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Abstract
The paper surveys various analytical models for IEEE 802.11 medium access control protocols and critically
discusses recent issues developing in wireless mobile ad hoc networks and their MACs. The surveyed MAC
protocols include the standard IEEE 80211 MAC suites such as IEEE 802.11 DCF, IEEE 802.11 PCF, IEEE
802.11e EDCA, and IEEE 802.11 ad hoc mode; and also the newer, de facto MAC protocols. We study the
analytic models of the standard MAC suites followed by the newer analytic models that have been published
in recent years. Also, the paper tries to include most of current literatures discussing analytic modeling of

MAC in conjunction to some critical issues such as contention among ad hoc nodes, hidden terminal problems,

and real-time service support.

Keywords: IEEE 802.11 MAC suite, MAC performance modeling, Markov chain, IEEE 802.11 DCF IEEE

802.11e EDCA, Real-time support, Ad-hoc networks.

I. Introduction

Wireless local area networks (WLAN) using the
IEEER02.11 series of standards have experienced an
exponential growth in the new decade. In WLAN, due to
the shared nature of wireless channels and the intrinsic
scarcity of its bandwidth, the medium access control
(MAC) vprotocol is one of the major elements that
determines performance and channel utilization.

Throughput and delay analysis of contention-based
random multiple access technique based on CSMA has
long been studied since the 1970s [2]. Accompanying the
standardization and rapid deployment of IEEE 802.11
WLANSs in the 1990s, the performance analysis of MAC
protocols became a popular research item. The related
MAC terminologies such as the contention-based DCF,
CSMA with CA (CSMA/CA) began to appear [1].

In the new millenium, driven by the rapid growth of
WLAN traffic volume and the different needs of
applications, the IEEE 802.11 Task Group E has been
working for several years to enhance the current best
effort 802.11 MAC to support a QoS-aware WLAN. One
of the results is EDCA, which is one of the main and
mandatory schemes in 802.11e [6]. It parameterizes the
DCF CSMA/CA scheme with prioritized EB to achieve
differentiated QoS. In recent years, the performance of
EDCA has been explored by using simulations [16]-
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{22], and also by analytical evaluations [23]-[26]. Most
of the EDCA analytical studies are based on the DCF
analysis model.

also have been
conducted to evaluate the performance of the IEEE
802,11 MAC in the context of multi-hop wireless
networks [27]1-[32]. These studies have shown that the
relay traffic at intermediate nodes has a significant
on the vperformance of IEEE 80211 based
networks. There are some studies on
between 802.11 MAC vprotocols and network-layer
forwarding paths in ad hoc networks [33]-[35]). These
studies have shown that data transmission in ad hoc

Recently, a number of studies

impact
interactions

networks involves interactions between
MAC-layer channel access and network-layer data
forwarding. Furthermore, interactions have a

significant impact on the throughput and delay in the

cross—layer
these

system.

In this paper, we perform a survey on the analytic
models related to the performance issues of IEEE 802.11
MAC protocols for wireless mobile networks. We
classify these models into the some major categories as
shown in Figl. Those include IEEE 80211 series
standards such as IEEE 802.11 DCF, IEEE 802.11 PCF,
IEEE 802.11e EDCA, IEEE 80211 ad hoc mode, and
modified protocols. In the following, Section I presents
the analytic model for IEEE 802.11 DCF. Section 11
discusses the analytic models for real-time support, and
in Section IV, the analytic models for ad-hoc networks

are presented including the recent development for
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Fig. 1. Classification on MAC analytic modeling

real-time service support. Finally, the conclusions are
made in Section V.

I1. Analytical Model for IEEE 802.11 DCF

A. [EEE 802.11 DCF
IEEE 802.11 DCF the CSMA/CA
protocol. If a station has a frame to transmit, it checks

is based on

the channel status to see if the channel is idle. If the
of DCF
inter-frame space (DIFS) and its back-off counter value

channel is sensed idle for an interval
is zero, the station immediately initiates its transmission.
If the channel is sensed to be busy or the back-off
counter value is non-zero, the station will defer its
transmission until the channel becomes idle for a DIFS
interval and also the back-off counter value reaches
zero. Unless the channel is idle, it freezes the back-off
counter. The back-off counter is set by the system with
a randomly chosen value in the range of [0, CW], where
CW is the current contention window size having a
value in the range of [CWiin, CWmal. If the source
successfully receives an acknowledgement (ACK) frame
after a short inter-frame space (SIFS) idle period, the
transmission is assumed to be successful.

In the IEEE 802.11 DCF, a binary exponential
back-off counter (BEB) is used, i.e., the value of CW is
dynamically controlled by the back-off algorithm. If a
frame transmission fails, the current contention window
size is doubled up to the maximum value CWpa The
station can have a retransmission attempt to transmit
the frame after the system selects a new back-off

counter value from the increased contention window. On
the other hand, if the transmission is successful, the
source station resets its contention window to the
minimum value CW .

B. Markov Chain Model of Bianchi

In [3], Bianchi presented the saturation throughput
performance of IEEE 802.11 DCF. The DCF performance
evaluation uses his analytic model for DCF using a 2-D
Markov chain. After
followed for different conditions and assumptions. He put
together a milestone because most of studies related to
of IEEE 80211 MAC for its
performance evaluation refer to his model. The Bianchi's

him, more investigations are

analytic modeling
model relies on the following fundamental assumptions
for simplicity:

* The mobile stations always have packet to transmit.
He calls this the saturation condition.

¢ There are no hidden terminals and there is no
capture effect. The capture effect means that a
terminal which perceives a higher signal-to-noise
ratio (SNR) relative to other terminals captures the
channel.

* At each transmission attempt and regardless of the
number of retransmissions suffered, each packet
collides with constant and independent probability.

* The transmission channel is ideal and packet errors
are only due to collisions.

The analytic model based on these assumptions is
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presented for the saturation throughput evaluation in the
WLAN. By virtue of the strategy employed for reducing
the collision probability of the packets transmitted from
access the channel

the stations attempting to

simultaneously, a random process b(t) is used to
represent the back-off counter of a given station. The
back-off counter is decremented at the start of every
idle back-off slot and when it reaches zero, the station
transmits and a new value for b(t) is set. The value of
b(t) after each transmission depends on the size of the
contention window from which it is drawn. Therefore, it
depends on the station's transmission history, rendering
it a non-Markovian process. To overcome this problem
and get to the definition of a Markovian process, a
second process s(t) is defined representing the size of
the contention window from which b(t) is drawn, where
W, =2'W,i=s(t). Recall that a back-off time counter is
initialized depending on the failed
transmissions for the transmitted packet. It is chosen in
the range [0, Wi-1] distribution, where W; is the
contention window at the back-off stage i. At the first

number  of

transmission attempt, the contention window size is set
equal to a minimum value W, = W, and the process s(t)
takes on the value s{t)=i=0. The back-off stage i is
incremented in unitary steps after each unsuccessful
transmission up to the maximum value m, while the
contention window is doubled at each stage up to the
maximum value CW,,, =2"W. The back-off counter is

decremented as long as the channel is sensed idle and
stopped when it is detected busy. The station transmits
the back-off time counter reaches zero. A
two-dimensional Markov <s(t),b(t) > are
defined, based on two assertions, as follows:

when
process

¢« The probability that a station will

transmission in a generic time slot is constant across

attempt a

all time slots.

* The probability that any transmission experiences a
collision is constant and independent of the number
of collisions already suffered.

The Markov process includes transition probabilities

as follows:
Pliklik+1}=1 ke(o,w,—2) i€(0m) (1)
P{0,ki,0}=(1-p)/ W, ke(o,W0 1) ie(0,m)
Pli,Kli—1,0}=p/ W, e(o,W,—-1) i€(0m)
P{m,klm,0}=p/ W,, kE(O, Wm 1)

where indices and parameters are summarized in Table
1.

In practical networks, however, the traffic at each
station 1s mostly unsaturated, so it is important to
derive a model accounting for practical network
operations. In {4]-[7], the Bianchi process model is
to consider unsaturated traffic
conditions by introducing a new idle state, not present

in the original Bianchi model. In the unsaturated traffic

extended in order

case, the extended model assumes that the station
transmission buffer becomes empty, after a successful
completion of a packet transmission.

Cleary, the second and fourth assumptions made by
Bianchi may not be valid in real setting, specially, when
the station is mobile and when the channel is not ideal.
On that account, the authors of {9] look at the impact of
channel induced errors and the received SNR on the
achievable throughput in a system with rate adaptation
whereby the transmission rate of the terminal is adapted
based on either direct or indirect

Table 1. The Bianchi model definitions

PP, EF
S=
(I~ Fot AT, 7 F,(-PJT,

S © normalized system throughput
P, probability that there is at least one transmission in
the considered slot time

P, probability of successful transmission

T, average time the channel is busy

T.. average time the channel is sensed busy due to the
collision

o duration of an empty slot time

E[P] : average packet payload size

P =1—(1—-7)"

n . number of station contend on the channel
P,=1-(1-7)""!

p - conditional collision probability

L m) 2(1—2p)
T= Ebu) = ( P

i=0 1-p  (1—-2p)(W+1) +pW(1—(2p)")

7 . Probability that a station transmits in a
randomly chosen
slot time
i © back-off stage value
W : contention window
m : maximum back-off stage value

measurements of the link quality. In {10}, the model is
extended to account for channel errors while, in [11],

the authors investigate the saturation throughput in both
congested and Gaussian channel, by
proposing a simple and accurate analytical model for the

error-prone
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DCF behavior. In {49], the authors also provide
throughput analysis of IEEE 802.11 protocol at the data
link layer in non-saturation traffic conditions considering
the impact of both transmission channel and capture
Rayleigh environment.

effects in a fading Here,

collisions can occur with probability P2 on the

transmitted packets, while transmission errors due to the
with probability £.. Its

€

channel can occur model

assumes that collision and transmission error events are
statistically independent. In this scenario, a packet is
successfully transmitted if there is no collision (this
event has probability 1—F,) and the packet encounters
no channel errors during transmission (this event has
1—P,). The

transmission is therefore equal to (1—P)(1—PF). It

probability probability of successful

goes further to investigate the capture effect that the
channel is captured by a station whose power level is
stronger than other stations transmitting at the same
time in a mobile environment. This may be due to
relative distances and/or channel conditions for each user
and may happen whether or not the terminals exercise
power control.

Also, the third assumption made by Bianchi means
that after 6™ retransmission the back-off window should
always stay at its maximum value because the system
tries to transmit infinitely. In [13], however, the Bianchi
model is extended by taking into account both
transmission errors and packet retry limits on the IEEE
802.11 MAC protocol. In its mathematical model, the
packet is dropped, when it reaches the last back-off
stage and experiences another collision or an error. In
[15], to improve the saturation throughput and decrease
the packet drop probability of a wireless LLAN, a new
back-off algorithm, called hybrid back-off algorithm,
which can replace IEEE 802.11 DCF, is proposed. In the
hybrid back-off algorithm, the stations increase their
contention window linearly after experiencing several
collisions. Actually, in the binary exponential back-off
(BEB) of the IEEE 802.11 standards, when a new packet
is to be transmitted, the station should set CW as an
initial value of CWipin. The CW should be doubled every
time the transmission fails, until it reaches CWpg.. Then,
CW shall remain at the value until it is reset. CW is
reset after every successful transmission or reaches the
retry limit. The continuous collision indicates that there
is large number of stations, and the network is in a
congestive traffic condition. In such a case, CW should
increase quickly to adapt to the condition. But, in BEB,

the small CWpmin slows down the binary exponential

increase not quick enough in some stages. For such a
case, the hybrid back-off algorithm can be an effective
remedy. Here, CW still increase exponentially in the
beginning, and after several retrials, CW will increase
linearly between any stages with a certain slope, which
controls the rate of CW another
modification on the Bianchi, the authors in [12] presented
an extended analytic model under traffic conditions that

increase. For

correspond to the maximum load that the network can
support in a stable condition.

IT1I. Analytical Model for Real-Time Support

Driven by the rapid growth of WLAN traffic volume
and the different needs of applications, the IEEE 802.11
Task Group E has been working for several years to
enhance the current best-effort 802.11 MAC to support a
QoS-aware WLAN. EDCA, the main and
mandatory schemes in 802.11e, parameterizes the DCF
CSMA/CA scheme with prioritized EB to achieve
differentiated QoS. In recent years, the performance of
EDCA has hbeen explored by means of not only
simulation but also analytical evaluations. Most of the
EDCA analytical studies are based on the modifications
of DCF analysis mentioned above.

one of

A. IEEE 802.11e EDCA

EDCA is designed to enhance the DCF mechanism
and to provide a distributed access method that can
support service differentiation among classes of traffic. It
can provide up to four ACs. EDCA assigns smaller CWs
to ACs with higher priorities to bias the successful
transmission probability in favor of high-priority ACs in
a statistical sense. Indeed, the initial CW size can be set
differently for different priority ACs. To achieve
differentiation, instead of using fixed DIFS used in DCF,
here, AIFS is applied. AIFS for a given AC is defined
as follows:

AIFS= SIFS+ AIFSNx aSlot Time (2)

where AJFSN is AIFS number and determined by the
AC and physical settings, and SlotTime is the duration
of a time slot. The AC with the smallest AIFS has the
highest priority. In EDCA, both the physical carrier
sensing and the virtual sensing methods are similar to
those in the DCF. However, there is a major difference
in the countdown procedure when the medium is
determined to be idle. In EDCA, after a AIFS period, the
back-off counter decreases by one at the beginning of
the last slot of the AIFS, while in DCF, this is done at
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the beginning of the first time slot interval following a
DIFS period. For a given station, frame traffics of
different ACs are buffered in different queues. Each AC
within a station behaves like a wvirtual station. It
contends for access to the medium and independently
starts its back-off after sensing the medium idle for at
least one AIFS period. When a collision occurs among
different ACs within the same station, the higher priority
AC is granted the opportunity for physical transmission,
while the lower priority AC suffers from a virtual
collision, which is similar to a real collision outside the
station. IEEE 802.11e
opportunity (TXOP) limit as the interval of time during
which a particular station has the right to initiate
transmissions. During an EDCA TXOP, a station may

also defines a transmission

be allowed to transmit multiple data frames from the
same AC with a SIFS gap between an ACK and the
subsequent data frame (2], [36]-[37]. This
referred to as contention free burst (CFB).

is also

B. Markov Chain Model for EDCA

In [38], the author presented an analytical model for
the saturation throughput of EDCF, which was a draft
of IEEE 802.11e EDCA. This model considers the
differentiation of both CW sizes and AIFS values of
ACs. However, it is limited to two different ACs. They
assumed that each station has only one queue for each
AC. In the standard, each station may have four gueues
for four different ACs. Similarly, in [2], the authors
- proposed a unified performance model to study the
saturation throughput and delay performance of EDCA
by differentiating both CW sizes and AIFS values of
four different ACs. However, they also assumed that
each station has only one queue for each one of four
different ACs. Xiao in [39] proposed back-off-based
priority schemes for DCF and EDCF by differentiating
the CW sizes, but he did not consider different AIFS
values or the VCH scheme in the standard. When a
virtual collision occurs, he assumed that a VCH does not
choose one queue to transmit a frame and a virtual
collision always causes to induce an external collision
stations. Using  this

that occurs among different

assumption, each queue becomes equivalent to an
independent station. On the other hand,

Chen in [40] enhanced the EDCA by proposing two
call admission control schemes and a rate control
scheme. He considered that there are at most four
transmit queues for four different priorities in each
active node. However, they treated each queue as an

independent node. Recently, to analyze the throughput

and delay performance of the EDCA, Tantra etal in
{41] presented a model which considers four queues for
four different ACs with the VCH scheme
standard. This model is limited to three high-priority

in the

ACs and one low-priority AC according to different
AIFS values,

C. IEEE 802.11 PCF and its Markov Chain Model

In IEEE 802.11, PCF is provided to support QoS
related services, since DCF cannot guarantee QoS
requirements in general. While much analytic studies
have been done for the performance of DCF by
numerous researchers, however, works for PCF are
relatively less because of its contention-less nature.

In [42], the authors analyze the performance of a new
pointer-based MAC protocol
significantly improve the energy efficiency of user

terminals in wireless local area networks. Actually,

hat was designed to

wireless portable devices must operate with the highest
possible energy efficiency while still maintaining a
minimum level and quality of service to meet the user's
need. This protocol is capable of reducing  energy
consumption of a station for remaining awake and
hstening to the channel.

In {50], the authors provided a new MAC scheme
based on a gated polling mechanism. This gated polling
can provide a better throughput performance especially
when the system is heavily loaded. Moreover, in {43],
the authors introduced a 3-gated polling scheme to
improve this result further by adding more chances for
the heavily loaded station. Using the theoretical analysis
and simulation, it also verifies that the performance of
the novel scheme is close to that of exhaustive polling.

PCF  has problems
performance. In some cases stations would hardly get an

opportunity to be polled, which causes bandwidth

inherent costing  system

starvation. Also, there might be a case where a station

with no traffic can get the same transmission
opportunity as one with traffic. Not only it deteriorates
the overall performance but also wastes resources.
These are typical problems making it difficult for the
PCF to be implemented in IEEE 802.11 products.
Besides, most researches have focused on the
performances of the PCF polling schemes according to
the system configurations and traffic models in a
restricted environment such as the ideal channel
condition {44]. In this case the performances of polling
and predicted easily.
Generally, the performance of a MAC protocol greatly

depends on the channel conditions. In [45], in order to

schemes can be estimated
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overcome discussed shortcomings of PCF and to build
up an efficient polling scheme under various channel
conditions, the authors proposed the enhanced PCF
polling scheme along with performance analysis.

In [46], the authors introduced another polling scheme.
Their model is based on mixed service with batch
arrivals to efficiently serve the real-time traffic. By
using the Markov chain theory, the mean of poliing
period and queue length for real-time traffic are derived
and the performance analysis is followed.

IV. Analytical Model for Ad Hoc Networks

An ad hoc network is a collection of wireless mobile
hosts that can communicate in a self-organized manner
without any established infrastructure or centralized
administration. Most of researches involving ad hoc
networks include not only MAC layer but also network
layer due to the routing problem.

In [47], the author focus on performance evaluation of
IEEE
802.11-based ad hoc networks. The analytic models are
developed to emulate the impact of IEEE 802.11-based
multi-path multi-hop transmission on the frame service

multi-path transmission over multi-hop

time under unsaturated conditions. This time is crucial
for estimating the end-to-end delay in the system. The
throughput of multi~hop multi-path transmission in IEEE
802.11-based networks is also investigated. This study is
conducted from a cross-layer perspective rather than
only focusing on the operation and performance analysis
of the IEEE 802.11 MAC.

In [48], the authors utilized service differentiation
IEEE 802.1le Enhanced Distributed
Coordination Function. It is achieved by altering the way

techniques in
each station gains medium access, and establishing
access priorities among the stations that compose an ad
hoc network. Some quality of service metrics were
considered in order to provide service differentiation in
the MAC sub-layer and to evaluate the ad hoc networks
performance. Those metrics include throughput, latency,
jitter and packet drop ratio. The service differentiation is
performed by packet size Arbitration
Inter-frame Space (AIFS) size alteration, and BEB
Simulations showed the wvalidity of the
differentiation technique combined in the IEEE 802.11e
MAC sub-layer, to establish thresholds to QoS metrics,
to provide medium access priorities, and to keep the

variation,

calculus.

high level of ad hoc network utilization.
The recent development in the PCF part can be found
in [66]. The authors proposed a novel medium access

reservation based
coordination function (TRCF), for supporting a real-time

control protocol, called time slot
traffic such as voice call in an one-hop ad hoc network.
Even though the Bianchi model developed for the IEEE
802.11 DCF under an AP coordination is not appropriate
for the real-time service MAC in MANET, his Markov
chain approach inspires this work for establishing the
similar analytic model for TRCF and combining it in the
PCF part of IEEE 802 MAC protocol. The extended
version for supporting multi-hop voice call support can
be also found in [57]. Here, the time synchronization
between the nodes and the adaptive routing in the ad
hoc network are discussed along with TRCF
combination in the IEEE 80211 PCF MAC protocol
while keeping the DCF part untouched for the standard
consideration.

V. CONCLUSION

In this paper, we have presented a survey on the
IEEE 802.11 MAC protocol and discussed various
analytic models for IEEE 802.11 DCF, IEEE 802.1le
EDCA, and IEEE 802.11 PCF medium access control
protocols. The model proposed by Bianchi for the IEEE
802.11 DCF MAC made a big impact on the subsequent
studies in this analytical modeling area using a Markov
chain theory. After his, more extended studies following
after him. Those studies filled the gap found in the
original Bianchi work. They showed an enhancement in
coping with more practical situations found in a typical
wireless LAN.

In addition, the extensions are made in the IEEE
802.11e EDCA for supporting a service differentiation in
the coordinated environment. Recently, literatures are
available for the investigation involving ad hoc networks.
The analytic models are proposed for IEEE 802.11 DCF
modifications that can be deployed in an ad hoc
network. Also, new MACs and their analytic models are
developed for supporting real-time services in an ad hoc
network. For the voice calls in one-hop and multi-hop
situations are also investigated by combining a time slot
reservation based MAC protocol in the IEEE 802.11 PCF
part. The complexity involved when working with an ad
hoc network because it needs to consider MAC and
Since the IT
technology develops rapidly, the time will come in the
near future so that the accurate time synchronization

networking together, simultaneously.

and robust network management even in the ad hoc
network environment for the real-time services become
feasible and also economic.
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