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Abstract—We investigate the problem of efficient resource and a different minimum contention window or transmission
control for elastic traffic over the EDCA (Enhanced Distributed opportunity (TXOP).
Channel Access) and HCCA (Hybrid Coordination Function - yhg regt of the paper is organized as follows. In Section I

HCF - Controlled Channel Access) mechanisms of IEEE 802.11e. . . \
Our approach considers an economic modelling framework based we present a brief overview of IEEE 802.11e's EDCA and

on congestion pricing that captures how various factors, such as HCCA mechanisms. In Section Il we discuss analytical
the probability of attempting to transmit a frame, the transmis-  throughput models for multi-rate 802.11e networks. In Sec-

sion opportunity (TXOP), and the physical layer transmission tjon |V we present our framework for efficient resource cohtr
rate, contribute to congestion. Additionally, we consider the joint for both the EDCA and HCCA mechanisms. In Section V

control of the EDCA and HCCA mechanisms, which allows us to ¢ . | Its that d h
determine the optimal sharing of the wireless channel between we present experimental results that demonstrate the peopo

the two access mechanisms. resource control models. Finally, in Section VI we present a
brief overview of related work, identifying where it differ
. INTRODUCTION from the work presented in this paper, and in Section VIl we

In wireless networks, unlike wired networks, there is aonclude the paper discussing the application of the pexpos
limited capability to increase the capacity. Along with thenodels and identifying future research directions.
increasing use of wireless networks by users and applitatio
with different requirements, this creates the need for rn®ode Il. EDCA AND HCCA
and procedures that efficiently utilize the wireless chaand In IEEE 802.11, access to the shared wireless channel
support service differentiation. One approach for devielpp is controlled through two MAC layer mechanisms: polling-
such procedures is based on economic modelling, with the Umesed PCF (Point Coordination Function) and contention-
of utility functions for encoding user requirements and -corbased DCF (Distributed Coordination Function). DCF is base
gestion pricing for providing the right incentives for effint on CSMA/CA (Carrier Sense Multiple Access with Collision
resource utilization through a decentralized control apph. Avoidance). With CSMA/CA prior to a frame transmission

In this paper we use economic modelling to provide prathe wireless channel must be sensed idle for a time interval
tical ways to derive congestion prices and the values oélled interframe spacing (IFS), which can be different for
802.11e’s control parameters in order to efficiently utiline different frame types; hence, for data frames the intersal i
network resource (wireless channel). The proposed modal©CF-IFS (DIFS), and for acknowledgements it is a short
take into account the specific characteristics and operatid-S (SIFS). In wireless networks, unlike in Ethernet LANS,
of both the contention-based EDCA (Enhanced Distributexmbllision detection is not possible or is too costly. Forsthi
Channel Access) and polling-based HCCA (Hybrid Coordieason the DCF mechanism uses collision avoidance: Before
nation Function - HCF - Controlled Channel Access) meclmitiating the transmission of a frame, a station selects a
anisms. In particular, we extend previous work that focusedndom backoff period from the intervél, CW — 1], where
on the EDCA mechanism and resource sharing through tG8V is referred to as contention window. The station waits
minimum contention window [1]. The extensions involvdor the channel to be idle for a total time equal to this batkof
models that consider the transmission opportunity (TXOREriod, after which it senses the channel to see if it is idle f
parameter for controlling resource sharing in the contenti an interval DIFS, in which case it can transmit a data frame,
based EDCA and the polling-based HCCA mechanisms, when the basic CSMA/CA procedure is used, or an RTS frame,
multi-rate 802.11e systems. Additionally, joint consmt@n when the RTS/CTS procedure is used. The contention window
of EDCA and HCCA enables us to determine the optimdlas an initial valueC'W,,,;,,, and is doubled when a collision
sharing of the wireless channel between the contentian-freccurs, up to the maximum vall@Ww,,,,...
and the contention periods. The proposed models can béEEE 802.11le is a supplement to the 802.11 standard
applied in a class-based service differentiation fram&worthat addresses the issue of QoS support in wireless LANSs.
where different classes have a different price per unitmogti The MAC protocol of 802.11e is the Hybrid Coordination



Function (HCF), which supports both contention-based atdnsmission interval, a collision interval, and an idlmei
controlled channel access [2]. The contention-based accegerval. Let the length of the first two intervals G&“< and
of HCF is implemented by the Enhanced Distributed Chafi***!, which we assume to be normalized to the duration of the
nel Access (EDCA) mechanism, which is an extension dalle time interval. The duration of each time interval degen
the DCF mechanism that enables distributed differentiated the physical layer encoding and the MAC layer operations.
access to the wireless channel with the support of multiplne average throughput for stationi can be expressed as the
access categories (ACs). A higher priority access categogtio of the average amount of data transmitted by thatostati
has a smaller minimum contention windo@W,,.,, thus in one time intervaF[X;] over the average time interval[T:
has a higher probability to access the channel. Additignalk:; = ’fﬂ[[);]] [5], [3], [4]. If we assume that the individual
different access categories can have different valuesh®r transmission probabilitiep; and the aggregate transmission
maximum contention windowCW,,,,, and the interframe probability are very small, then the average throughput for
spacing interval (IFS). An important addition of EDCA isstationi is approximately
the capability of a station, once it captures access of the
channel, to deliver data up to a maximum time interval called pi(l— P_)L
EDCA_ transmission opportunity (TXOP). The HCCA (Hybrid =i = S (1 — Pog)T55e 4 [P — > pr(1— P_p)JTeol +1— P’
Coordination Function - HCF - Controlled Channel Access) 1)
mechanism is based on polling, similar to the basic PC®herelL is the frame length, which for simplicity we assume
mechanism [2]. A difference of the HCCA mechanism is thd0 be the same for all station$, = Zj p; is the aggregate
when a station is polled, it is allowed to transmit packetsansmission probability, ané_, = 3., p;. Note that the
holding the channel up to a maximum time interval referregbove expression is valid for all versions of 802.11, predid
to as HCCA or polled transmission opportunity (TXOP). Thell stations have the same transmission rate. The specific
standard allows the definition of a contention period, whemersion of 802.11, and whether the CSMA/CA or RTS/CTS
the EDCA mechanism is typically used, and a contentioprocedure is used, will determine the valueg6f< and 7",
free period, where the HCCA mechanism is used for channghich we have taken to be normalized to the duration of the
access. idle interval.

With the RTS/CTS procedure, the transmission rate does
) ) ) ] not affect the collision interval, since the latter invadve
In this section we discuss analytical models that captge thts frames which are always transmitted at the basic rate

congestion effects that a wireless station has on the thputg 4 Mbps). Hence, with RTS/CTS and stations having different
of other stations in the same 802.11e wireless network; the cmission rate rates. the average throughput is

models will be used in the next section to compute congestion

IIl. ANALYTICAL MODELS FOR THROUGHPUT

prices.
_ pi(1—P_;)L
A. Throughput model for contention-based access (EDCA) *i = S (L= Po)T3" + [P — S pr(l— P Tl 1 — P
Several analytical studies have approximated the corgesti )

avoidance procedure of IEEE 802.11 with a p-persistent |modg_1 the Ia_st expression the succ_:essful_transmssmq pridyabi
3], [4]. In a p-persistent model, the probability that a e¥ass will be_dlf_'ferent for stations with a different physical kay
station tries to transmit in a time slot is and is independent transmission rate. . . .

of the success or failure of previous transmission attempts!! Zcrp and Tcp is the duration of the contention-free
If E[CW] is the average contention window, then the aFp_enod and the contention period, respectively, and werassu

proximate p-persistent model has transmission probgbilit that in the contention period only the EDF:A .mecha.nigm is
- h _[3]. Although the p-persistent model does not capiised' then the above throughput expression is multiplied by

2
[CW]+ . . h __Tep
ture the exponential backoff behavior of 802.11’s congesti € factor - —5r——.

avoidance mechanism, it provides us with a simple exprassio NOW consider the case where once a station gains access
for the throughput, and is accurate in the range of values th@ the wireless channel, it is allowed to transmit for a time
maximize the aggregate utility or the aggregate throughpfiervalo; (EDCA-TXOP); the throughput for stationis
[1]. If the probability of a frame being involved in more than
one collision is very small, the®[CW] ~ CW,,, [4]. In B pi(1 — P_;)R;o0;
IEEE 802.11e, different wireless stations can have a differ “* ~ Sepk(l—P_p)a+ok) + [P -, pu(l— P_g)|Teol +1— P’
minimum contention window, hence using the same arguments . _ o ©)
as above [4], the corresponding transmission probabilfty QlWhere R; is the phyS|_caI layer transmls_5|on rate of station
stationi in the p-persistent model is i~ In t.hellast_ expression, th(_a sum+ oy, IS the successful
5 transmission interval, witly being the physical layer and IFS
P = = overhead, and the MAC layer acknowledgement transmission
OWmi,n,i +1 time.

The MAC operation of IEEE 802.11 can be viewed in time as
involving three different types of time intervals: a sucfas  *For simplicity, we do not consider the MAC layer overhead.




B. Throughput model for controlled access (HCCA)
According to the HCCA mechanism, a polled statiois ~ oU;(z;) L(l — P)2Tsuc 4 P(2 — P)Teo!

> Upj, 1<i<N,

allowed to transmit data up to a maximum time interval o E[T)? ;
referred to as the polled transmission opportunity (pelled U]
TXOP); the polled-TXOP is assigned by a scheduler operatinghere P = 3. p;. If p; < P, then we have
at the access point. R; is the physical layer transmission rate
of station¢, then in timeo; stationi can transmit an amount ET]~(1-P) ZPJ'TJ'SUC +P?T +1-P.
of dataR;o;', hence its throughput is J
R;o0; To solve the global optimization problem in a distributed
Ti = Zj 0; (4)  manner we define the following user problem
If access to the wireless channel is through both contention maximize  U;(x;) — (M T 4+ Xa)p; (8)
based and controlled (contention-free) access, and theAHCC over p; >0,

mechanism is used only in the contention-free period, then t

throughput for station can be approximated by (4) multipliedWhere we see that the congestion price can be different
by the factor-—Lere for different users, and depends on factoss A2, and the

fortiorr successful transmission intervaf“c, which depends on the
IV. 'RESOURCE CONTROL MODEL physical layer transmission rate. The necessary condition
In this section, based on the throughput models of thike user optimum is
previous section, we present a congestion pricing framlewor OU; ()
for efficiently utilizing the wireless channel. We considke A
case of elastic users, which value the average throughput of 9pi
data transfer. The utility for such a useris U;(x;), where From the last equation and (7), the user and global problems
the average throughput; depends on the parametgrused coincide if
for controlling access to the wireless channel; for condent Y o col
based access the control parameter is the transmissioa-proh = L%[T]J;) Z Upj, o= LP@ - P)T* Z Ujp; -
J

= M5+ s

2
bility or the EDCA transmission opportunity (TXOP), whesea E[T]
for controlled access it is the polled transmission oppotyu ) . _ () i
(polled-TXOP). The congestion price in (8) has two components: The first

Consider the global problem of maximizing the aggregaf®mPonent,7;>*“ contains the facton,, which depends on
utility in a wireless system withV' users the level of congestion in the wireless channel and the durat

of a successful transmissidy““. The second component

maximize ZUi(l“i) (5) is related to the level of congestion. The interpretation of
i the above is that the congestion cost for a wireless station
over q=>0, depends, in addition to its throughput, also on the duration

whereq = (¢;,1 < i < N) is the vector of control variables Of the successful transmission interval, which in turn dielse
and the throughput; is of the form f(q). The necessary On the station’s transmission rate. For stations with tireesa

conditions for the maximization in (5), if the maximum isaverage throughput, the station with the smaller transamiss
achieved forq > 0, are rate, which will have a longer successful transmissiornrvaie
will induce a higher congestion cost.
02 Ui(zi) _ Ui(:) +y OUi(i) _ o vien. (6)  In the case of proportional sharing, the utility for user
94i 9qi Py i is given by U;(x;) = w; log z; [6], wherew; is a weight or
A. Resource control for contention-based access (EDCA) Willingness-to-pay factor. In this case we have
Next we first consider the case where resource sharing is y w; E[T]
. Uip;, = — =
based on the transmission probabilities, and then the case XJ: iPi zj: Z; Pi (1-P)L zj:wJ
where resource sharing is based on the transmission oppor-

tunities. Substituting this equation in (9) we find

1) Control of the trgnsmissiqn probabi!ityWe presgnt 1-P P(2 — P)Te!
only the case where different wireless stations have differ A = B ij, Az = - P)E[T] ij. (10)
transmission rates, which affect the duration of the swsfaks J j

transmission interval™**“¢, but not the duration of the collision . OUs(w) e B
interval 7°°!; this is the case when the RTS/CTS procedur%rom (8)1:}"fpi <P, we have i MTP*+ Ao = a0 =
is used. The throughput for stationis now given by (2). T-p x 7 ue5x; ffom which we find
Substituting (2) in (6), and after some mathematical manip-

: . o w; (1-P)E[T)
ulations, we find that the necessary conditions for the dgloba p; = % e —
optimization problem are approximately Zj wy (1= P)PTEee + P(2 = P)T




2) Control of the transmission opportunity (TXOPKs- C. Coexistence of contention-based and controlled access

sume that the sharing of the wireless resource is controlledrpe previous sections focused on optimizing usage of
through the EDCA transmission opportunity (TXO#) here  the \yireless channel when pure EDCA or pure HCCA is
we assume that the transmission probabiliigare fixed. The ;5eq. |IEEE 802.11¢e allows the interleaving of contentieef
throughput is given by (3). Substituting this equation iN(@  periods, with durationZczp, and contention periods, with
find that the necessary conditions for the global optimum agg ation duratior- p. In this section we discuss how to select
oU;(x;)  pi(1 — P)? , . the percentage of each type of period in order to efficiently
do;  E[T]? Z UpiRjoj, 1<i<N. (11) iize the wireless channel.
J Assume both the EDCA and HCCA mechanisms coexist,
whereP =3, p;. If p; < P, then we have and letp = (p;,1 < i < N®%) ando = (0j,1 < j < N")
N 9ol be the vector of control variables for each access method,
E[T]~(1-P) ij(a +o) + PIT™ +1-P. where N¥°* and N"°°* are the number of stations participating
T ) o in contention-based and controlled access respectivdéig. T
To solve the above optimization problem in a d'St“b”teﬁroughputﬁ"“(p,p) for a station participating in contention-
manner we define the following user problem based acce?ss is given by (2) multiplied py= Tep
. . Top+Tcrp’
maximize  U;(x;) — Ap;o; (12) which represents the percentage of time allocated to the
contention period; the throughput{“**(o,p) for a station
participating in controlled access is given by (4) mulgpli
The necessary condition for achieving the user optimum #g 1 — 5. The optimal values op, o, and p, can be found
98iLe) — \p;. From this equation and (11), the user angfom the following optimization

do;
global optimization problems coincide if
maximize 3" UPAEAp, ) + 3 U0t (0, )
J

(1-P)? -
j over P>0,0>0,0<p<1.

over 0; > 0.

The current and previous subsections considered maxigizin

the aggregate utility over the transmission probabilites In thi . _ | Its that d
the transmission opportunities separately. Followingrailar n this section we present experimental results that demon-

approach, one can consider maximizing the aggregateyutilf’[tr"’llte the r_node:fs ptre?ﬁntgd n :hef {_:)r:ewo.ug, sect|onst. mt bar
jointly for both control parameters. icular, we investigate the impact of the minimum contemtio

window and transmission opportunity (TXOP) parameters on
B. Resource control for controlled access (HCCA) service differentiation, and the closed-loop interactetween
The control variablesy; in (5) are now the polled trans-the access point and the wireless stations, when prices are
mission opportunityo;, which defines the maximum timeexplicitly signalled to the stations, which in turn selebet
interval in which stationi can transmit data. Based on thdransmission probability to maximize their benefit.

V. EXPERIMENTS

f the through . (4), we have?%i(z) — , -
dege'ndenc%f)R‘tO‘et roughpeiton o; (4), we hav 0o A. Throughput differentiation
U/sh — — 47975 Hence, from (6) the necessary conditions

Jooi — (Dopok)?T

o -~ In this section we investigate the impact of the minimum
for maximizing the aggregate utility are

contention window and transmission opportunity (TXOP) pa-
() _ . ZU;R]-OJ-, 1<i<N. (13) rz_imeters on throughput d|ffer_ent|at|or_1 using snmulat@he
00, >k ok) simulation results were obtained using the ns-2 simulator,

T ve the ab t'] izt bl . distribut ith the modulé documented in [7] for implementing the
0 solve he above oplimizalion problem n a CGISMBUR - mechanism. The simulation experiments considered
manner we can define the user problem identical to (12). T

, . z) P traffic with packet size 044 bytes, which includes the
necessary condﬁmn for the user optimum S5, —°* _UDP/IP headers, and the results are the average of 6 runs,
From this equation _and (13), the user and global OPUMIPALIQ 41 for 500 seconds. The parameters used in the experiments
problems coincide if are shown in Table I.
A\ = 1 Z U'R.o.: . (14) Figure 1 shows the ratio of throughput for wireless stations
(j00)2 57 7 of two types, with the sam€'W,.;, value, but different TXOP

In the case of proportional resource sharing, the usertwtilivalues' From this figure we observe that the throughput has

has the logarithmic forni/; (z:) — w; log z:, wherew; is a an almost proportional dependence on the value of TXOP, as

weight or willingness-to-pay factor. For such a utility wavie suggested by (3). . . .

S U'Rjo; =3 Y Rio; =3 . w; 3, op. Substituting the Figure 2 shows the ratio of throughput for wireless stations
e J I e J X:J.w,k ) _ of two types with differentCW,,;, values (128 for type 1
last equation in (14) we have = 5 5, » from which we can stations and 256 for type 2 stations) and different TXOP
find that the optimal values @f andz; areo; = Zwi -0,

w; § Wi I 2“An IEEE 802.1le EDCF and CFB simulation model for ns-2”,
andz; = pPRTY R;. http://ww. tkn.tu-berlin.de/research/802. 11e_ns2/




[T ‘hrougﬁput —_
T R 4
-
5
e -
= e R oy Q.
e e 2 3
s e =
S - g
S g //'
g 2 3 2 |
f £ /
<
=
1 ll
0 0
1 15 2 25 3 3.5 4 0 10 20 30 40 50 60 70 80 90 100
TXOP2 (milliseconds) Time step

. . ) . ) ) (a) Throughput
Fig. 1. Simulation results showing the ratio of throughput $tations of

type 2 and 1 as a function of ratio of TXOP values for statiohtype 2. The 30 ype2 —
experiment considered 5 stations of type 1 and 5 of type 2, @iot¥hich had type 1 ---rxees-
CWhmin = 128. The value of TXOP for stations of type 1 wasnilliseconds. 25 o s
3 ‘ = g 20
throughput ratio =---+--- e
<
25 2 15
=T 4]
= [ N N N R S S <)
: T 5
e 2 e O 10 00800
g v
< e
5 15 5
=
o »
5 o o
3 1 v
e T e 0 10 20 30 40 50 60 70 80 90 100
e Time step
0.5 . .
(b) Congestion price
0 1 15 2 25 3 35 4 Fig. 3. Throughput and price as a function of time. Initialyf = Ny = 5,

TXOP2 (milliseconds) at timet¢ = 30, N2 = 30, and at timet = 70, Ny = 10. Ry = 11 Mbps,
Ry = 2 Mbps, RTS/ICTS
Fig. 2. Simulation results showing the ratio of throughputasinction of
ratio of TXOP values for stations of type 2. The experimentsidered 5
wireless station of type 1 and 5 of type 2, wiW,;, = 128 and 256 . . . -
respectively. The vaiue of TXOP for stations of type 1 wamilliseconds. 10 €ach station, and has a logarithmic utility. Access to

the wireless channel is controlled through the EDCA and
RTS/CTS procedures.
values. This figure further confirms that the throughput hasThe access point estimates the congestion price from (10)
an almost proportional dependence on the value of TXOP, tartd communicates it to the end users, which select their
also on the value of'W,,;,, as suggested by (3). transmission probabilities to maximize their net benefjt (8
We assume that the access point can accurately estimate the
B. Closed-loop interaction between access point and véigeleaggregate transmission probability used in (10). Conatter
stations of more complex scenarios, which include asynchronous op-
Next we investigate the closed-loop interaction between tRration of wireless stations, propagation delays, and ureas
access point and wireless stations, when prices are akplicinent errors, is left for future work.
signalled to the stations, which in turn respond by selgctin We consider two types of stations with the same utility
their transmission probability, equivalently their minim (logarithmic with the same weight factor), but with differ-
contention window. We assume that one user correspor&f¥ physical layer transmission ratéd, Mbps (type 1) and
2 Mbps (type 2). Initially, there are 5 stations of each type.
Time is assumed to be discrete. At time= 30, we assume
that 25 more stations of type 2 (with rat2 Mbps) enter the
network, hence giving a total &0 stations of type 2. Then, at

TABLE |
PARAMETERS FOR THE EXPERIMENTYIEEE 802.1B)

Parameter Value (ips) time t5 = 70, 20 stations of type 2 depart the system, leaving
Slot Time 20 10 stations of type 2, and@ stations of type 1. Figure 3(a)
Tors, Tsirs 50, 10 shows the aggregate throughput, computed using (2), as a
Tony 192 . .

Thex = Ters Trrs 112, 160 function of time. Observe that the system reacts to chanbes o

the number of users, quickly reaching the equilibrium, weher



the aggregate throughput achieves its maximum value. Alsttions; in practise this can be achieved through a classeb
observe that the aggregate throughput is lower when there immework, where different classes correspond to differen
more slow stations of type 2 (with transmission rat®bps); utility functions, and have a different price per unit of &m
this is a well known property of 802.11 networks where a lowsers initially declare their class during the access point
rate station slows down all other stations. association or the authentication phase, and can change the
Figure 3(b) shows the behavior of the congestion pric#ass selection based on the throughput they achieve. The
M TP + Xy with time. As expected, the congestion price igncentive compatibility of such a system, i.e. the fact tinsgrs
higher when there are more stations in the network. Moreoviave the incentive for selecting the class that corresptmds
observe that the congestion price is higher for slow statiotheir actual utility, is discussed in [1].
(type 2), since these occupy the wireless channel for more ti  With the above approach, a centralized entity located at the
to transmit a packet, hence have a higher impact on congestiaccess point is responsible for optimally selecting thastra
mission probabilities (equivalently, the minimum content
VI. RELATED WORK windows), the transmission opportunities, and the pesggnt
The work of [4], [8] proposes an approach for achievingf time spent in the contention and contention-free periods
weighted fairness in IEEE 802.11e. The throughput modilese parameters would then be broadcasted to the wireless
considered is similar to the model considered in our worktations, as defined in the IEEE 802.11e standard.
Moreover, the weighted fairness model is similar to the pro- The work in this paper focused on elastic traffic; an impor-
portional sharing model presented in Section IV-A.1, dlbeiant extension is to consider the case of inelastic (rea}i
considering different approximations. The model prestinie traffic and traffic with minimum throughput requirements.
our work is more general in that it considers both the EDCAnother research direction is the extension of the models to
and HCCA mechanisms in multi-rate 802.11 networks, amdulti-hop wireless networks.
th_e_ genera_l case where user requwe_ment_s are e_nc_qdedhhroug ACKNOWLEDGMENTS
utility functions. The problem of service differentiatiesmalso _ ] .
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