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Abstract—The IEEE 802.11e standard introduces a system of
Access Categories (AC) and differentiated medium access control
mechanisms for wireless local area networks. The preferential
or deferral treatment of frames is achieved using configurable
Arbitration Inter-Frame Spaces (AIFS) and customizable Con-
tention Window (CW) sizes. In this paper we introduce a
general algorithm which calculates the probability of winning the
contention by a given AC, based on the values of AIFS lengths
and CW sizes.

I. INTRODUCTION

During the last several years the quality of service control
has become an essential part of modern wireless network
technologies. Standards and drafts such as IEEE 802.11e or
802.11n introduce differentiated packet treatment for wireless
local area networks (WLAN), but the expansion of the usage
of these features is conditional on a simple projection method
of real QoS requirements into corresponding configuration
parameters. The aim of our work is to derive mathematical
relation between the probability of winning access to a wire-
less medium and configuration parameters such as Arbitration
InterFrame Space (AIFS) length and Contention Window
(CW) size. For this purpose we use probabilistic calculus.

In paper [6] we introduced a procedure to derive mathemat-
ical formulas expressing the degree of mutual prioritization
between two access categories in relation to the interframe
spaces and contention window sizes assigned to them. In this
paper we will present a generalized method with arbitrary
finite number of WLAN stations.

Section [l compares the classical 802.11a/b/g MAC methods
with those available in the IEEE 802.11e standard. It also
identifies the major configurable MAC parameters which affect
the access priority. Section [[II| then describes a model which
was the subject of our mathematical analysis. Algorithms for
computing the desired probabilities are presented. In Section
we connect the model with the real situation parameters
and provide two examples with results. Finally, the results are
interpreted.

II. MEDIUM ACCESS CONTROL FUNCTIONS
IN IEEE 802.11

A. MAC functions in 802.11 a/b/g

Majority of recent WLANs use only the fully distributed,
contention-based Medium Access Control mechanism called

Distributed Coordination Function (DCF). According to DCF,
the station having data to send must win a contention with
other stations to gain access to the shared radio channel. The
contention is based on the combination of time constants and
random waiting periods.

Time constants represent the minimum waiting periods
between two frames immediately following each other. These
constants are called InterFrame Spaces (IFS). We distinguish
three types of them:

o Short InterFrame Space (SIFS), as the name suggests,
represents the shortest waiting period, which corresponds
with the respective highest priority level.

o If DCF operates in combination with centralized polling
called Point Coordination Function (PCF), the access
point has to wait for the PCF InterFrame Space (PIFS) to
start polling the registered stations. PIFS ensures midlevel
priority.

o Most often stations transmit frames containing user data.
In this case the stations must wait for DCF InterFrame
Space (DIFS) before they can initiate data transmission.

To avoid simultaneous access from all the competitors after
DIFS has expired, each station has to wait for an additional
random period. This random waiting time is generated from
the range of 0 to C'W, labelled according to the name
Contention Window. The random number generated by each
station is decreased by the end of each “Slot time”. When
zero is achieved (if ever), the station can access the medium.
After the winning station has started transmitting, all the other
stations should detect that the medium is occupied, stop their
countdown and save the recent value for the next competition.

Sometimes happens that two or more stations choose the
same random value, which means that they would gain access
to the shared medium and start to transmit data at the same
time. Such a situation is called collision. In such a case
the contention window is increased in order to reduce the
probability of the selection of the same random number during
the next attempt.

According to [4] the corresponding time intervals for IEEE
802.11g are the following: SIFS = 10 us, DIFS = 50 us, and
Slot_time = 20 us.
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Fig. 1. 1EEE 802.11e functional model

B. MAC functions in 802.11e

The aim of the IEEE 802.11e standard is to overcome
the limitations of the original 802.11 a/b/g/ MAC algorithm
by allowing traffic flows to be classified into several service
classes, and to offer differentiated treatment for these classes.
The differentiation in IEEE 802.11e is achieved by assigning a
customizable set of MAC parameters to the Access Categories
(AC). There are four access categories defined in the 802.11e
standard [5]:

e AC VO for real-time, voice-based, conversational ser-
vices,

e AC _VI for video services,

o« AC_BE for standard best-effort services, covering the
majority of network applications,

o« AC_BK for background services for which a priority
lower than the one assigned to the standard network
applications is sufficient.

As shown in Fig. [1] the outgoing traffic is classified into
the four available traffic classes. To offer differentiated packet
treatment, a configurable set of parameters is assigned to each
AC. The parameters which directly control the MAC processes
are:

o AIFS[AC] - represents the initial interframe space (Ar-
bitration InterFrame Space) for the given AC,

o CWhin|AC] — represents the initial size of the contention
window for the given AC,

o CWiax[AC] — represents the maximum size of the
contention window for the given AC,

o AF[AC] - represents the increase factor of the contention
window when collision occurs during the transmission;
the new contention window is calculated according to the
formula CW2SY[AC] = (CWEL[AC]41)- AF[AC]—1.

The contention-based distributed MAC function in 802.11e

is called Enhanced Distributed Coordination Access (EDCA).
In spite of the constant DIFS in DCA, EDCA introduces
different AIFSs and contention windows for the available
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access categories. Thus if an access category must be prior-
itized, it can be realized by either being assigned a shorter
AIFS or reducing the contention window of the AC or
by the combination of the two approaches. Fig. [2| shows
the contention process between access categories of different
priorities.

The 802.11e standard specifies only the set of configurable
parameters for the access categories but does not define the
mutual relation between these values. In the next Section we
analyze mathematically the behavior of a simplified model of
802.11e EDCA and derive the relation between the values of
AIFS and CW and the corresponding degree of prioritization
of the access category.

III. PROBABILISTIC ANALYSIS OF SIMPLIFIED MODEL OF
IEEE 802.11E

The aim of our mathematical analysis is to express mathe-
matically the degree of mutual prioritization between several
access categories in relation to the interframe spaces and
contention windows assigned to these categories. We assume
that the situation we model is not determined by the result
of the preceding contention. In such a case we can assume
that all stations generate a random value from their default
contention window only. This simplification, which more or
less correspond with lightly loaded WLAN network, leads to
a more transparent mathematical derivation but, on the other
hand, it constrains the relevance of the final results.

A. Notation and Goal of Analysis

A discrete random variable X with a uniform distribution
in the interval between integers a and b will be denoted X ~
Ud({a,...,b}).

In our model, we deal with a total number of K stations,
each of them having its AIFS and CWyy,. The initial
interframe space for the k-th station, K = 1,..., K will be
denoted by Ny and its contention window size by Nj. To
connect the mathematical notation and the theory (proved in
detail in Section [[V):

AIFS[ACK] = Ny,  CWuyin[ACK] = Ny — 1. (1)

In the contest, each station can be considered a generator
of a random integer. We will model the respective stations as
random variables

X, ~Ud{{NP +1,...,N2+N.}), k=1,....K. (2

The variables X7,..., Xk are statistically independent. The
mathematical model of the situation is illustrated in Fig. 3]
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The goal of our analysis is to find the probability P,;, that
the first competitor (AC1) wins (the choice of the “first” one is
with no loss of generality) and, secondly, the probability P_
that a collision occurs. Specifically, the first station X; wins
the competition in the case that the random number generated
by the station will be less than any of the numbers generated
by the other stations Xs,..., Xx. The collision means that
there are at least two identical numbers generated, which are

less than all the others (if any) at the same time.

B. Derivation and Results in Case of Two Stations

In this Section, the number of the access categories con-
sidered is limited to two. We have ACl1 and AC2, with
their respective interframe spaces NY and N, and with their
respective contention windows of sizes N; and Ns. And, of
course, the independent random variables X; and X,. The
goal is to find the probabilities P,;, = P(X; < X3) and
P = P(X; = X2) in terms of parameters N, N1, N3, No.

Such a problem is completely solved in [6]. It is shown that
even for as little as two stations, general formulas for P, ; and

P, ,; cannot be found. In fact, we have to distinguish several
cases, taking into account relations between the parameters.
The six cases denoted by the letters A to F are presented in
Table [ Accordingly, the probabilities examined are marked
with the respective letters, e.g. P2 stands for the winning
probability in case B. Because the two stations do nothing
during the common part of the interframe periods N{ and
N3, we simplify the situation by introducing the difference
term d = N — NJ.

C. Derivation and Results for General Number of Stations

As in case K = 2 a general formula does not exist, it is
naturally not possible to derive such a formula in the more
complicated case of K > 2. Thus, the computation of the
desired probabilities will have to be of algorithmical character.
(However, explicit formulas can be derived for special cases
like all the stations having same AIFSs and CWyy,s.)

1) The first station’s probability of winning: We have to
evaluate the probability

Pwin:P(Xl<X2/\X1<X3/\.../\X1<XK). 3)

The random events (X; < Xj) for k = 2,..., K are however
not mutually independent. We will decompose the complex
event stated in (3) into a combination of independent events
(X;=N)4+1)A(Xa>NY+ 1) AL A (Xg > NP + 1))
\
(X1 =N +2)A (X2 > NY+2) A A (Xg > N +2)]
(VA @)
[(Xl = 21) /\(XQ > 21) /\.../\(XK > 21},

<

so that now, by the classical rules of probability, VV could
be replaced by summation and A by multiplication. This
simplifies (3) to

K
Py =P(X1 =N, +1)- [ P(Xix > N? + 1)
k=2
K

+P(Xy = N{ +2)- [ P(Xx > NY +2)
k=2
+ ... (&)
K
+ P(Xy =3) - [[ P(Xe > %)
k=2
Because X attains any of the values from {N? +1,...,%;}
with probability Nil, equation (3) could be rewritten as

Ny

1
Pwinzﬁlz

i=1

K
[ P(xi > NY + 1)
k=2

(6)

For particular fixed k and i, the term P(Xj > NV + i) can
be interpreted simply as the number of integers from the k-th
contention window {N?+1,..., %}, that are simultaneously
greater than 4. See, for example, the illustration in Fig. [3
Because the probability is distributed uniformly over these
possible occurrences, the resulting number has to be divided
by the number of integers able to be chosen, i.e. by Ni. So
the previous equation could be technically rewritten as

1 N K
7HK NkZH|{a\a>N£/\a§Ek/\a>i}|,

k=1 i=1 k=2
)

where |M| denotes the cardinality of set M.

The above result is now transformed into the algorithm for
the computation of P, below. The algorithm takes advantage
of the possibility to store the particular results into a matrix
of predefined size, from which the final result is computed by
multiplication and summation (as stated in (7)). We say again
that we look for the probability that the first station wins, i.e.
this station is specified by N{ and Nj.

Algorithm 1 (Computation of P, for K > 2): Let
constants N,S,Nk be given for all k =1,..., K.

1) Allocate matrix of size K — 1 x Nj.

2) (optional step) Find m = min,{N}} and replace N} by

(NP —m) for all k.
3) Compute X = NP + Ny, for all k.

P

win T

the
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TABLE I

TABLE SUMMARIZING RESULTS IN CASE OF TWO STATIONS

4) For n = (N{ +1) : 3 (all possible numbers generated
by the first station) For £k = 2 : K (i.e. all the other

d<o0 d>0
Ni<1-d lel—d No > d NQSd
N1 <Ny —d ‘N1>N2—d N12N2—d ‘ N1 < No—d
1 17(N1+d)(N1+d+1) No —2d—1 (NQ*d)(NQ*d*l) 17N1+2d+1 0
win 2Ny Ny 2N, 2NNy 2N
N d 1 No —d 1
P, 0 1+ 1 2 1 0
co NN, Ny No Ny Na
denotation A B C D E F
— ] - ) [ | E—  E— ] | E— ]
scheme [l [ T [l [ e [
TABLE II

REVIEW OF MAC PARAMETERS

stations): [[ Technology | Access category [ AIFSN | TFS length | CWiin |
Count up all numbers a satisfying a € {NJ+1,..., %} 802.11g — — [ 50 us (DIFS) 5
and a > n. Store the result in the matrix, row k — 1, 802.11e AC_BK ! 150 ps 15
1 NO 802.11e AC_BE 3 70 pus 15
column 7 — ¥y 802.11¢ AC VI 2 50 s 7
After filling the matrix, multiply all its elements in each 802.11e AC_VO 2 50 ps 3

column and then sum the resulting N; numbers. Divide this
by [], Nk and obtain P, .

2) Probability that collision occurs: The probability could
be computed using a simple trick. It is clear that the contest of
the stations ends by either winning of a station or a collision.
Thus, utilizing the complementary probability, we can put
down

1= Pﬁrst + Psecond 4.+ PK—[h + Pcoll'

win win win

®)

Algorithm 2 (Computation of P, for K > 2):
1) Fork=1:K
Compute the probabilities that the k-th station wins.
2) Sum up the numbers. Denote the result by s.
3) Compute P, j; as 1 —s.

col
IV. EXAMPLES

According to the IEEE 802.11g and 802.11e standards we
can define a scenario containing a mix of mobile stations some
of which offer QoS support and others do not. A review of
parameters used can be found in Table

To match the two cases, however, let us note that there is a
difference between 802.11g and 802.11e at the moment when
the state of the medium is evaluated. In the case of 802.11g
the first evaluation of the state is executed after the lapse of
the first Slot_time. In the case of 802.11e the first evaluation
is processed immediately after the AIFS. In our calculations
this diversity can be eliminated if we suppose that for 802.11g
the interframe space equals (DIFS +1-Slot_time). Graphical
representation of the resultant situation can be found in Fig. {]

In our scenarios we use the AIFSN and CW.,,;, values
specified in Table 7-37 of the IEEE standard [S]]. The relation
between AIFSN and the IFS length is [FS = SIFS +
AIFSN - Slot_time.

To keep relation between the mathematical formulas and
the 802.11 configuration clear we used a very basic model of
interframe spaces N? and contention window sizes Nj. For
the practical interpretation we indicate the conversion between
the real network parameters and the parameters used in our
formulas.

First, in the case of 802.11g the conversion of value DIFS
to an AIFSN should be defined. According to the values
presented in the example we can write DIFS = SIFS + 2 -
Slot_time. The 802.11g station will check the state of the
medium at time DIF'S + Slot_time = SIFS + 3 - Slot_time.
It means that for 802.11g we write AIFSN = 3.

Based on the results of the previous paragraph we are able
to express the length of the interframe space for the k-th
station of the scenario as (SIFS + AIFSN|[k]- Slot_time) and
the duration of the contention window as (Nj - Slot_time).
It means that for our calculation each interframe space can
be shortened by SIF'S without any effect on the probability
of winning the contention. After this shortening each of the
remaining parameters is a multiple of Slot time, so we can
write exactly the same as in Eq. (I).

The settings and the results of our analysis for two scenarios
are given in Tables and Corresponding to the first
of them, the intermediate matrix used within Algorithm E] is
presented in Table [V] This matrix of size K —1 x N; =6 x 8
is generated in the case that we ask for the probability of the
station No. 6 to win the contention, P!, Directly following
, after the matrix has been completed, elements within each
column are multiplied, the results are summed up and the final

number is obtained by dividing it by H§:1 Np.
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Fig. 4. Graphical representation of the MAC parameter for the demonstration
scenario

TABLE III

RESULTS FOR PARTICULAR P, S AND P,

coll IN FIRST SCENARIO

[[ No. ] Type [ ATIFSN | CWhin || P, -100 |
1 | 802.11g 3 15 2.59
2 | 802.11g 3 15 2.59
3 | 802.11e - AC_BK 7 15 0
4 | 802.11e — AC_BE 3 15 2.59
5 | 802.11e - AC_BE 3 15 2.59
6 | 802.11e — AC_VI 2 7 16.03
7 | 802.11e — AC_VO 2 3 50.97
[ Collision probability P_ - 100 22.66 ]|

V. INTERPRETATION OF RESULTS

The results of our analysis correspond to the empirical
expectations. The AC_VO category has a very large probability
to gain access to the medium. All best-effort (AC_BE) access
categories have the same probability to gain an access, but this
probability is significantly smaller than that of the AC_VO.
According to the selected configuration values we can also
see that when there is a AC_VO frame, the background access
category has no chance to win the contention. After removing
the high-priority traffic the P, of the best effort categories
greatly increases.

We can also mention a significant change in the probability
of a collision. We can conclude that high priority traffic will
increase the probability of collisions. On the other hand, the
decrease of the P, ), in Table [[V| was also caused by fewer
competing access categories. From this we can deduce that to
have a WLAN network operate efficiently the amount of high
priority traffic should be kept at a sufficiently low rate.

VI. CONCLUSION

The paper introduces a probabilistic algorithm allowing
technicians to evaluate the effect of different WLAN MAC
parameters on the probability of gaining access to the
shared wireless communication medium for the corresponding
802.11e access categories. The method suggested was evalu-
ated in a demonstration scenario and the results obtained match
with our empirical expectations. The interpretation of these
results was also given. On the other hand, we are aware that the

TABLE IV
RESULTS FOR PARTICULAR PwinS AND Pcoll IN SECOND SCENARIO

[[ No. | Type [ AIFSN [ CWain || Py, - 100 ]|
1 802.11¢g 3 15 20.80
2 | 802.11g 3 15 20.80
3 | 802.11e - AC_BK 7 15 3.81
4 | 802.11e — AC_BE 3 15 20.80
5 | 802.11e — AC_BE 3 15 20.80
[[ Collision probability P_, - 100 12.99 ||
TABLE V

MATRIX USED WITHIN ALGORITHM[IJFOR CASE OF LOOKING FOR
PROBABILITY OF SIXTH STATION TO WIN

Station No. |
1 16 15 14 13 12 11 10 9
2 16 15 14 13 12 11 10 9
3 16 16 16 16 16 15 14 13
4 16 15 14 13 12 11 10 9
5 16 15 14 13 12 11 10 9
7 3 2 1 0 0 0 0 0

model is still quite abstract and does not respect all important
characteristics of real network traffic. For example, we did
not deal with interrupted attempts to access the medium, with
reactions to collisions and we did not consider variable traffic
intensity for different access categories.
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