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Abstract
We investigate the problem of efficient resource control

for elastic traffic in IEEE 802.11e’s Enhanced Distributed
Channel Access (EDCA) mechanism. Our approach consid-
ers an economic modelling framework based on congestion
pricing that captures how various factors, such as the prob-
ability of attempting to transmit a frame, the use of the ba-
sic CSMA/CA or the RTS/CTS procedure, and the physical
layer transmission rate, contribute to congestion. We dis-
cuss the application of the framework for achieving class-
based throughput differentiation, for performing explicit
congestion notification (ECN) marking based on the level
of congestion in the wireless channel, and for modelling
the performance of TCP congestion control over EDCA. In
these application scenarios we discuss how to estimate the
optimum minimum contention window and the congestion
prices based on the 802.11e parameters and actual mea-
surements, in order to achieve efficient channel utilization.

1 Introduction
The number of users accessing the Internet and enter-

prize intranets through wireless networks will continue to
grow with the proliferation of wireless hotspots and enter-
prize wireless LANs based on the IEEE 802.11 standard.
The IEEE 802.11b standard can support transmission rates
up to 11 Mbps, whereas the newer standards 802.11a/g sup-
port transmission rates up to 54 Mbps. Hence, the available
bandwidth in wireless LANs is at least one order of magni-
tude smaller than the capacity typically available in wired
networks. Moreover, emerging multimedia services over
wireless networks will have different bandwidth and delay
requirements. For all the above reasons, resource control
and service differentiation in wireless LANs based on IEEE
802.11 will become increasingly important.

Resource control procedures are required to be fair and
adaptive to different network loads, and achieve efficient
utilization of the shared wireless channel. One approach
for developing such procedures is based on economic mod-
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elling, which has been successfully applied to both wired
and wireless, e.g. CDMA networks [1, 2]. A key fea-
ture of economic models is the efficient utilization of net-
work resources through a decentralized control approach,
and encoding of user preferences using utility functions.
The work presented in this paper is, to the authors’ knowl-
edge, the first application of economic modelling that takes
into account the specific characteristics and operation of
the contention-based EDCA mechanism in multi-rate IEEE
802.11e networks.

The model proposed in this paper can be applied in a
class-based service differentiation framework, where the
wireless LAN’s access point estimates the optimum mini-
mum contention window for different service classes, based
on the level of congestion; this has high practical signif-
icance, since the IEEE 802.11e standard defines how the
minimum contention windows for various classes are com-
municated to the wireless stations, but not how they should
depend on the network load and traffic characteristics in
order to achieve efficient channel utilization. Another ap-
plication of our model is to achieve efficient utilization of
the wireless channel through a decentralized scheme, us-
ing explicit congestion notification (ECN) for signalling the
level of congestion in the 802.11 network. Finally, by con-
sidering utility functions for encoding end user and appli-
cation preferences, the proposed framework can be used
to investigate the performance of transport protocols over
EDCA. Although the p-persistent approximation that we
consider does not capture the exponential backoff behav-
ior of 802.11, our experiments indicate that it is accurate in
the range of values that are of interest to us, which are the
values that maximize the aggregate utility or throughput;
this suggests that more detailed throughput models would
provide very few additional practical advantages.

The rest of the paper is organized as follows. In Sec-
tion 2 we present a brief overview of IEEE 802.11e’s EDCA
mechanism. In Section 3 we discuss an analytical through-
put model for multi-rate 802.11e networks. In Section 4 we
present our framework for efficient resource control. In Sec-
tion 5 we discuss the application of the framework, and in



Section 6 we present experimental results that demonstrate
and evaluate its use. Finally, in Section 7 we present a brief
overview of related work, and in Section 8 we conclude the
paper identifying related and future research directions.

2 IEEE 802.11e and EDCA
IEEE 802.11’s DCF (Distributed Coordination Function)

is based on CSMA/CA (Carrier Sense Multiple Access with
Collision Avoidance). According to the collision avoidance
mechanism of CSMA/CA, before initiating the transmis-
sion of a frame, a station selects a random backoff period
from the interval[0, CW − 1], whereCW is referred to as
contention window. The station waits for the channel to be
idle for a total time equal to this backoff period, after which
it senses the channel to see if it is idle for a DIFS interval,
in which case it can transmit a data frame with the basic
CSMA/CA procedure, or an RTS frame with the RTS/CTS
procedure.CW has an initial valueCWmin, and is doubled
when a collision occurs, up to the maximum valueCWmax.

The IEEE 802.11e standard supplement addresses the is-
sue of QoS support in wireless LANs. The MAC proto-
col of 802.11e is the Hybrid Coordination Function (HCF),
which supports both contention-based and controlled chan-
nel access. Contention-based access is supported by the En-
hanced Distributed Channel Access (EDCA) mechanism,
which is an extension of the DCF mechanism that enables
distributed differentiated access to the wireless channelwith
the support of multiple access categories (ACs). A higher
priority access category has a smaller minimum contention
windowCWmin, thus has a higher probability to access the
channel. Additionally, different access categories can have
a different maximum contention windowCWmax and in-
terframe spacing interval (IFS).

3 Throughput model for EDCA
Several analytical studies have approximated the con-

gestion avoidance procedure of 802.11 with a p-persistent
model [3, 4]. In a p-persistent model, the probabilityp that
a station tries to transmit in a time slot is independent of pre-
vious transmission attempts. The p-persistent model closely
approximates the throughput of the actual congestion avoid-
ance procedure when the average backoff is the same [3];
moreover, the saturation throughput has a small dependence
on the exact backoff distribution [5].

If E[CW ] is the average contention window, then the
approximate p-persistent model has transmission probabil-
ity p = 2

E[CW ]+1 [3]. If the probability of a frame be-
ing involved in more than one collision is very small, then
E[CW ] ≈ CWmin [4]. In IEEE 802.11e, different wireless
stations can have a different minimum contention window,
hence using the same arguments as above [4], the corre-
sponding transmission probability of stationi is

pi =
2

CWmin,i + 1
. (1)

802.11’s MAC layer operation can be viewed in time as in-
volving three different types of time intervals: a successful
transmission interval, a collision interval, and an idle inter-
val. We denote the length of the first two interval types as
T suc, T col, and assume they are normalized to the duration
of the idle interval. The duration of these time intervals de-
pends on the physical layer encoding and the MAC layer
operations. The average throughput for stationi, consid-
ering a renewal assumption, can be expressed as the ratio
of the average amount of data transmitted by that station in
one time interval over the average time intervalxi = E[Xi]

E[T ]

[6, 3, 4]. If the individual transmission probabilitiespi and
the aggregate transmission probability are very small, then
the average throughput for stationi is approximately [7]

xi =
pi(1 − P−i)L

∑

k
pk(1 − P−k)T suc +

∑

k
pkP−kT col + 1 − P

. (2)

whereL is the frame length, which for simplicity we as-
sume to be the same for all stations,P =

∑

j pj is the
aggregate transmission probability, andP−k =

∑

j 6=k pj .
In 802.11b with RTS/CTS, the transmission rate does not

affect the collision interval, since the latter involves RTS
frames which are always transmitted at the basic rate (1 or
2 Mbps). Hence, for 802.11b with RTS/CTS, the average
throughputxi is

xi =
pi(1 − P−i)L

∑

k
pk(1 − P−k)T suc

k
+

∑

k
pkP−kT col + 1 − P

. (3)

4 Resource control model
In this section, based on the throughput model for the

EDCA mechanism, we present a congestion pricing frame-
work for achieving efficient utilization of the shared wire-
less channel. For elastic traffic, users value the average
throughput of data transfer. The utility for such a useri
is Ui(xi), wherexi is the throughput for useri (for simplic-
ity, we assume that one user corresponds to one wireless
station, and we use the terms user and wireless station inter-
changeably), which depends on his transmission probability
pi and the transmission probabilities of the other stations.

The global problem of maximizing the aggregate utility
(social welfare) in a network with a set of usersN is

maximize
∑

i

Ui(xi)

over {pi ≥ 0, i ∈ N} . (4)

If Ui(·) is differentiable and strictly concave, then the nec-
essary conditions for the maximization in (4) are

∂
∑

i
Ui(xi)

∂pi

=
∂Ui(xi)

∂pi

+
∑

j 6=i

∂Uj(xj)

∂pi

= 0 , (5)

for i ∈ N . The above conditions hold when the optimum
is achieved for transmission probabilities in the interiorof
[0, 1], which as our experiments show is indeed the case for
utility functions we have considered and parameter values
that correspond to IEEE 802.11.



4.1 Equal transmission rates

In this case the throughput for a wireless station is given
by (2). Substituting this equation in (5) we find that the
necessary conditions for the global optimum are

∂Ui(xi)

∂pi

= L
(1 − P )2T suc + P (2 − P )T col

E[T ]2

∑

j

U ′
jpj , (6)

for i ∈ N , whereP =
∑

j pj andU ′
j =

dUj(x)
dx

; if pi ≪ P ,
which will hold when there is a large number of stations, we
haveE[T ] ≈ P (1 − P )T suc + P 2T col + 1 − P .

To solve the global optimization problem in a distributed
manner, we define the following user problem

maximize Ui(xi) − λpi (7)

over pi ≥ 0 ,

whereλ is the congestion price. The necessary condition
for the user optimum is∂Ui(xi)

∂pi
= λ. From the last equation

and (6), the user and global problems coincide if

λ = L
(1 − P )2T suc + P (2 − P )T col

E[T ]2

∑

j

U ′
jpj . (8)

In (7) the congestion price is in terms of the transmission
probabilitypi. Application of the proposed model may re-
quire that the congestion price is defined in terms of the
achieved throughput (e.g. see Section 5.2 on ECN mark-
ing). Substituting (2) in (7) and combining the result with
(8), we have the following

maximize Ui(xi) − µxi (9)

over pi ≥ 0 ,

where, for the user and global problems to coincide, the
congestion priceµ is defined as

µ =
(1 − P )2T suc + P (2 − P )T col

(1 − P )E[T ]

∑

j

U ′
jpj . (10)

The above model differs from other models for wireless
networks, such as CDMA networks [1, 2], in that there is
no resource capacity constraint. The price is due solely to
the congestion, in terms of the cost due to frame collisions.

When all users have the same utility function, then from
(9) we haveU ′ = µ, which together with (10) gives the
following condition for optimality

P =
(1 − P )E[T ]

(1 − P )2T suc + P (2 − P )T col
, (11)

whose solution is

P =

√
T col − 1

T col − 1
. (12)

The last equation indicates that for a large number of sta-
tions with the same utility, if the aggregate transmission
probability is much smaller than one, then the optimum ag-
gregate transmission probability that maximizes the channel
efficiency is independent of the specific utility function and
the successful transmission interval, and depends only on
the collision interval normalized to the idle time slot.

4.2 Different transmission rates: T suc de-
pends on and T col is independent of
transmission rate

The throughput for stationi is now given by (3). Sub-
stituting (3) in (5), we find that the necessary conditions for
the global optimum are

∂Ui(xi)

∂pi

= L
(1 − P )2T suc

i
+ P (2 − P )T col

E[T ]2

∑

j

U ′
jpj , (13)

for i ∈ N , whereP =
∑

j pj . Whenpi ≪ P , then we
haveE[T ] ≈ (1 − P )

∑

j pjT
suc
j + P 2T col + 1 − P .

As in the previous subsection, in order to solve the global
optimization problem in a distributed manner, we can define
the following user problem

maximize Ui(xi) − (µ1T
suc
i + µ2)xi (14)

over pi ≥ 0 ,

where, for the user and global problems to coincide,µ1, µ2

are defined as

µ1 =
(1 − P )

E[T ]

∑

j

U
′

jpj , µ2 =
P (2 − P )T col

(1 − P )E[T ]

∑

j

U
′

jpj . (15)

The congestion price in (14), has two components: The first
componentµ1T

suc
i contains factorµ1, which depends on

the level of congestion and the successful transmission in-
tervalT suc

i . The second componentµ2 is related only to the
level of congestion. The interpretation of the above is that
the congestion cost for a wireless station depends, in addi-
tion to its throughput, also on the duration of the successful
transmission interval, which in turn depends on the station’s
transmission rate. For stations with the same throughput,
the station with the lower transmission rate, which will have
a longer transmission interval, will induce a higher conges-
tion cost since the channel is occupied for a longer time at
each frame transmission. The contribution of the successful
transmission interval, hence the transmission rate, to con-
gestion is determined by the ratioµ1/µ2.

The case where the transmission rate influences both
T suc andT col is discussed in [7].

5 Application

5.1 Class-based proportional sharing

For proportionally fair sharing, the utility for useri is
Ui(xi) = wi log xi [8], In this case, one can show that

µ1 =

∑

j
wj

L
, µ2 =

P (2 − P )T col

(1 − P )2

∑

j
wj

L
. (16)

From the above and the conditions for optimality of the
user problem, the optimum transmission probability is

pi =
wi

∑

j wj

(1 − P )E[T ]

(1 − P )2T suc
i + P (2 − P )T col

. (17)

CWmin,i can then be computed from (1). This computation
can be performed at the access point which, as indicated in



Figure 1. Class-based differentiation.

the 802.11e standard, periodically communicates the mini-
mum contention window values to the wireless stations us-
ing beacon frames, Figure 1.

If all stations have the same transmission rate, then (17)
reduces to (11), hence the optimum aggregate transmission
probabilityP should satisfy (12). Note that this is true even
when different stations have different weights, provided the
utility is logarithmic. In this case the transmission probabil-
ity for a stationi is given by

pi =
wi

∑

j wj

P . (18)

The above model for the case of identical transmission rates
is similar to the one presented in [9]; the two approaches
will be compared in Section 6.2.

The incentive compatibility of the above scheme, i.e. the
fact that a station obtains a higher net benefit by declaring
its true value ofwi, is shown in [7].

5.2 ECN marking

Next we assume that stations receive congestion feed-
back according to (10) or (15), and respond by select-
ing the optimum transmission probability, hence minimum
contention window, according to (9) or (14). Equations
(10) and (15) require estimating the aggregate transmission
probabilityP . Recall from (2) that the throughput is propor-
tional to the transmission probability. Moreover, the access
point competes with the end stations for accessing the wire-
less channel. Hence, the aggregate transmission probability
P can be estimated fromP = X·pAP

XAP
, whereX is the ag-

gregate throughput, i.e. the sum of the throughput in the
uplink and the downlink,XAP is the transmission through-
put from the access point to the wireless stations andpAP

is the transmission probability at the access point.
The congestion price given by (10) or (15) can be com-

municated to the stations either explicitly, by piggy-backing
it on beacon frames periodically sent by the access point,
or using ECN (Explicit Congestion Notification) marking,
Figure 2. When transmission rates differ, from (14) and
(15) the marking probabilityPi for station i should sat-
isfy Pi =

µ1T suc
i +µ2

pmrk
.The value ofpmrk (price-per-mark)

should be such that for the range of user demands expected,
the marking probabilityPi for all stationsi is in [0, 1].

5.3 TCP over EDCA with ECN marking

In this section we assume that the ECN marking scheme
described above is applied, and investigate the performance

Figure 2. ECN feedback.

of the model presented in Section 4 when users respond in a
manner similar to TCP’s congestion control algorithm. In-
deed, TCP congestion control can be viewed as having the
following implicit utility UTCP (x) = − 2

RTT 2x
[10], where

RTT is the round trip time. If we assume that all TCP flows
have the sameRTT , then substituting the above utility in
(13) and (15), we obtain

pi =

√

(1 − P )E[T ]

(1 − P )2T suc
i + P (2 − P )T col

1
∑

1
pj

. (19)

If all stations have the same transmission rate, then the last
equation reduces to (11), which also holds for proportional
sharing. Indeed, as discussed in Section 4.1, when all sta-
tions have the same utility and transmission rate, then the
optimum aggregate transmission probability is independent
of the utility, and is given by (12).

If TCP flows have a different round trip time, withRTTi

the round trip time for flowi, and each station has one flow,
then (19) becomes

pi =
1

RTTi

√

(1 − P )E[T ]

(1 − P )2T suc
i

+ P (2 − P )T col

1
∑

1

RTT2
j

pj

.

If all stations have the same transmission rate, then from the
last equation we see that the optimum transmission proba-
bility is inversely proportional to the RTT.

6 Experiments
In this section we present experimental results that

demonstrate and evaluate the models presented in the previ-
ous two sections, and in particular
• we investigate how factors such as the CSMA/CA and

RTS/CTS procedures and the network load affects the
level of congestion,

• we compare simulation and analytical results for es-
timating the aggregate throughput and the optimum
minimum contention window,

• we investigate a simple model capturing the closed-
loop interaction between the access point and the
wireless stations, when the latter select their trans-
mission probability (equivalently, the minimum con-
tention window).

Due to space limitations, we include here a subset of the ex-
periments that we have performed; additional experimental
results appear in [7]. The simulation results were obtained



Table 1. Parameters for the experiments

Parameter Value (inµs)
802.11b 802.11a

Slot Time 20 9
TDIFS, TSIFS 50, 10 34, 16
TPHY 192 20
TACK = TCTS, TRTS 112, 160

using the ns-2 simulator, with the module1 documented in
[11] for implementing the EDCA mechanism. The simu-
lation experiments considered UDP traffic with packet size
1044 bytes, which includes the UDP/IP headers, and the re-
sults are the average of 12 runs, each for 300 seconds. The
parameters used in the experiments are shown in Table 1.

6.1 Impact of various factors on conges-
tion

We first consider the model of Section 4.2, focusing
solely on how various factors affect congestion, when all
users have the same utility and transmission rate; we do not
consider the closed-loop interaction between the network
and the users, which we investigate in Section 6.3. Fig-
ure 3 shows the two congestion price componentsµ1T

suc

andµ2 in (14), as a function ofCWmin, when users have a
logarithmic utility, in which caseµ1, µ2 are given by (16).
Observe that the first componentµ1T

suc does not depend
on CWmin; this is due to the logarithmic utility, and is not
the case for a TCP-like utility [7]. On the other hand,µ2

increases asCWmin decreases, i.e. as the level of con-
tention increases. Also observe in Figure 3 thatµ1T

suc is
larger for RTS/CTS, whereasµ2 is smaller; both behaviors
are because when the RTS/CTS mechanism is used,T suc is
larger (because a successful transmission now includes the
transmission of an RTS and CTS) andT col is smaller (be-
cause collisions involve an RTS message, which is typically
smaller than a data frame).

Figure 4 shows that bothµ1T
suc andµ2 increase with

the number of stations, for constantCWmin. Moreover, the
increase ofµ2 is higher than that ofµ1T

suc, hence the ratio
µ1T

suc/µ2 decreases with the number of stations.

6.2 Comparison of simulation and analysis

Figure 5 compares the aggregate throughput estimated
using the p-persistent model with the throughput found us-
ing simulation for 802.11b2 (11 Mbps) with CSMA/CA,
when all stations have the same transmission rate. Observe
that the analytical results follow the simulation results very
well. Similar results were obtained for 802.11a.

Figure 5 shows that the analytical model underestimates
the throughput for small values ofCWmin. This is be-

1“An IEEE 802.11e EDCF and CFB simulation model for ns-2”,
http://www.tkn.tu-berlin.de/research/802.11e ns2/

2For the analytical results in Figure 5 we have considered28 bytes
MAC overhead, since the 6-byte address field in the MAC headeris usually
not considered.
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cause the p-persistent model does not capture the expo-
nential backoff procedure of 802.11; the backoff procedure
can improve the throughput in the case of high contention,
which occurs for small values ofCWmin. Nevertheless,
what is important for the work in this paper is that there
is good agreement in the region of the optimumCWmin.
Table 2 compares the simulation with the analytical ap-
proach based on (2) for estimating the optimumCWmin,
when the latter obtains discrete values3 that are powers of
2. Observe that the optimal selection ofCWmin based on
the simple analytical model agrees with the selection based
on simulation forC = 11 Mbps, but is overestimated for
C = 24 Mbps. However, note that using the values indi-
cated by analysis forC = 24 Mbps results in an aggregate
throughput reduced by less than 2.7%.

It is important to note here that using a minimum con-
tention window smaller than the optimum does not only
have an impact on the aggregate throughput, which Fig-

3This is motivated by the fact that all current implementations of
802.11e specifyCWmin in powers of 2.
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Table 2. Optimum CWmin (discrete values,
powers of 2) based on analysis and simula-
tion, for IEEE 802.11b ( 11 Mbps) and 802.11a
(24 Mbps)

C N analysis simulation
11 10 128 128
11 20 256 256
24 10 128 64
24 30 512 256

ure 5 shows to be a reduction of up to about 15%. Indeed,
a smallerCWmin, especially when there is a large num-
ber of stations, results in higher channel contention, which
can lead to short-term unfairness and higher channel access
delays [12]; this occurs because after a collision, the station
that has successfully transmitted a frame has a higher proba-
bility of transmitting subsequent frames, since it would have
decreased its contention window to the minimum value (this
is referred to as thechannel capture effect).

Table 3 compares, when all stations have the same trans-
mission probability, the analytical expression for estimating
the transmission probabilities in (12) and (18), with the ap-
proach in [9]. These results show that the optimumCWmin

estimated using the two approaches are very close.

Table 3. Optimum transmission probability p
and CWmin for IEEE 802.11b ( 11 Mbps) and
802.11a (24 Mbps).

Eq. (12) Approach in [9]
C N Access p CWmin p CWmin

11 10 CSMA/CA 0.0123 162 0.0130 153
11 10 RTS/CTS 0.0182 109 0.0194 102
11 20 CSMA/CA 0.0061 325 0.0063 316
11 20 RTS/CTS 0.0091 218 0.0094 212
24 10 CSMA/CA 0.0128 155 0.0136 153
24 30 CSMA/CA 0.0043 467 0.0044 458
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6.3 Closed-loop interaction between ac-
cess point and wireless stations

In this subsection we investigate the closed-loop interac-
tion between the access point and wireless stations, when
prices are explicitly signalled to the stations. We assume
that one user corresponds to each station, and has a loga-
rithmic utility. The access point estimates the congestion
price from (8) and communicates it to the end users, which
select their transmission probabilities to maximize theirnet
benefit (7). We assume that the access point can accurately
estimate the aggregate transmission probability used in (8).
Consideration of more complex scenarios, which include
asynchronous operation of wireless stations, propagation
delays, and measurement errors, is left for future work.

We consider two types of users, with weightswhi = 3
andwlow = 1. Initially, there are 5 users of each type. Time
is assumed to be discrete. At timet1 = 30, we assume that
25 more users of type “hi” enter the network, hence giving
a total of 30 users of type “hi”. Then, at timet2 = 70,
20 users of type “hi” depart the system, leaving 10 users
of type “hi”, and 5 users of type “low”. Figure 6(a) shows
the aggregate throughput, computed using (2), as a function



of time. Observe that the system reacts to changes of the
number of users, quickly reaching the equilibrium, where
the aggregate throughput achieves its maximum value. Fig-
ure 6(b) shows the behavior of the congestion price with
time. As expected, the congestion price is higher when there
are more users in the network.

7 Related work
The work of [4, 9] proposes an approach for achieving

weighted fairness in IEEE 802.11e. The throughput model
considered is similar to the model considered in our work.
Moreover, the weighted fairness model is similar to the
proportional sharing model presented in Section 5.1, albeit
considering different approximations. The model presented
in our work is more general in that it considers multi-rate
802.11 networks, and the general case where user require-
ments are encoded through utility functions. The problem
of service differentiation is also investigated in a number
of papers, e.g. [13, 14] and the references therein. These
works do not quantify the degree of differentiation, nor do
they investigate the aggregate efficiency of the network.

The work of [15] investigates the problem of fairness
and weighted resource sharing in wireless networks using
models based on utility functions, and proposes rate control
schemes applied at the end systems to achieve the specific
resource sharing model. Although some general character-
istics of the wireless channel are taken into account, such as
location-dependent contention and inaccurate channel state
information, the specific characteristics of the 802.11 MAC
operation are not considered. Also, the utility for each user
is taken to be a function of the rate of transmission attempts,
rather than the actual throughput that is achieved, as we con-
sider. Our work also differs from [16] which also considers
maximizing the aggregate utility, but focuses on single rate
802.11 networks, and develops a distributed scheme for ob-
taining the optimum contention window. Finally, the work
of [17] applies game theory to investigate the Nash equilib-
rium in CSMA/CA networks, whereas our work focusing
on maximizing the efficiency of such systems through max-
imization of the aggregate utility.

8 Conclusions
We presented a congestion pricing framework for effi-

cient resource control of elastic traffic in IEEE 802.11e’s
EDCA mechanism that captures how various factors, such
as the minimum contention window, the CSMA/CA or the
RTS/CTS procedure, and the physical layer transmission
rate, affect congestion. The framework can be applied for
achieving class-based proportional throughput differentia-
tion, for performing ECN marking based on the level of
congestion in the wireless channel, and for modelling the
performance of TCP over EDCA with ECN marking.

Related work is investigating the extension of the pro-
posed framework when both the contention-based EDCA

and the polling-based HCCA (HCF Controlled Channel Ac-
cess) mechanisms coexist, consideration of control vari-
ables other than the minimum contention window, e.g. see
[18], and the extension to multihop wireless networks.
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