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Abstract—The Enhanced Distributed Channel Access (EDCA)
function of IEEE 802.11e standard defines multiple Access
Categories (AC) with AC-specific Contention Window (CW)
sizes, Arbitration Interframe Space (AIFS) values, and Transmit
Opportunity (TXOP) limits to support MAC-level Quality-of-
Service (QoS). In this paper, we propose an analytical model for
the EDCA function which incorporates an accurate CW, AIFS,
and TXOP differentiation at any traffic load. The proposed model
is also shown to capture the effect of MAC layer buffer size on the
performance. Analytical and simulation results are compared to
demonstrate the accuracy of the proposed approach for varying
traffic loads, EDCA parameters, and MAC layer buffer space.

I. I NTRODUCTION

The IEEE 802.11 standard [1] deÞnes the Distributed Coor-
dination Function (DCF) which provides best-effort service at
the Medium Access Control (MAC) layer of the Wireless Lo-
cal Area Networks (WLANs). The IEEE 802.11e standard [2]
speciÞes the Hybrid Coordination Function (HCF) which en-
ables prioritized and parameterized Quality-of-Service (QoS)
services at the MAC layer, on top of DCF. The HCF combines
a distributed contention-based channel access mechanism,
referred to as Enhanced Distributed Channel Access (EDCA),
and a centralized polling-based channel access mechanism,
referred to as HCF Controlled Channel Access (HCCA).

In this paper, we conÞne our analysis to the EDCA scheme,
which uses Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA) and slotted Binary Exponential Back-
off (BEB) mechanism as the basic access method. The EDCA
deÞnes multiple Access Categories (AC) with AC-speciÞc
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practice given the fact that the demanded bandwidth for most
of the Internet trafÞc is variable with signiÞcant idle periods.
Our main contribution in this paper is an accurate EDCA
analytical model which releases the saturation assumption. The
model is shown to predict EDCA performance accurately for
the whole trafÞc load range from a lightly loaded non-saturated
channel to a heavily congested saturated medium for a range
of trafÞc models.

Furthermore, the majority of analytical work on the per-
formance of 802.11e EDCA (and of 802.11 DCF) in non-
saturated conditions assumes either a very small or an in-
Þnitely large MAC layer buffer space. Our analysis removes
such assumptions by incorporating the Þnite size MAC layer
queue (interface queue between Link Layer (LL) and MAC
layer) into the model. The Þnite size queue analysis shows
the effect of MAC layer buffer space on EDCA performance
which we will show to be signiÞcant.

A key contribution of this work is that the proposed analyti-
cal model incorporatesall EDCA QoS parameters, CW, AIFS,
and TXOP. We present a Markov model the states of which
represent the state of the backoff process and MAC buffer
occupancy. To enable analysis in the Markov framework, we
assume constant probability of packet arrival per state (for
the sake of simplicity, Poisson arrivals). On the other hand,
we have also shown that the results hold for a range of
trafÞc types. Comparing with simulations, we show that our
model can provide accurate results for any selection of EDCA
parameters at any load.

II. RELATED WORK

Assuming constant collision probability for each station
(slot homogeneity), Bianchi [3] developed a simple Discrete-
Time Markov Chain (DTMC). The saturation throughput is
obtained by applying regenerative analysis to a generic slot
time. Xiao [4] extended [3] to analyze only the CW dif-
ferentiation. Konget al. [5] took AIFS differentiation into
account. Robinsonet al. [6] proposed an average analysis on
the calculation collision probability for different contention
zones. Huiet al. [7], Inanet al. [8], and Taoet al.[9] proposed
extensions which provides accurate treatment of AIFS and CW
differentiation between the ACs for the constant transmission
probability assumption.
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transmissions (pcol
x,i) at the contention zonex given one ACi is

in backoff [20]. Moreover, letxi be the Þrst contention zone in
which ACi can transmit. Then,Ti,bs is calculated as in (20),
where pzx denotes the stationary distribution for a random
backoff slot being in zonex. If we let d−1 = Wmin,
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The expected duration of a backoff slot given it is busy and
one ACi is in idle state is calculated as
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4) The conditional queue state transition probabilitiespnt

and pst: We assume the packets arrive at the AC queue ac-
cording to a Poisson process. Using the probability distribution
function of the Poisson process, the probability ofk arrivals
occuring in time intervalt Pr(Nt,i = k) is calculated. Then,
pnt(l�, T |l) and pst(l�, T |l) can be calculated considering the
Þnite buffer space [20]. Also, note thatρi = 1−Pr(NTslot,i =
0).

B. Normalized Throughput Analysis

The normalized throughput of a given ACi, Si, is deÞned
as the fraction of the time occupied by the successfully
transmitted information. Then,

Si =
psiNi,txopTi,p

pITslot +
�
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�
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where pI is the probability of the channel being idle at a
backoff slot, psi is the conditional successful transmission
probability of ACi at a backoff slot, andNi,txop = (Ti,txop −
AIFSi +SIFS)/Ti,exc. The reader is referred to [20] for the
simple derivations ofpI andpsi .

IV. N UMERICAL AND SIMULATION RESULTS

We validate the accuracy of the numerical results by com-
paring them with the simulations results obtained from ns-
2 [21]. For the simulations, we employ the 802.11e HCF
MAC simulation model for ns-2.28 [22]. In simulations, we
consider two ACs, one high priority and one low priority.
Each station runs only one AC. Unless otherwise stated, the
packets are generated according to a Poisson process with
equal rate for both ACs. We setAIFSN1 = 3, AIFSN3 = 2,

1 2 3 4 5 6 7 8 9 10
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

N
or

m
al

iz
ed

 T
hr

ou
gh

pu
t

Offered traffic rate per AC (Mbps)

QS=2, AC
1
 − analysis

QS=2, AC
3
 − analysis

QS=2, total − analysis
QS=2, AC

1
 − sim

QS=2, AC
1
 − sim

QS=2, total − sim
QS=10, AC

1
 − analysis

QS=10, AC
3
 − analysis

QS=10, total − analysis
QS=10, AC

1
 − sim

QS=10, AC
1
 − sim

QS=10, total − sim

Fig. 3. Normalized throughput of each AC with respect to increasing load
at each station.

CW1,min = 15, CW3,min = 7, TXOP1 = 3.008 ms,
TXOP3 = 1.504 ms, m1 = m3 = 3, r1 = r3 = 7. For both
ACs, the payload size is 1034 bytes. The simulation results
are reported for the wireless channel with no errors. All the
stations use 54 Mbps and 6 Mbps as the data and basic rate
respectively (Tslot = 9 µs, SIFS = 10 µs). The simulation
runtime is 100 seconds.

In our Þrst experiment, there are 5 stations for both ACs
transmitting to an AP. Fig. 3 shows the normalized throughput
per AC as well as the total system throughput for increasing
offered load per AC. The analysis is carried out for maximum
MAC buffer sizes of 2 packets and 10 packets. The results
show that our model can accurately capture the linear relation-
ship between throughput and offered load under low loads, the
complex transition in throughput between under-loaded and
saturation regimes, and the saturation throughput.The proposed
model also captures the throughput variation with respect to
the size of the MAC buffer. The results also show small
interface buffer assumptions of previous models [10],[11],[19]
can lead to considerable analytical inaccuracies.

Fig. 4 displays the differentiation of throughput when packet
arrival rate is Þxed to2 Mbps per AC and the station number
per AC is increased. We present the results for the MAC
buffer size of 10 packets. The analytical and simulation results
are well in accordance. As the trafÞc load increases, the
differentiation in throughput between the ACs is observed.

We have also compared the throughput estimates obtained
from the analytical model with the simulation results obtained
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Fig. 4. Normalized throughput of each AC with respect to increasing number
of stations when the total offered load per AC is 2 Mbps.
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Fig. 5. Normalized throughput of each AC with respect to increasing number
of stations when total offered load per AC is 0.5 Mbps. In simulations, AC3

uses On/Off trafÞc rather than Poisson.

using an On/Off trafÞc model in Fig. 5. A similar study has
Þrst been made for DCF in [10]. We modeled the high priority
with On/Off trafÞc model with exponentially distributed idle
and active intervals of mean length1.5 s. In the active interval,
packets are generated with Constant Bit Rate (CBR). The low
priority trafÞc uses Poisson distributed arrivals. The analytical
predictions closely follow the simulation results for the given
scenario. Although we do not include the results here, our
model also provides a very good match in terms of the
throughput for CBR trafÞc for any number of stations [20].

V. CONCLUSION

We have presented an accurate Markov model for analyt-
ically calculating the EDCA throughput at Þnite trafÞc load.
The analytical model can incorporate any selection of AC-
speciÞc AIFS, CW, and TXOP values for any number of ACs.
To the authorsÕ knowledge this is the Þrst demonstration of an
analytic model including TXOP procedure for Þnite load.

We also show that the MAC buffer size affects the EDCA
performance signiÞcantly between underloaded and saturation
regimes (including saturation). Moreover, the comparison with
simulation results shows that the throughput analysis is valid
for a range of trafÞc types such as CBR and On/Off trafÞc
(On/Off trafÞc model is a widely used model for voice and
telnet trafÞc).
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