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Abstract—In this paper we first present a model to analyze the
average and standard deviation of the delay in a 802.11e EDCA
WLAN under voice traffic. Next, based on this model, we compute
the optimal configuration of the EDCA parameters. Specifically,
with our optimal configuration we aim at admitting as many
voice calls as possible while meeting a given quality criterion for
the average delay and its typical deviation. Simulation results
confirm the effectiveness of our optimal configuration.

|. INTRODUCTION

The IEEE 802 Working Group has recently approved a new
standard called 802.11e[1] that extends the basic 802.11 algo-
rithm with Quality of Service capabilities. This new standard
is based on a number of open parameters whose configuration
is yet an unsolved issue. Although the standard includes
some recommendations for the parameters configuration, these
recommendations are statically set and do no guarantee an
optimized performance.

In this paper we address the issue of finding the optimal
configuration of a 802.11e EDCA WLAN under voice traffic.
We first present a model of EDCA that, unlike previous
analyses (see [2]-{4] and references therein), does not only
account for the throughput and average delay characterization
but also for the standard deviation of the delay. Indeed, we
argue that variance is a fundamental measure in order to
provide a real-time application such as voice traffic with
meaningful QoS guarantees?.

The second and main contribution of this paper is the
proposal of a concrete agorithm for the configuration of the
EDCA parameters for voice traffic. Our algorithm takes as
input parameters the number of voice stations and the desired
service quality criterion (namely, average delay and standard
deviation), and provides as output the EDCA parameter values
(if they exist) that satisfy this criterion. To our knowledge, this
is the first attempt to compute analytically the optimal EDCA
configuration for real-time traffic.

The rest of this article is structured as follows. Section 11
presents a brief description of 802.11e EDCA. Section IlI
analyzes the throughput, average delay and standard deviation
of an EDCA WLAN under voice traffic. Section 1V is devoted
to finding the optimal EDCA configuration. Finaly, the article
closes with some concluding remarks in Section V.

1In fact, given the average delay and its standard deviation, it is possible
to provide guarantees on the delay distribution by means of the Tchebycheff
inequality [5]. In this paper we do not further discuss this and simply assume
that the average delay and the standard deviation are sufficient to provide
voice traffic with the desired service guarantees.

Il. 802.11e EDCA MEDIUM ACCESS CONTROL
ALGORITHM

The EDCA Medium Access Control algorithm is briefly
summarized as follows. A station with a new packet to transmit
monitors the channel activity. If the channel isidle for a period
of time eqgua to the arbitration interframe space (AIFS)
parameter, the station transmits. Otherwise, if the channel is
sensed busy (either immediately or during the ATF'S), the
station continues to monitor the channel until it is measured
idlefor an AIF'S, and, at this point, the backoff process starts.

Upon starting the backoff process, the station initializes its
backoff time counter to a random value uniformly distributed
in the range (0, CW — 1), with CW initially set equa to
the minimum contention window (CW,,;,) parameter. The
backoff time counter is decremented once every dot time
as long as the channel is sensed idle, “frozen” when a
transmission is detected, and reactivated when the channel is
sensed idle again for an AIF'S period.

Once the backoff counter reaches zero, the station accesses
the channel. When it gains access to the channel, the station
is allowed to transmit for a duration given by the transmission
opportunity (7' X O P) parameter. A collision occurs when two
or more stations access the channel simultaneously. After a
collision, CW is doubled (up to a maximum value equal to the
CWnae parameter) and the backoff processis restarted. If the
number of failed retries for a packet reaches a predetermined
retry limit R, the packet is discarded.

As it can be seen from the above description of EDCA,
its operation depends on a number of configurable parameters
(namely CWoniny, CWinaz, AITF'S and T'X O P) which can be
set to different values for different stations. The rest of this
paper is devoted to finding the optimal configuration of these
parameters for an EDCA WLAN under voice traffic.

I11. PERFORMANCE ANALYSIS

In this section we analyze the performance of 802.11e
EDCA under voice traffic as a first step towards finding the
optimal EDCA configuration.

A. Considerations on the Configuration

The focus of this paper is on a WLAN operating under
voice traffic. Asin this scenario we only have one traffic class
(namely voice), there is no need for introducing any type of
differentiation, and the same EDCA parameter values can be
assigned to all stations.



As a result of the above, we have that al the stations use
the same AITF'S configuration. From this, it follows that the
optimal setting for this parameter is its minimum possible
value, namely ATFS = DIF'S, as otherwise some extra time
is unnecessarily lost after every transmission. This fixes the
value of one of the four parameters.

We next consider the configuration of the CW ., param-
eter. When the number of stations in the channél is unknown,
CWinae 1S typicdly set larger than CW,,;,, SO that after
a collision the CW increases and thus the probability of a
new collision is reduced. However, this is not necessary in
our case, as the number of stations is known and therefore
their CW,,,;,, can be directly set so that the resulting collision
probability corresponds to optimal operation. In addition, if
we set CW,,4. larger than CW,,,;,,, the delay of the packets
that suffer one or more collision drastically grows, which
harms jitter performance. Based on these arguments, we set
CWiin = CWinae, Which fixes another parameter.

Given the stringent delay requirements of voice traffic, the
parameters setting for voice stations will typically be chosen
such that their transmission queue never grows to more than
one packet (in particular, this holds for the configurations that
we propose in Section V). In the eventual case that queues
grow above one packet, it is desirable that, upon accessing
the channel, all waiting packets are transmitted in order to
minimize their delay. To achieve this, in this paper we set the
TXOP parameter to its maximum alowed value. However,
since according to the above reasoning this will occur rarely,
hereafter we assume that (unless otherwise stated) stations
only transmit one packet when they access the channel.

Based on the above considerations, we have that three out
of the four parameters of EDCA are fixed (namely AIF'S,
CWiae and TXOP); the rest of the paper is devoted to
finding the optimal configuration of the remaining parameter

B. Throughput Analysis

We next analyze the throughput performance of an EDCA
WLAN with N voice stations as a function of the CW i,
configuration. Following the behavior of many of today’s most
popular voice applications (like e.g. Skype), which do not use
silence suppression, we model voice stations as CBR traffic
sources that generate a voice packet of size L every time
interval T

The key variable upon which we base the throughput
analysisis 7, defined as the probability that a station transmits
in a randomly chosen slot time. Based on this variable, the
throughput r experienced by a given station is computed as
follows:

— PQL (1)
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where P, is the probability that a randomly chosen slot time
contains a successful transmission of the given station, P,
P, and P, are the probabilities that a slot time contains a
successful transmission, a collision or is empty, respectively,
and T, T, and T, are the dot time durations in each case.

r

The above probabilities are computed as a function of = as

Py=7(1- T)N-1 2
Py =N7(1—7)N! (©)
Po=(1-7)¥ ()
P.=1-P, — P, (5)

Given 7 < 1, these probabilities can be approximated by

P27 —(N-1)r2 (6)

P, = N7—N(N —-1)7? @)
P.=1- N7+ N(N —1)1%/2 ©)
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From the above, we have aformulato compute the through-
put as a function of 7, r(7). Based on this, we can obtain the
throughput performance as a function of CW,,,;,, as follows.
We say that a station is saturated when it always has packets
ready for transmission. The 7 value of such a station will be
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If, for agiven CW,,;,, configuration we have that r(7s.¢) <
L/T, then stations will be saturated, as their incoming rate
L/T will be larger than the outgoing rate (754 ). Throughput
performance in this case will be the given by r(7sat).

On the other hand, if the CW,,;,, configuration is such that
r(Tsat) > L/T, then stations will not be saturated and their
throughput will be equal to the incoming rate, L/T.

C. Analysis of the 7 of Operation

Based on the above throughput analysis, we now anayze
the 7 value at which stations operate. In case of saturation,
the value of 7 is directly given by Eg. (10). In case of non
saturation, the throughput experienced by the stations is equal
to their incoming rate, and therefore the ~ of operation has to
satisfy the following second order equation:

r(r)=L/T (1)

From Figure 1, which plots () as afunction of 7, it can be
seen that the above equation has two solutions: 7, and 7. We
next show that the 7 of operation corresponds to the smallest
of the two, i.e. 1.

From the fact that under non saturation r(7s.¢) > L/T, we
have that the value of 7., surely fals between 7, and 7.
Note that 7.,; corresponds to the extreme case when a station
aways has packets ready for transmission and only waits one
backoff process between each transmission and the next one.
Therefore, 754; represents an upper bound on the maximum =
at which the station can possibly operate. As a consequence,
T cannot be the point of operation, which leaves 7, as the
only possible solution.



r(7)

L/T

‘ T of
¢ operation
: T
7 Tsat 7,
Fig. 1. 7 of operation.

D. Average Delay Analysis

We next analyze, as afunction of the 7 of operation obtained
in the previous section, the delay performance of the WLAN.
Specifically, our focus is on the time elapsed between the be-
ginning of the backoff process and the successful transmission
of a packet. Given our assumption of Section I11-A that EDCA
parameters are set such that transmission queues do not grow
to more than one packet, this corresponds to the total delay of
the WLAN.

We start by analyzing the average value of the delay. This
can be computed as follows:

R
Eld] = Pi(j)Eld;] (12)
j=0

where P, (j) is the probability that a packet is successfully
transmitted after j retries and E[d;] is the expected delay in
this case. P;,(j) is computed as

P(j) = (1 = p)p’

where p is the probability that a transmission attempt collides,
which is given by

(13)

p=1-(01-7)"" (14)
El[d;] is computed as follows:

where El[dp,(j)] is the total time spent in average with
backoff counter decrements for the case of j collisions. This
is calculated as

E[db(’ (])] = jE[CbO]E[Tslot]

where Elcp,] is the expected backoff time counter drawn at
the beginning of a backoff process and E[T,;,:] is the average
duration of a dot time when the considered station does not
transmit.

Since the backoff time counter is calculated from a uniform
distribution between 0 and CW,,;, — 1, E[cpo) IS equal to

Cszn -1
2

(16)

Elcpo) = a7

Finaly, E[T,:] is caculated as follows by noting that dur-
ing those slot times the considered station does not transmit:

ETsiot) = Pen—1Te + Ps n—1Ts + Pen—1T: (18)
where
Poyoi=(1—-7)N! (19)
Pino1=(N-1)1(1 - T)N=—2 (20
Pon1=1-FPen-1—PFPsna (21)

which terminates the analysis of the average delay.

E. Delay Sandard Deviation Analysis

Next, we analyze the standard deviation of the delay. The
analysis follows the same lines as the computation of the
average delay in the previous section.

The standard deviation of the delay can be computed as
a function of the first and second moments of the delay as
follows:

E[d?] - E[d]? (22)

0Oq —

E|d) has aready been computed above. To compute E[d 2],
we proceed similarly as in EQ. (12):

R
Eld’] =) Pu(j)Eld]] (23)
7=0

P,,(j) has aready been obtained in Eq. (13). By definition,
E[d3] can be expressed as

E[d}] = E[d;]* + 03, (24)

where E/[d;] has aready been computed in Eq. (15).
The remaining challenge is the computation of o2 . Since
T, and T, are constants, from Eq. (15) it follows

2 2

Td; = Tdo(j) (25)

Since in case of j retransmission, the total backoff delay is
composed of j backoff components, we have

Oro(s) = I, (26)
where o4, can be expressed as
iy, = Bldio] — Bldyo]” (27)

El[dy,] has aready been obtained above. E[d?] can be
calculated as

CWiin—1

D

k=0

E[dio] = Pbo(k)E[(Tslot + Tslot + -+ Tslot)Q]

k times

(28)
where Py, (k) = 1/CWpiy, is the probability that the backoff
counter drawn is equa to k£ and

E[(Tslot + Tsior + -+ Tslot)Q] = I€2-E[Crslot]2 + ko—%slut

k times

(29)



Finaly, by combining the above two equations,

E[d})] = E[Tuo)? (CWinin — 1)é2CWmm —-1)
+ a%ﬁlot % (30)
where
0., = E[T3,] = E[Tsot)? (31)
E[T3,] = Pen T2+ Psn aT2 + Py T2 (32)

which terminates the delay standard deviation analysis.

F. Validation

We validated the accuracy of our analysis by comparing
analytical results against simulations. For the simulations,
we used an event-driven simulator that closely follows the
802.11e EDCA behavior for each station. The experiments
were performed for a WLAN with the system parameters of
the |EEE 802.11b physical layer. Following the behavior of
standard PCM codecs, voice sources generated one 80 byte
packet every 10 ms.

Figures 2 and 3 plot the average and standard deviation of
the backoff delay for different configurations of the CW,,,;,
parameter as well as different numbers of voice stations. The
three values chosen for the number of voice stations, N €
{10, 15,20}, correspond to a low, medium and heavy |oaded
WLAN, respectively. Simulation results are plotted with 95%
confidence intervals.

From the figures, we observe that analytical results match
simulations remarkably well, which confirms the accuracy
of our anaysis. We further observe that delays show the
following behavior:

o For too low CW,,,;, values, the WLAN is saturated and
delays are very large.

e As CW,,:n increases, after crossing a certain threshold
(which varies for different N values) the WLAN leaves
saturation and delays decrease sharply.

o After this threshold, delays increase gradually with the
CWin- The reason for this gradua increase is that,
the larger the CW,,.;», the longer the completion of the
backoff process takes.

From the above, it can be intuitively seen that the CW .
values that provide the best performance are the ones close
to the saturation threshold. In the following, we address the
issue of finding this optimal configuration.

IV. OPTIMAL CONFIGURATION

In this section we present an algorithm that, given the
desired performance for voice traffic, finds the optima con-
figuration that satisfies this quality criterion. Specifically, our
algorithm takes as input the desired upper bound values for the
average delay and its standard deviation (D 4, and 04,4.) @nd
provides the following output: ¢) it determines if there exists
any CW,,;,, configuration that meets the given requirements,
and i) if it exigts, it gives the optima CW,,,;,, configuration.
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Fig. 3. Validation of the delay standard deviation.

A. Bounds for CW,,.in

We start by analyzing the CW,,;, range that provides
good throughput performance. According to Section I11-B, the
WLAN will not be saturated as long as CW,,;,, is set such
that the following condition holds: r(744:) > L/T, where 754+
is a function of CW,,,;,, as given by Eqg. (10).

For any CW,,;» that does not meet the above condition,
the outgoing rate will be smaller than the incoming one and
as a result throughput performance will be degraded. As it
can be observed from Figure 4, this imposes a lower and an
upper bound on CW,,;,,. Hereafter, we refer to these bounds
as CWy and CWs, respectively.

We now anadyze the CW,,;, range to meet the given
delay reguirements. According to the average delay analysis
of Section I11-D, aslong asthe WLAN is not saturated (which
is given by the above bounds) average delay is an increasing
function of CW ;... As aresult, the requirement that average
delay cannot exceed agiven D.,,,,.. value imposes an additional
upper limit on CW,,;», which we refer to with CW5 (see
Figure5). Following a similar reasoning, we have an additional
upper limit (CW,) imposed by the delay standard deviation.

B. Optimal CW,,;, Configuration

We next propose an agorithm to compute the optimal
CWnin based on the lower bound (C'W7) and three upper
bounds (CW,, CW3 and C'W,) obtained above.

From the previous section, we have that any CW,,;, that
falls within the bounds meets the given quality criterion. The



TABLE |
ALGORITHM VALIDATION.

Dmax Omazx N CWalgorithm Dalgorithm Oalgorithm CWea:haustive Dezha,usti'ue Oexhaustive
10 314 495 278 317 4.99 282
5ms | 5ms | 15 225 491 2.87 229 4.99 2.92
20 118 472 3.02 125 4.99 3.25
10 274 435 243 281 4.45 249
5ms | 25ms | 15 186 4.07 2.36 196 4.28 2.49
20 89 3.65 2.48 91 431 2.49
10 145 245 132 148 249 1.35
25ms | 25ms | 15 104 2.32 1.29 111 2.47 1.39
19 66 2.29 1.42 72 2.49 154
r ) » Next, we compute CW3 by solving E[d] = Dmaz,
M(CWoni) // using the E[d] expression of Section I11-D with the =
of operation of Section I11-C for non saturation.
uT o We then obtain CW, by solving o4 = oz, USING iN
this case the expression for o4 of Section Il1-E.
« Asafina step, the algorithm compares the lower bound
against the minimum of all upper bounds: if CW,; >
/ min(CWs,, CWs5, CW,), there exists no CW,,;, vaue
that satisfies the desired quality criterion and the algo-
rithm indicates that it is not possible to admit the given
ow, cw, CWrin number of voice calls.
o Otherwise, the algorithm terminates by giving the optimal
Fig. 4 CWipnsn bounds for throughput. configuration: CW,i, = min(CWa, CW3, CWy).
5 C. Validation
, We validated our algorithm by comparing the performance
’ of our configuration given by the algorithm (CW w40rithm)
/ against the result of performing an exhaustive search over the
T CWanin Space and choosing the best performaing CW,in
D,y vaue (CWegphaustive). We performed this experiment for
three different quality criteria ranging from a more stringent
criterion (Dypax = Omaee = 2.5ms) to a more relaxed one
D(CWor) (Dimaz = Omas = Dbms). Simulation results, presented in
Table |, show that the proposed configuration is always very
cw,, close to the one obtained from the exhaustive search and that
cw, CwW, W, our agorithm admits as many voice calls as the exhaustive

Fig. 5. CWy,in bound for average delay.

remaining challengeis to choose one CW,,;,, valuewithin this
range. Based on the following argument, we choose the largest
possible value. As it can be observed from Figure 5, in the
given range delay performanceimprovesas CW ,,,;,, decreases.
The problem, however, is that as CW,,,;, approaches CW71,
there is the risk of suffering a sharp performance decrease. In
order to avoid this, we choose the CW,,,;,, value that, while
meeting the given criterion, falls as far as possible from this
critical point.

We next present our algorithm resulting from all the above

considerations:

« Inthefirst step, we compute CW; and CWs by solving
7(CWinin) = L/T, using the expression for »(CW,.»)
obtained in Section 111-B with the 7 of operation given
in Section 11-C for saturation.

search while meeting the desired quality criteria.

V. CONCLUSIONS

In this paper we have proposed an algorithm to compute
the optima configuration of EDCA for voice traffic. To our
knowledge, thisis the first attempt to compute analytically the
configuration of EDCA. The values obtained are about one
order of magnitude above the standard recommended value
(CWpnin = 8), which poses doubts on this recommendation.
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