[AC]). The AIFSN[AC]
defines the duration of AIFS[AC] according to

AIFS[AC] = SIFS + AIFSN[AC]
⋅ aSlotTime,    AIFSN[AC] ≥ 2.

AIFSN[AC] should be selected by the HC such
that the earliest access time of EDCA stations is
DIFS, equivalent to legacy 802.11. The parame-
ter aSlotTime defines the duration of a slot. The
smaller the AIFSN[AC], the higher the medium
access priority.

The minimum size of the contention window,
CWmin[AC], is another parameter dependent
on the AC. The initial value for the backoff
counter is a random number taken from an
interval defined by the CW, similar to legacy
DCF. See Fig. 5 for an illustration of the
AIFS[AC] and CWmin[AC]. Three priorities are
shown in the figure. The smaller the
CWmin[AC], the higher the priority in medium
access. A big difference between legacy DCF
and 802.11e EDCA in terms of the backoff
countdown rule is as follows:
• The first backoff countdown occurs at the end

of the AIFSN[AC] interval.
• A frame transmission is initiated after a slot

from the moment when the backoff counter
becomes zero.

However, the collision probability increases with

�� Figure 5. In EDCA, multiple backoff entities contend for medium access with different priorities in parallel [3]. The earliest possible
medium access time after a busy medium is DIFS.
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smaller CWmin[AC] if there are more than one
backoff entities of the respective AC operating
in the QBSS. If AIFSN[AC] is selected such that
the earliest medium access time is DIFS, priority
over legacy stations can be supported by setting
CWmin[AC] < 15 (for 802.11a).

The positions and sizes of the contention win-
dows relative to each other, as defined per AC
by the EDCA parameter set, are important fac-
tors to define relative priority in medium access
per AC. The contention window increases upon
unsuccessful frame exchanges, but never exceeds
the value of CWmax[AC]. This parameter is
defined per AC as part of the EDCA parameter
set. The smaller the CWmax[AC], the higher the
medium access priority. However, a small
CWmax[AC] may increase the collision probabil-
ity. Furthermore, it should be highlighted that
there are retry counters (similar to legacy 802.11)
that limit the number of retransmissions. The
802.11e protocol also defines a maximum MSDU
lifetime per AC, which specifies the maximum
time a frame may remain in the MAC. Once the
maximum lifetime has passed since a frame
arrived at the MAC, the frame is dropped with-
out being transmitted. This feature can be useful
since transmitting a frame too late is not mean-
ingful to many real-time applications.

In addition to the backoff parameters, the
TXOPlimit[AC] is defined per AC as part of the
EDCA parameter set. The larger
TXOPlimit[AC] is, the larger the share of capac-
ity for this AC. Once a TXOP is obtained using
a backoff, a backoff entity may continue to deliv-
er more than one MSDUs consecutively during

the same TXOP, which may take up to the dura-
tion of TXOPlimit[AC]. This important concept
in 802.11e is referred to as continuation of an
EDCA-TXOP.

As described above, four backoff entities with
different EDCA parameter sets reside inside an
802.11e station. During contention, when the
counters of two or more backoff entities in the
same station reach zero at the same time, a vir-
tual collision occurs. Upon access to the same
slot by more than one backoff entity of one sta-
tion, the backoff entity with the higher priority
will transmit, whereas all other backoff entities
will act as if a collision occurred on the medium.
It may still occur that the transmission of the
backoff entity with the higher probability collides
with another transmission initiated by other sta-
tions.

Table 1 is a short version of a table in [8],
and shows some of the recommended default
values for the EDCA parameter sets for the four
ACs. A HC may use these values when setting
up a QBSS, and may change them dynamically
upon changes of medium and traffic conditions.

HYBRID COORDINATION FUNCTION,
CONTROLLED MEDIUM ACCESS

The controlled medium access of the HCF,
referred to as HCF controlled channel access
(HCCA) extends the EDCA access rules by
allowing the highest priority medium access to
the HC during the CFP and CP. The details
about the controlled medium access are summa-
rized in this section.

A TXOP can be obtained by the HC via the
controlled medium access. The HC may allocate
TXOPs to itself to initiate MSDU Deliveries
whenever it requires, after detecting the medium
as being idle for PIFS, and without backoff. To
give the HC higher priority over legacy DCF and
EDCA access, AIFSN[AC] must be selected
such that the earliest medium access for EDCA
stations is DIFS for any AC.

During CP, each TXOP of an 802.11e station
begins either when the medium is determined to
be available under the EDCA rules, that is, after
AIFS[AC] plus the random backoff time, or
when a backoff entity receives a polling frame,
the QoS CF-Poll, from the HC. The QoS CF-
Poll from the HC can be transmitted after a
PIFS idle period, without any backoff, by the
HC. During CFP, the starting time and maxi-
mum duration of each TXOP is also specified by
the HC, again using the QoS CF-Poll frames.
During CFP, 802.11e backoff entities will not
attempt to access the medium without being
explicitly polled, hence, only the HC can allocate
TXOPs by transmitting QoS CF-Poll frames, or
by immediately transmitting downlink data. Dur-
ing a polled TXOP, a polled station can transmit
multiple frames that the station selects to trans-
mit according to its scheduling algorithm, with a
SIFS time gap between two consecutive frames
as long as the entire frame exchange duration is
not over the allocated maximum TXOPlimit.

Polled TXOP allocations may be delayed by
the duration of an EDCA-TXOP, as illustrated
in Fig. 6. The HC controls the maximum dura-
tion of EDCA-TXOPs within its QBSS by

� Figure 6. A polled TXOP allocation [3]. Any 802.11e frame exchange will not
take longer than the TXOPlimit, which is the limit for all EDCA-TXOPs and
under control of the HC.
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�� Table 1. Values for the EDCA parameter sets as used in simulations.

AC_VO AC_VI AC_BE AC_BK High Medium Low 
(AC H) (AC M) (AC L)

AIFSN: 2 2 3 7 2 4 7

CWmin: 3 7 15 15 7 10 15

CWmax: 7 15 1023 1023 7 31 255

(Used for throughput evaluation,        (Used for delay evaluation
EDCA parameters from [8])                        of OQBSS [1])
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announcing the TXOPlimit[AC] for every AC via
the beacon. Therefore, it is able to allocate
polled TXOPs at any time during the CP, and
the optional CFP. When very small MSDU
Delivery delays are required, CF-Polls may be
transmitted a duration of TXOPlimit[AC] earlier
than the optimal polled TXOP allocation time to
avoid any MSDU delivery delay imposed by
EDCA-TXOPs at all. However, the largest
TXOPlimit[AC] of the four ACs must be consid-
ered.

Figure 7 illustrates an example of a super-
frame that includes a CFP and a CP. The super-
frame starts with a beacon transmitted by the
HC (indicated with (1)). During the CFP (i.e.,
the first part of the superframe), the backoff
entities only transmit upon being polled by the
HC. Indicated with (2) is the transmission of a
fragmented MSDU within the CFP. The CFP
ends with the CF-End frame transmitted by the
HC as shown at (3). During the following CP, all
backoff entities attempt to transmit through the
contention-based medium access of the HCF
(i.e., the EDCA). EDCA-TXOPs are obtained
through contention. Two such EDCA-TXOPs
are indicated with (4). During the CP, the HC
can also poll a station, which is different from
the PCF of the legacy 802.11. This is shown as
an example in the figure. Following the two
EDCA-TXOPs, the HC polls a station to allo-
cate a polled TXOP during which a fragmented
MSDU is transmitted, as indicated with (5).

IMPROVED EFFICIENCY
More schemes that will improve the efficiency of
the MAC protocol are becoming part of 802.11e,
and are briefly summarized here.

Block Acknowledgment — With the optional block
acknowledgment, the throughput efficiency of
the protocol is improved. Block acknowledg-
ments allow a backoff entity to deliver a number
of MSDUs being delivered consecutively during
one TXOP and transmitted without individual

ACK frames. The MPDUs transmitted during
the TXOP are referred to as a block of MPDUs.
At the end of the block, or in a later TXOP, all
MPDUs are acknowledged by a bit pattern trans-
mitted in the block acknowledgment frame, thus
reducing the overhead of control exchange
sequences to a minimum of one acknowledg-
ment frame per number of MPDUs delivered in
a block.

Direct Link Protocol (DLP) — Any backoff entity can
directly communicate with any other backoff
entity in a QBSS, without communicating via the
AP. In the legacy 802.11 protocol, within an
infrastructure-based BSS (which is denoted as
BSS), all data frames are sent to the AP, and
received from the AP. This, however, consumes
at least twice the channel capacity compared to
the direct communication. Only in an indepen-
dent BSS (which is denoted IBSS), station-to-
station communication is allowed in the legacy
protocol, due to the absence of the AP. The
direct communication in 802.11e is referred to as
direct link (DiL). A setup procedure, the Direct
Link Protocol (DLP), is defined to establish a
DiL between 802.11e backoff entities.

EVALUATION

We use event-driven stochastic simulations to
evaluate the performance of the 802.11e MAC
for the 802.11a physical layer (PHY) at 5GHz
that allows up to 54 Mb/s. For the delay results
of the MSDU delivery, we give empirical com-
plementary cumulative distribution functions
(CDFs) of the resulting stochastic data, using
the discrete Limited-Relative-Error (LRE) algo-
rithm that also measures the local correlation of
the stochastic data [9]. By measuring local corre-
lations, the accuracy of empirical simulation
results can be estimated. All results here are
within a maximum limited relative error of 5
percent.

A radio channel error model as described in

� Figure 7. An example of an 802.11e superframe where the HC grants TXOPs in contention-free period and contention period [3]. The
duration of the superframe is not specified in the standard.
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[5, 6] is used. Transmission powers and distances
between stations are chosen in such a way that
they are not hidden to each other with the select-
ed PHY modes. If not stated otherwise, control
frames are transmitted at 6 Mb/s, and data
frames are transmitted at 24 Mb/s. Each station
generates the same mixture of offered traffic of
four data streams, which we label according to
the known ACs. A simple traffic model is used
to make sure that the characteristic of the traffic
sources do not influence the results, which would
lead us to misinterpretations (for example, a cor-
related packet arrival of realistic voice traffic
would have impact on throughput results). If not
stated otherwise, at all backoff entities, MSDUs
of 512 byte with negative-exponentially distribut-
ed inter-arrival times are offered. Each stream
carries 250 kb/s.

We use the EDCA parameters as provided in
Table 1. Neither RTS/CTS nor fragmentation is
used. The duration of EDCA-TXOPs allows sta-
tions to transmit one data frame after winning
the contention in EDCA. Beacon frames are not
generated.

ACHIEVABLE EDCA THROUGHPUT IN AN
ISOLATED QBSS WITH FOUR STATIONS

The achievable (saturation) throughput depends
on a large number of parameters. The results
given here are valid only for the MAC and PHY
settings we use in our simulation. In the simula-
tion discussed in this and the following sections,
all frames are transmitted at 24 Mb/s. Figure 8 is
derived from a simulation with a single station
(the AP) transmitting four streams to each of

three stations, one stream per priority. Hence,
the AP transmits 12 streams in total. The default
EDCF parameters of the four ACs (AC_VI …
AC_BK) are used (Table 1). One data frame per
EDCF-TXOP is transmitted. The measured
throughput per AC and the scenario are illus-
trated in Fig. 8.

It is known that the achievable throughput in
802.11 depends on the size of the delivered
MSDUs, and the PHY modes used. The larger
the MSDU size, the higher the achievable
throughput, as long as the number of collisions
and amount of interference are small. The high-
er the PHY mode, the higher the achievable
throughput, as long as the channel conditions
are sufficient. From Fig. 8 we observe that with
increasing offered traffic, ACs with higher prior-
ity restrain the achievable throughput of the ACs
with lower priority, thanks to smaller AIFSN,
CWmin, and CWmax values. An analytical
approximation of the achievable throughput per
AC in such a scenario is described in [3]; there it
is referred to as share of capacity.

ACHIEVABLE EDCA THROUGHPUT WITH
INCREASING NUMBER OF STATIONS

In this section we evaluate QoS support with
EDCA medium access in an isolated QBSS, as
shown in Fig. 9. All stations rely again on priori-
tized medium access over the EDCA only (no
polling-based access is utilized). Each station
transmits using all four backoff entities ACs (250
kb/s each); hence each station attempts to carry
1 Mb/s in total.

To investigate the performance of 802.11e in
hot spots, where it is likely that a larger number
of stations are associated with an AP, we
increase the number of contending stations up to
16, as indicated in Figure 9. Each station offers
the same traffic. Figure 9 shows the measured
throughput per AC, similar to the previous fig-
ure. It can be observed that with the default val-
ues for the EDCA parameter set, the throughput
is reduced dramatically once the number of sta-
tions becomes larger. This is a result of the high-
er collision probabilities, particularly in AC_VO,
where CWmin and CWmax are small numbers.
This is clearly not a desirable result. However, in
this case the HC should set new values for the
EDCA parameters, which would then be used by
all stations of the QBSS. It should be noted that
the highest-priority AC of EDCA is expected to
be used for voice-like calls in real-life scenarios,
which means less offered traffic per station at
AC_VO (assuming one call per station).

QOS GUARANTEES WITH
PRIORITIZED ACCESS OF HC

We now evaluate the effect of allowing the high-
est priority to the HC medium access, according
to HCCA. This section is based on an earlier
evaluation of 802.11e [1]. The values for the
EDCA parameter set are here selected accord-
ing to AC_H (high priority), AC_M (medium
priority), and AC_L (low priority), as given in
Table 1. Note that the HCCA will show the
same tendencies if the values for the EDCA
parameter set of the previous sections were

�� Figure 8. Throughput per AC with increasing offered traffic per AC for the
illustrated scenario.
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selected for evaluation. At the high-priority AC,
MSDUs of 80 bytes arrive at constant periods.
The period depends on the offered traffic, and is
5 ms for offered traffic of 128 kb/s. To the medi-
um- and low-priority ACs, MSDUs of 200 bytes
with negative exponentially distributed interar-
rival times are offered. Each stream carries 160
kb/s. Data frames are transmitted at 24 Mb/s,
control frames (ACKs) at 6 Mb/s. In contrast to
the previous scenarios, where all stations includ-
ing the AP contend for medium access via
EDCA, the AP now carries an additional
isochronous downstream (80 bytes/MSDU, 128
kb/s) delivered with the HCCA priority, which
has higher priority than AC_H. That is, the data
frames of this stream are immediately transmit-
ted after a PIFS when the medium is detected as
idle. Note that the HCCA achieves its strict
delay requirements in the CP by setting a maxi-
mum TXOP duration for all other streams.

Figure 10 shows the resulting MSDU delivery
delay distributions for an isolated QBSS and for
overlapping QBSSs. The overlapping QBSS sce-
nario is illustrated in the figure, as well as the
resulting delays for the HCCA stream and
AC_M. It can be seen that whereas the delays of
the EDCA increase unpredictably with increased
offered traffic, the HCCA delays remain below a
certain threshold, which is defined by the TXOP-
limit. Only the HCCA stream stays within its
maximum delay limit.

There is a situation of significantly increased
MSDU delivery delays even for the HCCA
stream, which is not under the control of the HC
and therefore is undesirable. That is, two (or
more) QBSSs are co-located to each other, so
that they interfere to each other. In this sce-
nario, even polled data frames of highest priority
suffer from an unpredictable delay and through-
put degradation due to uncoordinated resource
sharing between HCs. One result of such a sce-
nario is given in Fig. 10. It can be seen that the
delays of the high-priority stream exceed the
TXOPlimit defined by the HC, which attempts
to limit the MSDU delivery delays of the HCCA
stream to 300 µs. Note that the given result is an
example for a variety of delays and throughputs
that can be observed in overlapping QBSSs. One
observable example occurs if the two HCs always
poll at the same time. Then all poll frames col-
lide, and the HCCA throughput drops to zero.

For the overlapping QBSS problem, solution
concepts are under discussion in the 802.11
working group. One solution would be to apply
dynamic frequency selection to let a QBSS
dynamically select a free medium. This approach
is of interest for the 5 GHz band with its many
available frequency channels. Other approaches
are based on policies [3].

SUMMARY AND CONCLUSIONS

An overview of the QoS supporting protocol
extensions of 802.11e is presented in this article.
New mechanisms for QoS support (i.e., the
EDCA and HCCA) are evaluated, and their per-
formance is discussed with the help of simula-
tion results. The upcoming 802.11e standard will
be an efficient means of QoS support in WLANs
for a wide variety of applications, although open

�� Figure 9. Throughput per AC with increasing number of stations, and con-
stant offered traffic per station for the illustrated scenario.
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�� Figure 10. MSDU delivery delays for AC_M (EDCA) and HCCA, in isolat-
ed and overlapping QBSSs. The increase of the HCCA delay in overlapping
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problems such as the overlapping QBSS still
remain to be solved. The HCCA provides the
means to deliver time-bounded traffic, but
requires all stations within the range of the HC
to follow its coordination.
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