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Abstract—Many performance evaluations for the IEEE 802.11
Distributed Coordination Function (DCF) have been previously
reported in the literature; most studies are based on saturation
analysis, and a few models under a finite-load condition adopt
an M/G/1 queuing system. However, using M/G/1 queuing only
considers the first moment of the frame service time to derive the
probability of the transmission queue being vacant. In this paper,
we model the DCF using the parallel space–time Markov chain,
where the frame arrivals are tracked by monitoring the transmission queue during transitions between successive states of the
space–time Markov chain. The proposed framework provides the
possibility of simultaneously modeling the contention phase,
the backoff and post-backoff procedures, and the transmission
queue status. The proposed framework is also validated by simulation results.
Index Terms—IEEE 802.11 Distributed Coordination Function
(DCF), parallel space–time Markov chain (PSTMC), queuing
theory, single-hop wireless local area network (WLAN).

I. I NTRODUCTION

T

HE Distributed Coordination Function (DCF) in the IEEE
802.11 standard [1] is adopted in the medium access control (MAC) layer for wireless local area networks (WLANs).
The DCF adopts carrier-sense multiple access with collision
avoidance, and retransmissions of the collided frames are managed according to the Binary Exponential Backoff rule. The
DCF defines two media access techniques to be employed
for frame transmission. The default scheme is a two-way
handshaking technique called the basic access mechanism. In
addition, an optional four-way handshaking technique known
as the Request-To-Send/Clear-To-Send (RTS/CTS) mechanism
is defined to reduce the hidden terminal problem. Before a
station performs any frame transmission, it has to sense the
wireless medium. If the shared media are found “idle” for
a minimum time equal to the Distributed InterFrame Space
(DIFS), the head-of-line MAC frame, if available, will be transManuscript received August 24, 2006; revised July 4, 2007 and August 18,
2007. This work was supported in part by Nokia and in part by Elektrobit
Corporation. The review of this paper was coordinated by Prof. Y. T. Hou.
K. Ghaboosi is with the Centre for Wireless Communications, University of
Oulu, 90570 Oulu, Finland (e-mail: kavehg@ee.oulu.fi).
B. H. Khalaj is with the Department of Electrical Engineering, Sharif University of Technology, Tehran 11365-9363, Iran (e-mail: khalaj@sharif.edu).
Y. Xiao is with the Department of Computer Science, University of Alabama,
Tuscaloosa, AL 35487-0290 USA (e-mail: yangxiao@ieee.org).
M. Latva-aho is with the Centre for Wireless Communications, University of
Oulu, 90570 Oulu, Finland, and also with Rice University, Houston, TX 772511892 USA (e-mail: matla@ee.oulu.fi).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TVT.2007.909304

mitted. Otherwise, the station enters into a backoff procedure
and randomly sets its backoff timer within the range of the
contention window (CW). The backoff timer is decremented
by 1 when the channel is sensed “idle” and is frozen when
the medium is sensed “busy.” When it reaches 0, the station
commences the frame transmission as the next consequence.
Upon correct reception of a delivered frame, the receiver is required to send an acknowledgment (ACK) after a time equal to
the Short InterFrame Space (SIFS). If no ACK is received, the
sending station assumes either a collision or a frame corruption,
doubles its current CW, randomly resets its backoff timer, and
retransmits the previous frame when the timer reaches 0 again.
In [2], Bianchi presented a Markov chain-based analysis of
the DCF and derived saturation throughput in a single-hop
network with the assumption of an infinite number of possible
retransmissions per frame. In [3], the Markov chain model
of [2] was extended to include finite frame retry limits, as
defined in [1]. An analytical model for nonsaturated sources
was proposed in [4] with the assumption of a very low traffic
load. In [5], a different approach was taken to analyze the
performance of the DCF under a statistically varying traffic
load. The on–off characteristics of the stations are modeled
by a state-dependent single server queue where the service
time for the different states was estimated from the saturation
throughput obtained in [2]. Moreover, the model in [5] is not
very accurate in modeling finite-load scenarios since it assumes
that a station directly reaches its saturation throughput, which is
not reasonable if the active time of a station is comparable with
the transitory regime duration. As a whole, in the literature, to
analyze the DCF under the finite-load condition, the MAC layer
transmission queue was modeled as an M/G/1 queuing system
(e.g., [6]). However, this assumption degrades the accuracy of
analysis due to the fact that only the first moment of the MAC
layer frame service time is taken into account for different
scenarios to calculate the probability of the transmission queue
being empty. The authors of [7] present a new Markov chain
correcting that of [8] by evaluating the channel access probabilities and the station collision probabilities conditioned upon
the channel status. Their analytical model takes into account the
type of previous channel state (either idle or busy) in addition
to the backoff stage and the current backoff counter, as in [2].
In [9], the authors propose a new approach to evaluate the
throughput/delay performance of the IEEE 802.11 DCF based
on the elementary conditional probability arguments rather than
the bidimensional Markov chains, as in [2] and [3]. In [10]
and [11], the authors incorporate the notion of the so-called
intermediate states for a tagged station’s backoff stochastic
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process to take into account the independent media access of
hidden stations.
In this paper, we present a novel analytical framework based
on parallel space–time Markov chain (PSTMC) to simultaneously model the backoff and post-backoff procedures [1],
in addition to the transmission queue status. The structure of
PSTMC includes a set of parallel space–time chains; each
one is representing the backoff procedure of a tagged wireless
station when its transmission buffer holds a specific number of
frames prepared for delivery. Therefore, the key feature of the
proposed model is that for each transmission queue occupancy
(i.e., buffer utilization corresponding to the number of awaiting
MAC frames in it), we model the ongoing backoff (or postbackoff) procedure using a distinct chain of backoff states
known as space–time chain or simply a space. In other words,
the overall space–time Markov chain consists of a set of parallel
space–time chains, while the number of the aforementioned
spaces is exactly equal to the MAC layer transmission queue
capacity. Basically, each space represents the tagged station’s
backoff procedure for a specific queue occupancy in the time
domain. This makes the philosophy of our proposed terminology “space–time” for the presented framework clear; “Space”
indicates the modeling of the “Transmission Queue,” which
is, in fact, a physical dimension-dependent feature, whereas
“Time” indicates the modeling of the “Backoff Process,” which
is, essentially, a time-dependent aspect. Upon transition between consecutive states, the proposed framework monitors the
status of the transmission queue. Hence, during an ongoing
backoff procedure, it is possible to jump to another space due
to the arrival of a new number of MAC frames.
The rest of this paper is organized as follows. In Section II,
the PSTMC framework for a finite-load nonsaturation analysis
of the IEEE 802.11 DCF MAC in single-hop networks is
presented. Subsequently, Section III validates the accuracy of
the proposed model by comparing the numerical results based
on the analytical framework with those obtained by means of
simulation results. Finally, conclusions are stated in Section IV.

II. PSTMC M ODEL FOR F INITE -L OAD N ONSATURATION
A NALYSIS OF IEEE 802.11 DCF MAC
A. Background and Assumptions
We assume a single-hop WLAN in which all the stations are
in the radio range of each other, constructing a fully connected
complete graph, and we assume that the transmission queue of
a wireless station may become empty at some periods during
the network lifetime.
As defined in the standard [1], a station with a frame ready
to transmit typically has to run at least one backoff between
two successive transmissions. Thus, after each successful transmission, the CW is reset to its minimum value W0 , and the
station even enters into another backoff cycle. If there is a
MAC frame, it initiates a fresh backoff procedure; otherwise,
if the queue is empty, it enters a so-called post-backoff process.
In the latter case, CW is again reset to its initial (minimum)
value W0 and is decremented according to the DCF access
rules. By the end of the post-backoff cycle, the station enters
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an idle state (referred to as vacancy state) and waits until at
least one frame enters the queue. Upon the entrance of at
least one frame, while being in the aforementioned state, the
station initiates an asynchronous frame transmission (AFT)
and, without experiencing any further backoff, transmits the
head-of-line frame over the air.
The main issue that is of major importance in the proposed
framework is the way that the backoff procedure is modeled.
Although the analysis of the backoff process under saturation
condition is achieved by the use of a single-space Markov chain
[2], [3], it is not possible to use such a simple framework
to model a finite-load situation due to the need to take into
account queue evacuation during the tagged station activity.
A feasible approach to model the “queue status” is to have a
singular chain for every possible queue status. This means that
we discriminate different backoff processes by different (but
analogous in structure) stochastic subprocesses, constructing
together a multispace Markov chain (named as PSTMC), to
simultaneously represent both backoff and transmission queue
status. Therefore, we may conclude that, for each queue occupation state corresponding to a particular number of buffered
MAC frames in it, one shall have a unique space–time chain that
models the backoff procedure for that particular queue status,
which altogether establish a multispace Markovian framework
to concurrently model both backoff and queue status. Since
the frame entrance to the MAC layer can occur at any time,
there is no guarantee for the queue status not to change during
an ongoing backoff procedure. For that reason, throughout
the backoff timer decrement, the proposed model continually
monitors the transmission queue to switch to the next backoff
state positioned in another space–time chain. In other words,
the switching between different spaces only occurs due to the
alteration in the number of buffered frames in the MAC layer
queue. In addition, during the post-backoff cycle, we have to
verify the transmission queue to see whether any new MAC
frame has just buffered or not. Upon at least one new frame
entrance, we switch from the ongoing post-backoff sequence
to a backoff cycle corresponding to the new queue occupation
status and accordingly continue decreasing the backoff timer.
Consequently, we may conclude that, in the PSTMC framework, each backoff state is reachable by a series of particular
backoff (or post-backoff) states placed in the same and/or other
spaces.
B. State Space in PSTMC
In the PSTMC model, the queue status is represented by
a stochastic process q(t), which represents the number of
buffered frames at time t for a given station (tagged station).
In addition, the stochastic processes s(t) and b(t) represent the
backoff and post-backoff procedures, respectively [2], [3]. The
stochastic process s(t) symbolizes the backoff stage, whereas
the process b(t) represents the backoff counter for a given
station at time t. Based on the independence condition [2] and
the fact that frame collision is considered to be a Bernoulli
process, it is possible to model the 3-D continuous process
{s(t), b(t), q(t)} with a discrete-time Markov chain in which
each backoff state is represented by Bi,k,j , i.e., the stationary
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distribution of the chain, where Bi,k,j = Limt→∞ P {s(t) = i,
b(t) = k, q(t) = j} for 0 ≤ i ≤ m, 0 ≤ k ≤ Wi − 1, and 0 ≤
j ≤ L (m is the maximum allowed (re)transmissions per frame,
and L is the MAC layer queue capacity). Consequently, for
every nonnegative integer j = 0, we represent the ongoing
backoff cycle by a single space–time chain denoted by Sj ,
where j indicates that j MAC frames are currently buffered
inside the queue. If the queue capacity of the tagged station is
L, then we exactly require L parallel space–time chains; each
one represents the backoff process of the tagged station when
its transmission queue contains j MAC frame(s). Moreover, for
the future purposes, it is worth mentioning that the medium
busy period due to a successful channel access is denoted
by Ts , which can be rewritten as the product form Ks × σ,
where σ is the predefined system time slot duration [1]. In
addition, we denote the medium busy period due to a collision
by either ∆ or Tc throughout this paper, which is also rewritten
as the product form Kc × σ. Furthermore, it is important to
note that the time duration considered for a tagged station’s
collision is denoted by ∆C instead of ∆ since the deferral
intervals for colliding and noncolliding stations are different,
according to the IEEE 802.11 specifications [1]. Basically,
∆C = Ttimeout + Tc , whereas Ts and Tc for the RTS/CTS
scheme are

Fig. 1. Intermediate state transitions between consecutive backoff states in
parallel chains.

TsRTS = TRTS + tSIFST ime + δ + TCTS
+ tSIFST ime + δ + TDATA + tSIFST ime
+ δ + TACK + δ + tDIFST ime
TcRTS = TRTS + δ + tEIFST ime
where δ represents the propagation delay.
C. Trafﬁc Arrival Process
Due to the nature of traffic generation by the upper layers,
the number of existing frames in the transmission queue may
always be changing. Therefore, it is inevitable to occasionally switch between different chains, as frame(s) enter or exit
the transmission queue. Departures occur upon the successful
transmission of a frame to the desired destination or upon
dropping a frame due to reaching the maximum retry limit
for frame (re)transmissions. Moreover, when the transmission
queue is full, all the incoming traffic will be dropped due to
queue overflow. The traffic arrival process at the MAC layer
is assumed to be Poisson with a mean rate of λ frames per
second. Then, the probability of n frame arrivals during the
time interval t is given by An (t) = e−λt (λt)n /n!. Although
the Poisson assumption may not be perfectly realistic, it provides insightful results and allows the model to be tractable.
The previously proposed queuing analysis in the literature
assume a Poisson arrival pattern specifically due to its independence feature of nonoverlapping interarrival times, leading a
Markovian property to be valid [2], [3]. On the other hand, it is
imperative to determine how the argument t is set to model the
state transitions between L parallel spaces. The Poisson traffic
pattern makes the time argument determination completely
straightforward.

Fig. 2. Simplification of all the possible state transitions between two consecutive backoff states using Poisson process property into a single aggregated
transition.

D. Intermediate State Transitions Between Consecutive
Backoff States in Parallel Spaces
The transition between consecutive backoff states occurs
with different time durations, depending on the corresponding
event type taking place in the wireless system. For transitions
between any two successive backoff states, one shall traverse
through a series of intermediate states to reach the next backoff
state, where the number of these intermediate states relies on
the type of event taking place in the wireless network (i.e.,
either successful transmission or collision). In the proposed
model, all the intermediate transitions between two successive
backoff states are performed with a constant time duration.
Basically, upon a successful channel acquisition, the number
of intermediate states between any two consecutive backoff
states should be equal to Ks , and the transitions through these
intermediate states are accomplished with the probability equal
to 1. On the other hand, being in the same space–time chain
during a time slot is conditioned on the fact that for successive
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State transitions in the same and between parallel Markov chains during backoff procedure.

transitions no frame is generated by layer 3. In contrast, the
transition to the next state but in a different space–time chain is
done with the probability An (t), where n ≥ 1 due to the arrival
of n new MAC frames to the queue.
Different state transitions are illustrated in Fig. 1, in which all
states in a single row are situated in the same space representing
the backoff process of the tagged station when its transmission
queue holds a specific number of frames (i.e., h, h + 1, . . .,
and j, as depicted in Fig. 1). Similarly, each column of states
corresponds to similar states in different space–time chains.
Note that in Fig. 1, the intermediate states are depicted by
dashed circles, whereas the nonnegative integer argument (x)
represents the remaining busy period of the shared wireless
media in time slots. In Fig. 1, the transition from Bi,k,h to
the intermediate state located in the same space–time chain
with an argument equal to (x − 1) shall be performed with
the probability equal to A0 (σ) (standing for no new frame
arrival), whereas the aforementioned transition to the intermediate state located in the chain just below the current space
with an argument equal to (x − 1) is done with the probability of A1 (σ) (representing only one new frame arrival),
and so on.
In the second step, we aim to aggregate all the intermediate states to make the model more concise. As illustrated
in Fig. 2, the transition from state (n, j0 ) to state (n + t, jt )
can be accomplished by traversing through different intermediate states due to the different combinations of frame
arrivals.
For simplicity, assume that each intermediate transition is
performed during a constant time period equal to 1, as illustrated just below the arrows representing the transitions.
The probability of each transition has also been shown just
above it. The total transition probability between (n, j0 ) and
(n + t, jt ) can be written as an aggregate probability equal
to e−λn λk−j /(n1 !n2 !n3 !, . . . , nt !), where jt = k, and Σni =
k − j. As we may have different combinations of the number of
frame arrivals in each step, i.e., ni , all the probable transitions
can be merged together to produce a single transition that is in
fact equal to Ak−j (t).
E. State Transitions in the Same and Different Spaces
Let us assume that the current state is Bi,k,j , which means
that we are currently situated in the jth space. In addition,
suppose that an event has occurred with probability P and lasts
for a time duration equal to T . For a state transition in the
same space–time chain caused by the aforementioned event, the
probability that there is no frame arrival to the MAC layer queue

is given by P × A0 (T ). On the other hand, for a transition to
a different space caused by the same event, the probability that
there are n frame entrances to the MAC layer queue is given by
P × An (T ) with jnew = jold + n.
Fig. 3 illustrates possible backoff state transitions in the
PSTMC model. These transitions are accomplished when the
backoff timer of the tagged station is still nonzero. Therefore,
it does not contend for the media. Thus, for all the transitions’
probabilities, we shall exclude the tagged station. Basically, if
we denote
• the conditional probability that a given station transmits in
a randomly chosen time slot by τ [2];
• the probability that there is at least one transmission
in a randomly chosen time slot, due to channel access
of one or more wireless stations except the tagged one,

;
by Ptr
• the probability of a successful transmission by a wireless
station except the tagged one by Ps ;
then for all state transitions between two consecutive backoff

states, Ptr
and Ps should be used instead of Ptr and Ps , which
consider all stations including the tagged station [2]. These
probabilities can be written in terms of τ and the number of
active stations in the wireless network n as
Ptr = 1 − (1 − τ )n ,

Ptr Ps = nτ (1 − τ )(n−1)


Ptr
= 1 − (1 − τ )(n−1) ,


Ptr
Ps = (n − 1)τ (1 − τ )(n−2) .

Note that, in this paper, the definition of τ is the same as in [2],
but its mathematical expression is different. In addition, note
that during the period of queue vacancy, the station does not
contend for the media, and for that reason, it will never initiate
a backoff cycle.
Modeling the empty state of the transmission queue can be
done by the use of only one state, which is denoted by E. In

and Ps ,
addition, for all state transitions starting from E, Ptr
respectively, should be used instead of Ptr and Ps . Moreover,
during an ongoing event, if no new frame enters the queue while
being in the empty state, there should be a loop back to the
state E.
The finite-load study of the IEEE 802.11 DCF should
also deal with the analysis of AFT. While being in vacancy
state E, there might be the arrival of j new MAC frame(s) to the
transmission queue. Hence, there should be a state transition to
the ﬁrst backoff stage in the space–time chain Sj if and only if
during the first frame arrival among the aforementioned j new
frame(s) the medium has been sensed “busy” [1]; otherwise,
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there should be a so-called AFT without experiencing any
further backoff cycle. Thus, there should be a state transition
to a different set of states denoted by Fj . Upon completion of
AFT and depending on its final outcome (i.e., either successful
delivery or collision), there will be a state transition to a proper
space–time chain according to the remaining frames in the
transmission queue.
F. State Transitions of Sj Space–Time Chains
Fig. 4 illustrates the generic Sj space–time chain (1 ≤ j < L),
in addition to the post-backoff, vacancy, and AFT states, in an
integrated manner. The vacancy state E is shown next to the
post-backoff state bi , whereas the AFT states are shown as Fi
with 1 ≤ i ≤ L just above the post-backoff states.
While being in states Bi,0,j , the tagged station transmits a
buffered frame that is correctly received by the desired destination with probability 1 − p or collides with other concurrent
transmission(s) with probability p. We use the same notations
for conditional collision and conditional transmission probabilities p and τ as employed in [2] and [3]. The conditional
collision probability p is the probability of a collision due
to the simultaneous media access conditioned to the fact that
the tagged station transmits a frame in the next time slot. In
single-hop wireless systems, p is equal to 1 − (1 − τ )(n−1) ,
regardless of the system nature (i.e., saturated or nonsaturated), where n is the number of active stations. Upon a collision, there will be a transition to the next backoff stage,
whereas upon a correct frame departure, there will be a transition to the post-backoff states if and only if we have been
in S0 and no new frame arrival has taken place during the
completed successful transmission. The latter transitions are
shown in Fig. 4 as a set of arrows coming out of states Bi,0,j
(if j = 0) and entering either empty state E or post-backoff
state bi .
During a post-backoff cycle and upon a new frame arrival
to the transmission queue, there should be a transition to an
appropriate space–time chain, depending on the number of
frame arrivals. This means that each backoff state in the first
stage (with i = 0), except the one with k = W0 − 1, which is
located in any space–time chain Sj with 1 ≤ j ≤ L, should be
reachable by a particular post-backoff state with a value of k
(i.e., backoff step index) exactly larger by 1 (see Fig. 4). For
instance, during the post-backoff process, if there is a single
frame arrival to the transmission queue, a state transition occurs
in the next backoff state located in space S1 with the step index
k decreasing by 1 and the stage index i equal to 0, as shown by
the oblique dashed lines in Fig. 4.
While being in vacancy state E, three different types of
events may occur, i.e., a successful frame transmission with

× Ps and time duration Ts , a collision with
probability Ptr

probability Ptr × (1 − Ps ) and time duration ∆, and, finally,

) and time duraan idle time slot with probability (1 − Ptr
tion equal to σ. Note that the aforementioned events exclude
the tagged station since it has no awaiting frames inside its
transmission queue. If during the aforementioned time intervals
there is no new frame arrival, there should be a loop back to the
vacancy state E.

Fig. 4.

State transitions related to Sj space–time chain.

As explained earlier, being in vacancy state E, if j new MAC
frames come into the transmission queue while the first one
has arrived during the last “idle” phase of the wireless media,
there should be a transition to the Fj AFT state. The transition
from AFT states to both backoff and post-backoff processes is
also possible, as illustrated in Fig. 4. For example, upon a state
transition due to a successful frame delivery coming out of state
F1 , if no new frame arrival occurs, the MAC entity will initiate a
new post-backoff cycle, which means that the aforementioned
transition will be ended by a post-backoff state (and perhaps
empty queue state E), as shown in Fig. 4. On the other hand,
consider a state transition due to a successful frame delivery
coming out of state F1 . In this scenario, if another new frame
enters the MAC layer transmission queue, then the MAC entity
will initiate a new backoff cycle (not a post-backoff process),
which means that the aforementioned transition will be ended
by a backoff state in space S1 . In general, we may conclude that
if the current state is AFT state Fj , and if the next event leads to
a successful frame delivery, while exactly n new frame(s) have
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entered the transmission queue during the time period of the
aforementioned successful transmission, the transition will be
ended by a backoff state (with i = 0) located in space Sj+n−1 .
However, if the next event results in a frame collision, there
will be a state transition to a backoff state (with i = 0) situated
in space Sj+n .
In Fig. 4, there are a set of transitions to the first backoff
stage from states Bi,0,h with 0 ≤ i ≤ m and 1 ≤ (h = j) ≤
j + 1 upon the successful frame transaction with the probability of 1 − p, as illustrated by the leftmost single vertical
arrow. If we consider a state transition initiated by a successful frame transmission coming out of state Bi,0,h (h = j)
while j − h + 1 new frames are added to the local transmission queue, then it will be directed to the first stage of the
backoff process located in space Sj . In this case, note that
since j − h + 1 is a nonnegative integer, then we will have
1 ≤ h ≤ j + 1.
The state transitions from other spaces due to collisions are
shown as well, using horizontal lines at the bottom of Fig. 4.
Since, by a collision, the number of queued frames is not
affected (except for the case in which the frame is dropped
due to reaching the maximum retry limit, m), there will be
a state transition from space(s) Sh to space Sj for which
1 ≤ h ≤ j − 1. Modeling a frame drop due to reaching the
maximum retry limit m is also straightforward. For example,
a state transition due to frame dropping, coming out of the mth
backoff stage of space Sj , will be ended by a backoff state
with i = 0 situated in space Sj if and only if no more than one
new frame has come into the transmission queue during a busy
period caused by a collision.
Finally, Fig. 5 illustrates the space–time chain SL and all the
related state transitions while taking the queue overflow into
account. The steady-state balance equations corresponding to
the proposed analytical model is presented in the Appendix.
G. Throughput Analysis
Using the steady-state balance equations (Appendix) and
the normalization condition for the proposed PSTMC Markov
model, we are able to numerically solve the backoff, postbackoff, vacancy, and AFT states’ probabilities. The first equation provides the normalization condition, whereas conditional
transmission probability τ is given by the second equation, i.e.,
1=

L 
m W
i −1



Bi,k,j +

j=0 i=0 k=0

τ=

L 
m

j=1 i=0

Bi,0,j +

L

i=1

L


Fi +

W
0 −1


bk + E

where E[P ] is the expected value of the MAC frame payload
size, and σ is the time slot [1].

k=1

Fi .

i=1

Using τ , the conditional collision probability p = 1 −
(1 − τ )(n−1) is obtained. Consequently, the transmission
probabilities Ptr and Ps are calculated. Finally, the system
throughput is given by
S=

Fig. 5. State transitions related to SL space–time chain.

Ptr Ps E[P ]
(1 − Ptr )σ + Ptr [Ps Ts + (1 − Ps )Tc ]

III. M ODEL V ALIDATION
To validate the proposed framework, the results obtained
from the analytical model (coded in C++ environment) have
been compared with those from the simulation results. For
all the simulations, λ is set to 10, 50, and 100 frames/s.
The IEEE 802.11g orthogonal frequency-division-multiplexing
PHY characteristics [12] are considered for all simulations.
SIFS and DIFS are set to 16 and 56 µs, respectively. The
PHY layer modulation mode is set to 64 QAM, 3/4 code rate,
54-Mb/s data rate, 27 B/symbol, E[P ] = 1024 B, and L = 30.
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Fig. 6. Numerical analysis and simulation results for normalized throughput
(λ = 10, 50, and 100, E[P ] = 1024).

To prevent hidden terminal and capture effects, and, more
importantly, to reduce frame errors due to wireless channel
noise, the transmission power has been increased from 20 dBm
to approximately 23 dBm. The 802.11g wireless stations in our
simulation environment have been configured in a nonfading
line-of-sight, single-cell hotspot in which the relative distance
among any two stations is approximately the same. It should
also be mentioned that for each system parameter setup, we
averaged the achieved results of 30 successive simulation repetitions. The C++-based model has been written under the Free
Berkeley Software Distribution platform. To compare the simulation results, we used a modified version of the IEEE 802.11g
standard coded in OPNET. Although the coded 802.11g takes
into account the post-backoff procedure, it is not as precise
as required for performance comparisons; therefore, we have
completely modified and recompiled the codes.
Fig. 6 compares the numerical and simulation results for a
normalized throughput (λ = 10, 50, and 100, E[P ] = 1024).
The acceptable level of error in the numerical results, which
are basically based on the analytical framework, shows the
satisfactory precision of the proposed mathematical framework
on modeling such complex systems. In Fig. 6, regarding the
numerical results for the analytical model, we can observe a
divergence between the three illustrated curves corresponding
to different traffic loads in comparison to the simulation results,
whereas, for the proposed model, we see a lower average slope
in throughput degradation when the number of contending
stations is increased, which is more realistic based on the
extensive investigations presented in [2] and [3]. As shown in
Fig. 6, there is a difference between the numerical results based
on the analytical framework and those that have been achieved
through simulations executed in OPNET. In addition, it is worth
noting that when the traffic load is increased, the aforementioned difference is consequently decreased. Basically, the main
reason for the above difference is that in OPNET, to obtain
the numerical results regarding the normalized throughput, we
are required to write an external code to calculate the achieved
normalized channel throughput based on the exchanged traffic
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Fig. 7. Numerical analysis for normalized throughput (λ = 10, E[P ] = 512,
1024, and 2048B).

by contending stations. On the other hand, although we are
able to set the traffic arrival rate in OPNET, there are still
other sources for injected traffic to the whole network, for
instance, due to control traffic generated by the network layer
and above. Since the extra injected traffic is generally treated
as the data traffic in an OPNET environment, as a result, the
total incoming data traffic rate will be apparently more than
λ. Of course, by increasing the value of λ, the proportion
of the aforementioned additional traffic to the pure data traffic will be decreased, and as a consequence, the difference
between analytical and simulation results will be accordingly
decreased.
Fig. 7 shows the normalized throughput for different frame
payload sizes (512, 1024, and 2048 B), whereas the frame
arrival rate has been fixed to λ = 10. As expected, by increasing
the payload size, the achieved throughput is increased.
IV. C ONCLUSION
In this paper, a new approach to the analytical modeling of
the IEEE 802.11 DCF under finite-load traffic for single-hop
wireless networks has been proposed. In addition, by means of
simulations, the proposed model has been validated.
A PPENDIX
In this Appendix, we present the Markovian balance characteristic equations describing the steady-state behavior of the
proposed analytical model. If we denote the probability of being
in vacancy state E as Pr{E}, according to the explanations
formerly provided, we are able to derive the Markovian balance
equations, shown on the next two pages.
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