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Abstract. One of the challenges that must be overcome to realize the practical benefits
of ad hoc networks is quality of service (QoS). However, the IEEE 802.11 standard, which
undeniably is the most widespread wireless technology of choice for WLANs and ad hoc
networks, does not address this issue. In order to support applications with QoS require-
ments the upcoming IEEE 802.11e standard enhances the original IEEE 802.11 MAC
layer by introducing a new coordination function which has both contention-based and
contention-free medium access methods. However, the new coordination function cannot
be used to provide QoS guarantees in ad hoc networks. We propose an extension to IEEE
802.11e which makes use of the advantages of the two medium access methods and inte-
grates them in order to provide QoS guarantees in ad hoc networks. Our solution is fully
distributed and gives stations with high-priority traffic an opportunity to reserve medium
time.

Keywords: QoS, IEEE 802.11e, distributed admission control, ad hoc networks

1 INTRODUCTION

An ad hoc network is an autonomous network that can be formed without the need of
any established infrastructure or centralized administration. It normally consists of mobile
stations that communicate with each other through single-hop and multi-hop paths in
a peer-to-peer fashion. Intermediate mobile stations between a pair of communicating
stations act as routers.

The key for these networks to become useful and popular is, among other things, to
support applications with quality of service (QoS) requirements, such as video, audio,
voice over IP and other multimedia applications. However, the original 802.11 standard
[1] has not addressed the QoS issues sufficiently. The later 802.11a/b/g standards offer
only higher maximum data rates by enhancing the physical layer (PHY) of the original
standard - they all use the same medium access method that does not support QoS.
Therefore, the 802.11 working group formed task group E (802.11e) to address the QoS
issues in the medium access control (MAC) layer.
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The upcoming 802.11e standard [2] defines a new coordination function, called hybrid
coordination function (HCF), that includes two medium access methods: enhanced dis-
tributed channel access (EDCA) and HCF controlled channel access (HCCA). EDCA is
contention-based and can be used in ad hoc networks while HCCA is contention-free and
manages access to the medium using a QoS access point (QAP), making it unsuitable for
ad hoc networks. One drawback with EDCA compared to HCCA is that a station cannot
reserve the medium and access it without needing to contend for it; instead the station
must contend for access to the medium by possibly starting a backoff timer of random
length. Therefore, it is not possible to provide QoS guarantees using EDCA [3].

In this paper we propose an extension to 802.11e, which makes use of the advantages of
HCCA and integrates them into EDCA to provide QoS guarantees in ad hoc networks. Our
solution is fully distributed and gives the stations with high-priority traffic an opportunity
to reserve medium time.

It is worth mentioning that, when talking about QoS guarantees, we must keep in
mind that since a wireless medium is much more unpredictable and error-prone than a
wired medium, QoS cannot be guaranteed as in a wired system, especially in unlicensed
spectra. However, it is possible to provide techniques that increase the probability that
certain traffic classes get adequate QoS and that can provide QoS guarantees in controlled
environments.

The remainder of this paper is organized as follows: Section 2 gives an overview of the
original 802.11 and its QoS limitations. Moreover, it describes the 802.11e draft with focus
on EDCA. Our proposed solution is presented in Section 3. Finally, Section 4 concludes
this paper and gives some directions for future work.

2 IEEE 802.11 AND IEEE 802.11e

Since the 802.11 standard did not address the QoS issues sufficiently, the 802.11 working
group formed task group E. However, although 802.11e is an important enhancement of
802.11, the focus has naturally been on wireless LANs rather than ad hoc networks and
therefore, there is no way to provide QoS guarantees in ad hoc networks independent of
any centralized devices.

2.1 IEEE 802.11 MAC and its QoS Limitations

The 802.11 standard [1] has defined two medium access methods: the distributed coordi-
nation function (DCF) and the point coordination function (PCF). DCF provides a best
effort data service and is mandatory while PCF is optional and provides a time-bounded
service. For these access methods, four different parameters are used for controlling the
waiting time before medium access. Figure 1 shows the relationships between these pa-
rameters.

Short interframe space (SIFS) is used by short control messages, such as clear to send
(CTS) frames, acknowledgment (ACK) frames, or polling responses.

PCF interframe space (PIFS) is used only by stations operating under PCF, e.g. by
the access point polling other stations.
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Fig. 1. The IFS relationships

DCF interframe space (DIFS) is used only by stations operating under DCF trans-
mitting data frames or management frames.
Extended interframe space (EIFS) is used by stations operating under DCF, but only

when a transmission failure occurs. A station that receives an incorrect frame must wait
for EIFS before starting its transmission in order to give other stations enough time to
acknowledge the frame that the station received incorrectly.

The parameters SIFS and SlotTime are fixed per physical layer whereas DIFS and
PIFS are derived from these two parameters. Table 1 shows these and some other MAC pa-
rameters (explained below) specified for 802.11b PHY[4]; direct sequence spread spectrum
(DSSS).

The Coordination Functions of 802.11 DCF is based on carrier sense multiple access
with collision avoidance (CSMA/CA) which works as follows. If the medium is determined
to be idle for at least the duration of DIFS, a station can start transmitting. If the medium
is determined to be busy, a station defers its transmission until the end of the ongoing
transmission. After deferral, the station selects a random backoff time as follows:

backoff time = random()× SlotTime

where random() is a uniformly distributed integer in the interval [0,CW]. The contention
window (CW) is an integer between CWmin and CWmax, see Table 1.

A station performing the backoff procedure uses the carrier-sense mechanism to de-
termine whether the medium is busy each time slot. As long as the medium is sensed to
be idle for the duration of a time slot, the backoff procedure decrements its backoff time
by a slot time. Whenever the medium is determined to be busy, the backoff procedure is
suspended; that is, the backoff timer does not decrement for that slot. The medium shall
be sensed to be idle for the duration of DIFS before the backoff procedure is allowed to
resume. Once the backoff timer expires the station begins transmitting.

If two or more stations start transmitting at the same time a collision will occur. In
this case, the CW is doubled and a new backoff procedure is started. The CW starts

Table 1. MAC parameters for 802.11b PHY (DSSS)

SIFS PIFS DIFS SlotTime CWmin CWmax

10 µs 30 µs 50 µs 20 µs 31 1023
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with CWmin and doubles up to a maximum of CWmax. Once it reaches CWmax, the
CW maintains that value until it is reset. The CW shall be reset to CWmin after each
successful attempt to transmit a frame. This process will continue until the transmission
is successful or discarded.

DCF cannot guarantee a maximum access delay or minimum transmission bandwidth.
To provide time-bounded service such as voice, audio or video, PCF has been specified.
PCF is dependent on DCF and can thus not be used alone. Moreover, it requires an access
point that controls the medium access and polls the stations; therefore it is only usable
on infrastructure network configurations, i.e., ad hoc networks cannot use this function.

This access method uses a point coordinator (PC), which operates at the access point,
to determine which station has the right to transmit. PCF is actually a polling medium
access method with the PC performing the role of the polling master. The PC maintains
a polling list of registered stations and polls each station one by one according to the list.
No station is allowed to transmit unless it is polled, and stations receive data from the
access point only when they are polled.

QoS Limitations of DCF and PCF Some applications, such as data, audio and video,
have different requirements in data rate, delay and jitter. However, in DCF all stations
and data flows have the same priority to access the medium, i.e. in a first come first
serve, best effort manner. Thus, there is no way to guarantee QoS, that is, there is no
differentiating mechanism to guarantee data rate, delay or jitter for applications which
are sensitive to these parameters.

Although PCF was specified to provide a time-bounded service, this access method
has a few problems which leads to poor QoS performance: a) the lack of possibility for
stations to communicate QoS requirements to the access point makes it hard to optimize
the polling algorithm performance in the PC; b) the unpredictable beacon delays result in
shortened contention free period (CFP) and c) the transmission time of the polled stations
is unknown, which makes it hard for the PC to predict and control the polling schedule
for the remainder of the CFP. Therefore, PCF does not fulfill its task despite the fact that
it uses an access point controlling access to the medium.

2.2 IEEE 802.11e

In order to solve the above-mentioned problems with PCF and DCF, the upcoming stan-
dard 802.11e [2] defines a new coordination function: hybrid coordination function (HCF).
HCF has both contention-based and contention-free (controlled) medium access methods
in a single medium access protocol, which explains why it is called hybrid coordination
function.

The contention-based medium access method is called enhanced distributed channel
access (EDCA) and provides prioritized QoS support by delivering traffic based on differ-
entiating user priorities.

The controlled medium access method is called HCF controlled channel access (HCCA)
and provides support for parameterized QoS by allowing for the reservation of transmission
time. HCCA manages access to the medium using a hybrid coordinator operating at a
QoS access point (QAP).
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Table 2. Default EDCA parameter set for 802.11b PHY (DSSS)

AC CWmin CWmax AIFSN TXOP Limit

AC BK 31 1023 7 0
AC BE 31 1023 3 0
AC VI 15 31 2 6.016 ms
AC VO 7 15 2 3.264 ms

In HCF, the concept of transmission opportunity (TXOP) is introduced. A TXOP is a
bounded time interval, defined by a starting time and a maximum duration, that specifies
when a station has the right to initiate transmissions to the wireless medium. During this
time interval, a station can transmit multiple frames if the duration of the transmissions
does not extend beyond the maximum duration. If a frame is too large to be transmitted
in a single TXOP, it should be fragmented into smaller frames.

Enhanced Distributed Channel Access In EDCA every station has four transmission
queues, or access categories (ACs), where each behaves like a virtual station. The four
ACs are AC BK (for background traffic), AC BE (for best effort traffic), AC VI (for video
traffic) and AC VO (for voice traffic). Thus, as opposed to DCF where all traffic shared a
common queue, in EDCA each traffic type is queued in the appropriate AC. By varying
the following parameters for a specific AC, a differentiated medium access is realized:

– the length of the contention window to be used for the backoff
– the amount of time a station has to defer before backoff or transmission
– the duration a station may transmit after medium is accessed

Table 2 shows how this medium access differentiation is achieved by assigning certain
parameters (explained below) different values.

The parameters CWmin and CWmax are the minimum and maximum value of the
contention window. The contention window is used to calculate the number of time slots
to backoff before accessing the medium. By assigning low values to CWmin and CWmax,
we can give the AC a higher priority.

The arbitration interframe space number (AIFSN) is the number of time slots after
a SIFS duration a station has to defer before either invoking a backoff or starting a
transmission. AIFSN affects the arbitration interframe space (AIFS), which specifies the
duration (in time instead of number of time slots) a station must defer before backoff or
transmission. Thus, by assigning a low value to AIFSN, we give the AC a high priority.
AIFS can be derived from the relation

AIFS[AC] = SIFS + AIFSN [AC]× SlotTime

The parameter TXOP limit specifies the length (or maximum duration) of the TXOP.
A TXOP limit higher than zero means that a station1 can transmit multiple frames as long
as the duration of the transmissions does not extend beyond the TXOP limit. A TXOP

1 In fact it is better to say an AC because during a TXOP, a station is not permitted to send frames from other
ACs than the one that won the TXOP, even though there is time left in the TXOP.
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limit value of zero indicates that only one data or management frame (plus a possible
RTS/CTS exchange) can be sent. Thus, by assigning a high value to the TXOP limit, we
give the AC a high priority.

Each AC contends independently for TXOPs based on the parameters described above.
Once the AC has sensed the medium idle for at least the duration of AIFS[AC], it starts
its backoff timer. If two or more ACs within a single station get ready for transmitting at
the same time slot, an internal collision occurs. The collision is resolved within the station
such that the data frames from the higher-priority AC receive the TXOP and the data
frames from the lower-priority colliding AC(s) behave as if there were an external collision
on the wireless medium.

3 QoS IN AD HOC NETWORKS

While the distributed EDCA is an important enhancement of DCF, it is not enough to
provide QoS guarantees due to its non-deterministic nature where stations must detect
the medium to be idle and invoke a backoff procedure before starting a transmission.
Moreover, EDCA does not have any distributed admission control, but the administration
of the admission control is done at the QAP. On the other hand, the centralized HCCA,
where e.g. a QAP controls the medium access and allows for TXOP reservations, cannot
be used in an ad hoc network independent of any centralized infrastructure.

Therefore, the purpose of our solution is to provide QoS guarantees in an ad hoc net-
work by transferring the best techniques from HCCA and integrate them with EDCA. In
other words, our goal is to distribute the admission control and the scheduling algorithms
and enhance every station in the ad hoc network with the QoS capabilities of a QAP.

3.1 Traffic Specification

The traffic specification (TSPEC) element contains information about the characteristics
and QoS expectation of a traffic stream by specifying a set of parameters such as mean
data rate, nominal frame size, service start time, maximum service interval, burst size,
delay bound and medium time. The parameter service start time specifies the time when
the service period starts, i.e. when the station expects to be ready to send frames and
maximum service interval specifies the maximum time interval between the start of two
consecutive service periods.

The information contained in the TSPEC helps other stations to schedule the TXOPs
effectively. Most of the above-mentioned parameters are typically set according to the
requirements from the application while other parameters are generated locally within
the MAC.

The TSPEC element is sent within an add traffic stream (ADDTS) request frame,
which is a management frame with subtype action [2].

3.2 Scheduling and Admission Control

Contention-based medium access is susceptible to significant performance degradation
when overloaded. As the network becomes overloaded, the contention windows become
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large, leading to more time spent in backoff delays rather than sending data. This ne-
cessitates some admission-control mechanism to regulate the amount of traffic streams
contending for access to the medium.

In 802.11e, the administration of the admission control is done at the hybrid coor-
dinator, which is located in the QAP. The 802.11e draft gives an example of a simple
scheduler and an admission control unit but it is possible to modify these to improve
the performance [5]. In our solution the scheduler and admission control algorithm are
modified and moved from the central QAP to the stations. For scheduling TXOPs for an
admitted traffic stream, the scheduler calculates two parameters:

scheduled service interval (SI): the interval between TXOPs, which is the same for all
stations. To calculate the SI, the scheduler calculates the minimum m of all maximum
service intervals for all admitted streams. Then SI equals a value lower than m and a
submultiple of the beacon interval. SI must be recalculated when a new traffic stream is
admitted that has a maximum service interval smaller than the current SI. To improve
the performance of the scheduler, it can for example be modified to generate different
SIs for different stations.

TXOP duration: to calculate the TXOP duration for an admitted stream, the scheduler
uses the following parameters: mean data rate (ρ) and nominal frame size (L) from
the TSPEC, the SI as calculated above, physical transmission rate (R), maximum
allowable frame size, i.e. 2304 bytes (M) and overhead due to MAC and PHY headers
(O). First, the scheduler calculates the number of data frames that arrived at the mean
data rate during the SI:

Ni =

⌈

SI × ρi

Li

⌉

Then the scheduler calculates the TXOP duration as the maximum of the time to
transmit Ni frames at Ri plus overhead and the time to transmit one maximum size
data frame at Ri plus overhead:

TXOPi = max

(

Ni × Li

Ri

+O,
M

Ri

+O

)

To improve the performance of the scheduler, it can for example be modified to consider
retransmissions while allocating TXOP durations.

Once SI and TXOP duration are calculated, the admission control decision is easy.
If there are k admitted streams, a new stream (k+1) can be admitted if it satisfies the
following inequality:

TXOPk+1 +
k
∑

i=1

TXOPi ≤ SI − TCP

where TCP is the duration of the contention period. The last term ensures that low-
priority traffic is not starved by greedy high-priority traffic streams, by saving some
amount of time for contention.
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Fig. 2. The scheduling of the reserved TXOPs

3.3 Resource Reservation

In our solution, a station (sender) that wishes to send traffic with strict QoS requirements,
i.e. a high-priority traffic stream in either AC VI or AC VO, requests admission for its
traffic stream. The admission control request is not sent to any central station such as a
QAP, but is handled internally within the sender. The sender either admits or rejects the
requested traffic stream according to the admission control algorithm described previously.

What happens if the traffic stream is rejected is described later, but if the traffic stream
is accepted, the sender schedules its traffic by setting the scheduled service interval and the
service start time parameters. The scheduled service interval is set to the value calculated
as described previously and the service start time is set to the end time of the last TXOP
in a service interval. If there are no TXOPs previously reserved, the service start time can
instead be set to any appropriate value, which defines the start of the newly established
service interval. Hence, during a service interval, the first part is used as a contention
free period by traffic streams that have reserved TXOPs and the second part is used as
a contention period for low-priority flows. However, since the TXOP durations calculated
by the scheduler are based on average values rather than exact values, in general there
will be some amount of time left in the end of each TXOP. These time gaps between two
TXOPs are used as an advantage by allowing the stations to transmit important control
messages (such as ADDTS request, ADDTS response, messages from the routing protocol,
etc.) or low-priority data frames instead of having to wait until the end of the last TXOP
in the service interval.

To further increase the performance of the protocol and decrease the time it takes
for the sender to reserve TXOPs, an AC (AC MA) has been added that is used only by
management frames, such as ADDTS request and ADDTS response, and routing messages.
AC MA has the same parameters as AC VO except for TXOP limit, which is set to zero
since a station does not need to send multiple management frames in a short time period.
The reason behind the choice of AC MA’s parameters is to give the management frames
a short waiting time before access to the medium.

Next, the sender broadcasts an ADDTS request containing a TSPEC element with
information such as mean data rate, nominal frame size, service start time and scheduled
service interval. All stations that receive the ADDTS request store the information of
the sender’s service start time and scheduled service interval and schedule the new traffic
stream exactly as the sender. This ensures that no station starts a transmission that
cannot finish before a reserved TXOP starts and thus collision free access to the medium
is guaranteed for the streams with reserved TXOPs. All neighbors have to unicast an

798



ADDTS response back to the sender. This is to make sure that the neighbors agree on
the schedule and to keep the schedules synchronized.

Every time the sender receives an ADDTS response from a neighbor, it stores the ad-
dress of the neighbor. After receiving a response from all neighbors, the sender waits until
the service start time specified in the TSPEC element and initiates a transmission. If the
time instant when all responses are received occurs later than the advertised service start
time, the transmission is initiated at the next TXOP instead. Once the TXOP is finished,
the station waits until the next TXOP, which occurs after a scheduled service interval. A
station that has reserved TXOPs for a traffic stream with strict QoS requirements, is not
allowed to transmit frames belonging to that stream at time instants other than during
the reserved TXOPs. In other words, the station can transmit frames only at

t = service start time + n× SI, n = 0, 1, 2...

Of course the station is allowed to transmit frames from other traffic streams, in other
ACs, by contending for access to the medium. However, these streams and other low-
priority streams from other stations must make sure to finish their transmission before
a TXOP starts; otherwise the contending station must backoff and the frames are not
allowed to be sent until after the reserved TXOP(s).

When a transmission failure occurs during a TXOP, the station does not start a backoff
procedure. Instead, it retransmits the failed frame after SIFS if there is enough time left
in the TXOP to complete the transmission.

If a traffic stream is rejected by the admission control algorithm, the sender can try to
lower its QoS demands and retry. The demands should be lowered such that a lower TXOP
duration is required. If this compromise is not enough, meaning that no TXOPs can be
reserved, the sender has two options left: a) the priority of the traffic stream is lowered
such that the stream sends from another AC (with lower priority) that does not require
admission control or b) the priority and thus the AC is kept, but the TXOP limit is set
to zero. The second option means that, a traffic stream that cannot reserve TXOPs, does
not necessarily have to move to another AC with lower priority and longer waiting time
before medium access; instead the rejected traffic stream remains in the high-priority AC
and contends for access to the medium using the parameters assigned to the high-priority
AC, but once it gains access to the medium, it is not allowed to transmit more than one
single data frame.

The advantages of this solution are that it is fully distributed, protects against network
overload using an admission control algorithm and offers the possibility for stations with
high-priority traffic to schedule their traffic in advance such that the QoS requirements
of the traffic streams are satisfied without starving low-priority traffic streams. Moreover,
the solution is based on existing infrastructure making it relatively easy to be integrated
into existing systems.

3.4 Implementation

In order to evaluate the performance of our solution, we have been working on a detailed
implementation in the network simulator ns-2 [6]. Since the 802.11 implementation in ns-2
is pretty simple, we used another more advanced 802.11 implementation [7], which also
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implements 802.11a/b/g and some features of 802.11e. This code was then modified and
extended according to our solution described above. The implementation will be used to,
by means of simulation, compare our solution against 802.11e concerning QoS guarantees
in ad hoc networks.

4 CONCLUSION AND FUTURE WORK

In this paper, we have presented a solution for providing QoS guarantees in ad hoc net-
works. One advantage with this solution is that it regulates the medium access with a
distributed admission control algorithm. Moreover, stations wishing to send traffic with
strict QoS requirements have the possibility to reserve transmission opportunities. These
transmission opportunities are scheduled by a distributed scheduler, ensuring that all
neighbors have the same schedule. Once the traffic stream is admitted and the transmis-
sion opportunities are reserved and scheduled, the station does not need to contend for
medium access for that traffic stream anymore. The distributed scheduler ensures that no
station starts a transmission that cannot finish before a reserved transmission opportunity
starts; in other words, a station with reserved transmission opportunities has collision-free
deterministic access to the medium. Since our solution is based on existing commonly used
protocols, it is a credible candidate for solving the QoS issues in ad hoc networks.

The aim in future work will be to further evaluate and enhance our solution. Regarding
the enhancement, we plan to add support for e.g. retransmitting lost ADDTS requests,
removing and rescheduling reserved TXOPs for traffic streams that have completed their
transmission and handling stations that move in to and out from an ad hoc network.
Finally, it is our aim to develop the implementation further such that it can reserve
resources along a multi-hop route, perhaps with the aid of a QoS-aware ad hoc routing
protocol.
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