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Single Hop IEEE 802.11 DCF Analysis Revisited:
Accurate Modeling of Channel Access Delay and
Throughput for Saturated and
Unsaturated Traffic Cases

Emad Felemban and Eylem Ekici

Abstract—Analytical models for IEEE 802.11 Distributed Co-
ordination Function (DCF) play important roles in performance
estimation, protocol optimization and admission control for
wireless networks utilizing this MAC protocol. While a myriad of
models for IEEE 802.11 DCF channel access delay and through-
put exist, such models’ accuracy is generally limited to rather
narrow ranges of scenario parameters. Qur investigations single
out the inaccuracy in modeling the backoff process as the primary
reason for the said deviations. In this paper, we introduce two
highly accurate models for IEEE 802.11 DCF protocol in a single-
hop setting under both saturated and unsaturated traffic loads.
First, a crucial augmentation to the classical model proposed
by Bianchi [1] is presented for the saturation load analysis to
account for channel state during the backoff countdown process,
resulting in a highly accurate estimation of collision probability,
channel throughput and channel access delay. We then extend
this accurate model to unsaturated traffic cases through an
iterative approach which similarly results in highly accurate
performance metric estimations for a wide range of parameters.
Both models have been evaluated through simulations and in
comparison with existing analytical models.

Index Terms—Modeling, performance analysis, IEEE 802.11,
DCEF, saturation, non-saturation.

I. INTRODUCTION

EEE 802.11 protocol is widely used in today’s wireless

networks like hotspots and mesh networks. With increas-
ing usage, tractable analytical models that estimate 802.11
protocol performance accurately gain more importance. These
analytical models are frequently used for

« network performance estimation and network capacity
calculation [1], [2],

e protocol optimization through contention window size
adjustments [2], [3], and

o admission control schemes [4], [5].

Numerous attempts were made to analyze the performance
of 802.11 Distributed Coordination Function (DCF) mech-
anism in the literature. Most of the existing models study
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the performance of DCF under saturation load conditions
which assume that every node in the network always has a
packet ready for transmission. A common problem in most
existing saturation DCF analytical models is the inaccuracy
in modeling the backoff process behavior of DCF, and more
specifically, the backoff freezing due to channel activity. This
shortcoming results in inaccurate estimations of performance
metrics with different system parameters. This inaccuracy
confines the usage of existing models to a very limited range
of system parameters, especially for protocol optimization
through contention window adjustments [2], [3].

Saturation load models for DCF have very limited practical
usage since most of the applications do not operate in the
saturation load region. Unsaturated load models, on the other
hand, can be used in more practical applications. However,
they usually have a tradeoff between complexity and accuracy
due to the correlated behavior of the unsaturated nodes.
In addition, they inherit the previously mentioned backoff
freezing problem of saturation models. These limitations have
negative impacts on the accuracy and performance of practical
applications that utilize these models like admission control
schemes [4], [5].

In this paper, we introduce two highly accurate models
for IEEE 802.11 DCF protocol in singlehop setting under
both saturated and unsaturated traffic loads. First, a crucial
augmentation to the classical model proposed by Bianchi [1]
is presented for the saturation load analysis. More specifically,
the channel state during the backoff of a tagged node is
modeled with a separate Markov chain for which the transition
probabilities are estimated from the overall system model.
Measures obtained from the channel state model also affect
transition probabilities of the system model. Through an iter-
ative approach, we obtain accurate descriptions of the overall
system that yield in performance measures that hold for a wide
range of protocol and user parameters.

This saturation model is then extended to model unsatu-
rated load cases using an iterative algorithm to compute a
binomial distribution for the number of contending nodes.
This distribution is then used to compute unsaturated load
performance metrics. The unsaturated load model similarly
results in highly accurate performance metrics estimation,
allowing it to be used in real-time applications. Both models
have been evaluated through simulations and in comparison
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with existing analytical models which confirm the improved
accuracy for both models.

This paper is organized as follows: In Section II, previous
approaches to 802.11 protocol analysis are reviewed. Then,
the proposed saturation model is introduced in Section III.
Calculation of performance metrics are introduced in Sec-
tion IV. In Section V, the iterative algorithm used to model the
unsaturated load is presented. Finally, Section VI concludes
the paper.

II. RELATED WORK

The performance of 802.11 DCF scheme has been stud-
ied extensively in the literature. Different approaches and
simplifying assumptions were used for these analysis. The
seminal paper of Bianchi [1] is the first paper to describe the
binary exponential backoff mechanism of DCF protocol within
a single node as a two dimensional Discrete Time Markov
Chain. Bianchi’s Markov chain, while providing a closed
form solution, lacks two important features specified by IEEE
802.11b standard, which are retransmission limits and backoff
counter freezing. Variations of Bianchi’s Markov chain were
proposed to describe the 802.11 protocol more accurately and
adhere to the standard. Wu [6] and Chatzimisios [7] included
the retransmission limit where a packet is dropped after
reaching a maximum number of retransmissions. Zhang [8]
and Xiao [9] improve the analysis by adding the backoff
counter freezing probability to their models. Parallel to the
Markovian modeling efforts, other analytical models predict
the saturation performance of 802.11 without fully describing
the detailed behavior of the binary exponential backoff [2]
and [10].

In the literature, three main approaches were used to account
for the non-saturation load assumption. Some Markovian mod-

N

\ szplpei
\.c . . .

Channel State Markov Chain

els like Engelstad [11] and Malone [12] use additional states
to model the behavior of a tagged node when it does not have
any packets to send. Another approach used by Zhai [13] and
Tickoo [14] scales the transmission probability of a saturation
model by the probability of having at least one packet in the
queue (i.e., the queue utilization). Another approach used to
model the non-saturation performance estimates the number of
active contending nodes (i.e. nodes that have a packet ready for
transmission in their queue) implicitly in the model like in [15]
and [16]. Both models assume a queue length of one packet.
Garetto and Chiasserini [17] study the number of contending
nodes using a multidimensional Markov chain which includes,
in addition to the backoff process, the number of packets in
the queue as well as the number of nodes in the network.

In all previous models, it is assumed that the probability
of transmission is independent of the status of the previous
time slot. Some proposed models like [18], [19] condition the
events of the current time slot on the states of the previous
time slots. Foh [18] adds more details to the Markov chain
originally presented by Bianchi by accounting for the status
of the previous time slot in the calculation of the transmission
probability. In [19], a detailed analysis has been presented
using a three state Markov chain that represents the states of
the channel, however, this detailed analysis has not been used
to estimate the transmission probability. Instead, it was used to
compute the channel throughput based on the channel steady
state probabilities.

In our proposed model, we carefully study the channel
state during backoff using a separate Markov chain. Detailed
modeling of the channel allows the model to be valid and
accurate for a very wide range of protocol parameters. Based
on this accurate saturation model, we propose an iterative
algorithm to compute the non-saturation load performance.
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III. SATURATION LOAD ANALYSIS

Existing saturation models for DCF fail to accurately
estimate the performance over a wide range of scenario
parameters. Our investigations single out the inaccuracy in
modeling the backoff process as the primary reason for this
deviation. Specifically, the main problem lies in the estimation
of accurate channel states while a node is decrementing its
backoff counter.

In this section, we propose a saturation model for DCF
considering a detailed channel state analysis based on the two
dimensional Markov chain approach first proposed by Bianchi
in [1]. First, the classical approach of Bianchi to model the
saturation load of 802.11 DCF is presented in Section III-A for
the sake of completeness. Then, our proposed detailed analysis
of the channel state is presented in Section III-B.

The network model assumes N identical nodes in a fully-
connected single-hop network. This setting implies that there
are no hidden terminals. Each node has a backlogged queue
with the same size packets. The channel is assumed to be error
free and capture effect has not been used. As assumed in [1]
and many others, we assume that the conditional collision
probability is constant and independent of the backoff stage.
This assumption was validated experimentally in [12] and
shown to be a good approximation of the collision probability
especially as the number of nodes increases.

A. Base Model

Since we assume that all nodes are identical, it is enough
to analyze the behavior of one node to predict the behavior of
the other N — 1 nodes as well as the channel performance. We
refer to this node as the Tagged Node. Following Bianchi’s
approach in [1], the behavior of the binary exponential backoff
process in a single node can be analyzed using two stochastic
processes s(t) and b(t) that represent the backoff stage and the
backoff counter values at time ¢, respectively. We refer to this
two dimensional Markov chain as Tagged Node Markov Chain
(TNMC) as shown in Figure 1. One major deviation from
Bianchi’s model is the inclusion of the freezing probability
Pr which represents the probability that a node in backoff
state freezes its backoff counter due to third party activity in
the channel.

Proceeding with the traditional computation of the station-
ary probabilities of the Markov chain states like in [1], the
probability 7 that a station attempts to transmit a packet is the
probability that the backoff counter reaches 0 in all backoff
stages, which can be calculated as

1— PL+1
L 1 W;—1 W, —k ;
(Shoo [1+ 25 S0 S i) (- P)
where L +1 is the maximum number of retransmissions before
dropping a packet or what is defined in IEEE 802.11 DCF

standard [20] as ShortRetryLimit. The contention window size
at backoff stage j, W, is defined as

-]

T =

(D

2j CWmin

if0<j<m
iftm<j<L,

where CW,,;» is the minimum contention window size,

CW ez 1s the maximum contention window size and m =

log (==

Knowing 7, we can calculate the conditional collision
probability P as

P=1-(1-7)""1, )

and the probability that a slot time is busy as P, =1 — (1 —
7). Finally, we can calculate the probability that the slot time
contains the beginning of a successful packet transmission as
Ps=N71(1—71)N-1

Note that the freezing probability Pr used to calculate 7
in Equation (1) is not defined yet. In existing works, several
assumptions have been made regarding the calculation of Fk.
In [1] and [7], Pr was set to 0; and to P in [8] and [9]. We
will numerically show that none of these assumptions yield
an accurate estimation of the freezing probability Pr which
affects the accuracy of predicting the protocol performance
under different parameters settings.

We argue that a more detailed investigation of the channel
states during backoff is extremely important in finding an
accurate estimation of Py. In the next section, our proposed
detailed analysis of the channel state during back-off is pre-
sented to estimate the freezing probability Pr more accurately.
With this estimation of P, Equations (1) and (2) can be solved
numerically.

B. Calculation of Freezing Probability

A major shortcoming of existing models is not the Markov
chain analysis but the estimation of an accurate transition
probability associated with the decrementing/freezing of the
backoff counters (i.e. P; and Py in Figure 1). In this section,
we introduce our new proposed Channel State Markov Chain
(CSMC) that accurately describes channel states while the
tagged node is backing off, which is used to compute the
transition probability P; = 1 — Pr.

Each backoff state in the TNMC shown is modeled as
a three state CSMC as shown in Figure 1. States S, C,
and I represent the state of the channel having a Successful
transmission, a Collision, or being Idle while the tagged node
is backing off. Hence, Ps, P, and P; represent the steady
state probability of the channel being in Successful, Collision
or Idle state, respectively.

Referring to Figure 1, a backoff state can be entered from
either a transmission state or from a previous backoff state.
Note that the event of entering a backoff state is done at the
edge of a slot time. At the same instance of time the tagged
node enters a backoff state, the channel may become either
busy due to a transmission, assuming that transmissions start at
the beginning of a time slot, or stay idle for the entire duration
of the time slot. Let us define p.; as the probability that the
tagged node enters a backoff state and finds the channel idle.
Note that, from the tagged node’s perspective, the channel is
idle if none of the other N — 1 nodes are transmitting. Then,
Pe; can be calculated as pe; = (1 — 7)V 7L,

Similarly, let us define p.s and p.. as the probability that the
tagged node enters a backoff state and finds the channel busy
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with a successful transmission and a collision, respectively.
We can calculate p.s and pe., respectively, as

Des = (Nfl)T(l -7
ee =1 — Pei — Pes-

)N—27

3)

Once the tagged node enters the Idle state, either directly or
coming from the states S or C' in the same backoff state, it
exits the backoff state with probability p. = 1. Then, we can
compute the probability of exiting the backoff state and thus
decrementing the backoff counter as

Pq = pePr, “
and, hence, the freezing probability is computed as
Pr=1- Py, (%)

which can be used to calculate the transmission probability 7
in Equation (1). To calculate the steady state probabilities Py,
Ps, and Pc, we need to compute the transition probabilities
between the channel states. When the tagged node enters the
backoff state and the channel has a successful transmission,
the node that successfully transmitted a packet may send
another successful packet if it selects the backoff counter of
the next packet as zero since the other nodes have non-zero
backoff counters. In that case, the channel stays in the S
state with probability p,s. On the other hand, if the successful
node selects any other backoff counter value other than O,
then the channel state becomes idle with probability py;. The
transition probablhtles pss and pg; are given as pgs = W
and ps;; = 1 — pss, respectively. Note that, the probablhty
of transition from S to C is zero since after a successful
transmission, only the node that transmits successfully has the
full access to the channel in the next time slot if it selects the
new backoff counter as zero.

The event of entering the backoff state when the channel
is in the collision state C' means that two or more nodes
start transmitting during the current slot time. Since colliding
packets cannot be decoded by third party nodes, those nodes
cannot estimate the deferral Network Allocation Vector (NAV)
timeout. Thus, IEEE 802.11 standard suggests that once a
node receives an erroneous frame due to collisions, that node
must defer channel access for a duration called Extended
Inter Frame Space (EIFS). The EIFS interval begins when
the physical layer indicates a medium IDLE condition at
the end of the transmission of the erroneous frame. The
value of EIFS is defined according to the standard [20] as
EIFS = SIFS+TCT5/ACK + DIF'S where TCTS/ACK is
the time to send the CTS/ACK control frame depending on
the type of the access mode. After the colliding transmissions
end, this EIFS duration prevents other nodes from accessing
the channel and allows the colliding nodes to directly access
the channel in the following time slot if they select the new
backoff counter value as zero. So, we can define the transition
probability p.; from the collision state C' to the idle state
I as the probability that no colliding node selects zero as
the new backoff counter value after their transmission. Given
that the number of colliding nodes is n, the probability that
no colliding node selects zero as the new backoff counter is
(1- W) . We can calculate the probability mass function

of the number of colliding nodes as

N -1
Qn) = ( )7”(1 — ), ©)
n
Then, the transition probability Pe; can be calculated as
’IL’ 7
Z Q(n CW) (7)

where CW is the average backoff window size over all stages
and can be calculated as

(®)

and Py, is the probablhty that the packet is dropped after
L + 1 transmissions and can be computed as Py,.op = pPLtL
Similarly, if only one node selects zero as the new backoff
counter value after a collision occurs, the transition from the
collision state to the successful transmission state happens
with probability p.s, which can be calculated as

_JfQ( (L)l_in—l
= 2, Q)1 )

Finally, the transition probability p.. is calculated as p.. =
1- DPci — Pes-

Note that to keep our model tractable, we do not track the
backoff stage of the other /N —1 nodes in the network. Instead,
we approximate their probabilities of selecting zero as a new
backoff counter value by averaging backoff window over all
backoff stages given as =L.

Knowing all transition probabilities, transition matrix 7 of
the CSMC can be written as

C))

Dei  Pes Pec
T = | Psi Pss 0 (10)
Dci Pes  Pec

To obtain the steady state probabilities for the channel state
vector A = [ Pr Ps Po |, we solve mA = A, using an
iterative computation with an initial estimate of A.

C. Numerical Solution of the Saturation Model

To obtain the steady state values of the conditional collision
probability P and the transmission probability 7, we need
to solve the system of non-linear equations, including Equa-
tions (1) and (2) in the TNMC. Note that we need to compute
Py for the calculation of 7 using Equation (1). We use an iter-
ative process to evaluate the system behavior. First, an initial
guess of 7(?) is made and the conditional collision probability
P is calculated using Equation (2). Then, both 7(?) and P(®)
are fed into the CSMC to calculate the transition probabilities
Deis Pess Decs Dsis Psss Dess Pes» and pe;, which are used to
calculate the steady state probabilities of the channel P, Pg
and P¢. Knowing Py, we can calculate the freezing probability
P]EO) using Equation (5). Then, P]EO) and P() are in turn
used in Equation (1) to calculate the updated transmission
probability 7,c,. Now, the updated transmission probability
(1) is computed using a relaxed fixed-point computation as
7 = a7 4 (1 — )70 Where is 0.5 in our calculations.
The iterative process terminates once the difference between
7 and 701 is smaller that a predefined value €.
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D. Convergence of Saturation Model Iterative Analysis

To prove the convergence of the iterative algorithm used in
the saturation model, we need to show that this system has a
unique solution. First, let us invert Equation (2) to represent
T as

(P)=1—-(1-P)wr (11)

¥ n > 1. Note that 7*(0) = 0 and 7*(1) = 1 which means
that 7* is an increasing monotonic function. Furthermore, let
us expand Equation (1) as shown in (12).

Solving for P = 0O results in

2(1 — Py)

pPy=—— "1
(0, P) —2P,) + Wy

13)
Note that we cannot directly solve 7(1, Py) due to the terms
(1—P), (1—PE+1) and (1— PL=™+1) in the denominator of
Equation (12). To solve this problem, we can further simplify
Equation (12) as shown in (14).
Now 7(1, Py) can be computed as

T(17Pf) = zm?ﬁ:; Pf) S
(1—2Py) + Wo SO w2 (Est )
=0 =0
= 2(1 — Py) s
sm—19)if(2)ym SSLomFl
(1 — 2Py) + Wo[=L=0 o [

Recall that from Equation (11), it is clear that 7* is a mono-
tonically increasing function. To prove solution uniqueness, it
is enough to show that the other representation of 7 (i.e. Equa-
tion (12)) is a monotonically decreasing function for all values
of Py. For that, we need to show that 7(0, Py) > 7(1, Py).
Since the inequality

STy + @ e Y

L .
Zj:() 17
m— i m L—m i
S (2 + (@
L .
Zj:o it
holds VIL,1 < L <occandVm,1 <m < L, it is
easy to show that 7(0, Py) > 7(1, Py) V Py € [0, 1] which in

turn proves the convergence of the iterative algorithm of the
saturation model.

Wol

]>W0

> 1

(16)

IV. COMPUTATION OF PERFORMANCE METRICS

After calculating the steady state transmission probability 7,
performance metrics like throughput and average channel ac-
cess delay can be calculated. As defined in [1], the normalized
channel throughput U can be calculated as

BT,
PTs+ (Py — P)T. + (1 — Pp)T;’
where T; is the duration of one idle time slot, 75 and 7T,
are the durations of the successful and collided transmissions
respectively. T}, is the transmission duration of the payload
without the additional headers of 802.11 and the physical

layer. For the basic access mechanism of the DCF, T and
T, are calculated as

Ty =T.=DIFS+Ty+ T, + SIFS+Tack

U =

(17)

(18)

With RTS/CTS handshake, T and T, are calculated, respec-
tively, as

Ts =DIFS +Trrs +SIFS +Ters + SIFS+ Ty, + 1)
+ SIFS +Tack

T.= DIFS +Tgrs + SIFS + Tcrs (19)

where T} is the transmission duration of the MAC and
physical layer headers and Trrs, Tors, and Tack are the
transmission durations of the RTS, CTS, and ACK frames.
SIFS and DIFS are the guard times defined by the IEEE 802.11
standard. We assume that the propagation delay is negligible.

In addition to the throughput, we are interested in the
calculation of the average channel access delay for packets
that are transmitted successfully. The channel access delay is
defined as the time from the packet becoming the head of the
queue until the acknowledgment frame is received. Consider
a successful transmission at the first attempt. The average
channel access delay can be estimated as T() = T, + Wy F
where W; is the average number of backoff slots selected at
stage j and calculated as W; = Wil "and F is the average
slot duration the tagged node should wait before decrementing
its backoff counter. Computation of F will be presented later
in section IV-A. For any subsequent success at the i + 1%
attempt preceded by i collisions, the channel access time 7'(*)
is computed as follows:

TO =T, +iT, + Y W, F.
j=0

(20)

The probability Ps(,i)ccess that a packet is successfully transmit-
ted in the 7 + 1°¢ transmission attempt is given by Ps(,i)ccess =
(1 — P)P?. Conditioning the summations by the probability
of successful transmission, the overall average channel access
delay T' for non-dropped packet is computed as

L 7
1 )
T=-—F5— § Ps(;)ccess TS + ZTC + E :WJ]:
1= Parop 15 =0
(21)

A. Average Slot Duration Calculation

To complete the computation of the average channel access
delay presented in Equation (21), we need to calculate the
average slot duration F that a node spends in each backoff
state before decrementing its backoff counter. Note that the
time spent at each backoff state depends on the channel
state at the new time slot as well as the previous time slot.
Let us define Dy, Dg, and Do as the durations that the
tagged node spends at a particular backoff state when the
state of the channel at the entrance time is idle, having a
successful transmission, and having a collision, respectively.
When the tagged node enters a backoff state and the channel
is idle at that time slot, the node waits for 1 time slot before
decrementing the backoff counter and exiting from the current
backoff state.

On the other hand, when the node enters the backoff state
and finds the channel busy with a successful transmission, it
should wait for the duration of the successful transmission
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— _ _ pL+1)
(P, Py) = 21— Pr)(1—-2P)(1-P ) | (12)
(1—=2Pf)(1 —2P)(1 — PEAD) 4+ Wo(1 — P)(1 — (2P)™) + Wo(2P)™(1 — P(L—m+1))(1 — 2P)
2(1 - Py)
T(P> Pf) = 1—P 1—(2P 7n' — p(L—m+1)
(1 - 2Pf) + Wo 1,(p(L421) ( (1(_212’) ) + WO(QP)m(HEPW)
2(1 — Py
= m—1 ( " f) [ (14)
o (2P) St p
j=0 j=0
/Y . ] ; on decrementing the backoff counter from a previous backoff
ow o™ ow state, the average slot duration in this case can be calculated
as
Dei Des DPec
F,==—/D —D —De¢. 2
Py TR I+Pd S+Pd ¢ @3
1 . b) Entering from a transmission state: After finishing a
WL T e I e et 1 e I e transmission, either successful or collision, the node always
el — — selects a new backoff counter with probability P,, = 1.
—— —— However, with probability 1/CW the node will remain in a

Transmission State CWE1 Backoff States

Fig. 2. Simplified Markov chain for delay calculation.

and any other successive successful transmissions plus one
additional idle time slot before exiting the backoff state. Note
that a node that transmits a packet successfully can access the
channel and send another successful packet with probability
pss = 1/Wy. The average number of successive successful
transmissions can be estimated as —~—. Thus, we have D; =

T=pos
Land Ds = =T, + Dr. ’
Similarly, when the node enters a backoff state and finds
the channel busy with a collision, the node waits for the
duration of the collision and any other successive collisions
or successful transmissions, plus one additional idle time slot
before exiting the backoff state. Note that, on the average,
there can be ZiL:o ipt. successive collisions. Then, after the
successive collisions, there is a successful transmission with
probability £¢<=— or the node will go to idle state with

probability 7 f‘; = Thus, D¢ can be calculate as

L
De = (Z z’pic> T+ 2 Ds+ D, @2

i=0 cc cc

We need to find the probabilities for each of these events.
To simplify the analysis, we use a reduced form of TNMC as
shown in Figure 2. Consider the simplified Markov chain. The
tagged node can enter any backoff state from either a previous
backoff state or from the transmission state (except of the last
backoff state which is accessible only from the transmission
state). Let us consider the two cases in detail to calculate the
average slot duration for each case:

a) Entering from a previous backoff state: The node
enters a backoff state from a previous backoff state if and only
if the previous time slot was idle. Recall that in Section I1I-B,
we calculate the probability P,; that the backoff counter
decrements its counter in Equation (4). Then, conditioning

transmission state and with probability 1 — 1/CW the node
will go to one of the backoff states. Then, the average slot
duration case is given as

1 Dei Des DPec
F == 1 ——— D[ + DS + DC 5
' < CW) |:pnb Pnb DPnb

(24)

where C'W is defined in Equation (8). Since a state is a
backoff state with probability 1 — 7, the average slot duration
is calculated as

F=(1-7)F, +7F;, (25)

which can be used to calculate the average channel access
delay in Equation (21).

B. Numerical Validation

To validate the accuracy of the proposed saturation model,
we compare the analytical results obtained from the analytical
model against simulation results following the implementation
of IEEE 802.11b standard in Qualnet [21] simulator. We
have used the standard values for SIFS, DIFS and EIFS
durations, as well as the durations of the RTS, CTS and ACK
control frames. The payload from the application layer is 1024
bytes with 1 Mbps channel bit rate. We vary the number
of contending nodes from 5 to 60 in increments of 5. We
obtain the collision probability, the normalized throughout and
the average channel access delay from simulations and using
Equations (2), (17), and (21), respectively.

We have compared the performance of our proposed model
against four other saturation models named after the last name
of the first author. These models are Bianchi, Chatzimizios,
Foh and Zhang. We have selected Bianchi’s model [1] as it is
the classical model and the first analytical model that analyzes
the backoff operation of a single node using a two dimensional
Markov Chain. Chatzimizios [7] uses a modified version of
the Bianchi model that considers the retransmission limit and
packet dropping. Foh model [18] accounts for the status of the
previous time slot in calculating the transmission probability.
Finally, the Zhang model [8] adds the probability of backoff
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counter freezing during backoff. Note that the average channel
access delay calculation is not included in the Bianchi model.
e We adopt the delay calculation presented in [22] for the
o Beneni Bianchi model. Note also that the model proposed by Foh
—<— Zhang in [18] calculates two collision probabilities based on the
—— Felemban . .
—+—Foh channel status of the previous time slot. For completeness, we
have used pyon, = (P;)po+ (1 — P;)p1 to combine the resulted
collision probabilities into one collision probability metric
where, according to [18], F; is the probability that a particular
period on the channel is idle, pg (p1) is the probability that,
from a station’s point of view, at least one of the other stations
transmit during a slot after an idle (a busy) period. Since the
model presented in [18] did not include any delay calculation
for the average service time, we calculate the delay for Foh
model using the delay calculation presented in [22].
We ran extensive simulations using Qualnet simulator over
‘ ‘ ‘ ‘ ‘ ‘ ‘ a wide range of contention window sizes. Due to space
5.0 s 22 30 85 40 45 %0 55 60 limitation, we show in detail the numerical validation results
for two contention window settings in Figures 3 and 4, which
show the collision probability, throughput, and the average

Collision Probability with CWmin=32 and CWmax=1024
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(a) Collision Probability

Delay Throughput (RTS) CWmin=32 and C\Wimax=1024 channel access delay for both RTS/CTS and Basic mode as
1 .
‘Avg Channel Access Delay the number of nodes increases.
- - = N lized Ch: | Th hput . . . .
Simuaton 0.9 We note that the contention window size affects the colli-

Bianchi
Chatzimisios
Zhang
Felemban

sion probability as shown in Figures 3(a) and 4(a). As the
contention window sizes decrease, the collision probability
increases because every time a collision occurs, the increase of
the backoff range is limited. Second, although the Chatzimi-
sios model adds the retransmission limit to the Bianchi model,
their collision probability coincides with the Bianchi model for
virtually all parameter settings. This suggests that the effect
of ignoring the retransmission limit of collision probability
computation is overshadowed by other effects.
o2 Both Bianchi and Chatzimisios models overestimate the
collision probability since neither model accounts for the
probability that the backoff counter is frozen when there is
5 10 15 20 2;3umbefg Nodes;s 0 45 0 s 60 activity in the channel. Referring to Equation (1), if Py is set to
0, the transmission probability, and consequently the collision
probability will increase. We also note that the Zhang model,
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Delay Throughput (Basic) CWimin=32 and CWimax<1024 which modifies the Bianchi model by adding the backoff
Avg Channel Access Delay ! counter freezing probability, does not accurately predict the
T Smution, e Ut 08 collision probability, which suggests that the collision proba-

Bianchi
Chatzimisios
Zhang
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bility cannot be used as the backoff freezing probability. Our
proposed model accurately predicts the collision probability
for the contention window sizes, and in fact for a wide range
of parameter settings, which is a result of the detailed analysis
of the channel states during backoff. It is noteworthy that
Foh model differentiates the collision probability based on
the channel states just before transmission. Note also that the
collision probability does not depend on the access scheme
where we can see the same collision probability value for
02 both RTS/CTS and basic access mode for the two different
contention sizes.

Note that Foh model differentiates the collision probability

5 10 15 20 25 a0 35 40 45 50 5 60 according to the channel status in the previous time slot, i.e.
umber of Nodes busy or idle. The model then uses those collision probabilities

as backoff freezing probabilities. Although this approach may
Fig. 3. Performance comparison with CWynin=32, CWmaz=1024. accurately capture the behavior of the protocol’s collision
probability, it fails to capture the freezing probability in addi-
tion to the overall performance of 802.11 protocol as shown in
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(c) Throughput and Channel Access Delay with Basic Mode



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, ACCEPTED FOR PUBLICATION

Figures 3(a) and 4(a) and later on the throughput and channel
access delay results. Although our model does not differentiate
the collision probability according to the channel status of 1
the previous time slot, it accurately predicts the collision
probability, which suggests that the main contribution to the
accuracy is the correct modeling of the freezing probability. 08

Due to the space limitation, we have combined the normal-
ized channel throughput and the average channel access delay
charts in one graph for both access modes and contention
window sizes as shown in Figures 3(b), 3(c), 4(b) and 4(c).
We use the dashed lines to refer to the average channel access
delay and the solid lines to refer to the normalized channel
throughput for results of different models. We use the markers o.
X, %, 1, <, ¢ and + to represent the data obtained from the
simulation, Bianchi model, Chatzimisios model, Zhang model,
our proposed model and Foh model, respectively. 01

Figures 3(b) and 3(c) show the normalized channel ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
throughput and the average channel access delay when the s o 18 20 2 30 85 40 45 S0 55 60
RTS/CTS mode and the basic mode are used with the standard
contention window sizes (i.e. CW,;n = 32 and CWiee =
1024). We notice that when using the basic access mode, the Delay Throughput (RTS) GWimina16 and CWimexa18
channel throughput decreases and the average channel access
delay increases compared to RTS/CTS access mode. The
predicted performance metrics from all models has minimal 1H
deviations from the simulation data when RTS/CTS access
model is used.

With basic access mode, the accuracy of the proposed model
become more noticeable. This is because with the basic access
mode, the cost of packet collisions increases which affects the
freezing duration for backing off nodes. The proposed model
with the detailed channel states captures this increase in the
freezing duration resulting in more accurate estimation of both
the throughput and the average access delay.

As the contention window sizes decrease, the accuracy of
estimating the collision probability become more noticeable + + =
in estimating the channel throughput and the average channel ’ 5 0 15 2 2[‘\51)umber3‘21 Nodes;s w0 a5 0 w60
access delay as shown in Figures 4(b) and 4(c). Both Bianchi
and Chatzimisios models overestimate (underestimate) the

Collision Probability with CWmin=16 and CWmax=16
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channel access delay (channel throughput) due to the large Delay Throughput (Basic) CWimin=16 and CWmax-16 1
L a
collision probability estimations as shown in Figure 4(a). Also, Avg Channel Access Delay
. . - N.ormall.zed Channel Throughput|
Zhang model overestimates the channel access delay which *  Simulation 09

@  Bianchi
is due to the overestimation of the average freezing time 9 Chamisios
o
+

presented in their model.
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V. EXTENSION TO NON-SATURATION ANALYSIS

So far, our analysis targeted the saturation load where all

every node in the network always has a packet ready for
transmission. However, from an application’s point of view,
saturated load is unlikely to be valid in real life applications
due to queue overflow and infinite queuing time. To model 02
DCF protocol under unsaturated load, existing non-saturation
models modify the transmission probability 7 of a single node ‘
by either adding more states to the TNMC or by scaling 7 with U A
the probability that the queue is empty.

We will numerically show that these approaches cannot
accurately predict the performance of the network under unsat-  Fig. 4. Performance comparison with CWiyi,, =16, CWipaz=16.
urated load. This is due to the assumption that individual nodes
are independent, which is correct in the case of saturation
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o
Normalized Channel Throughput

041

(c) Throughput and Channel Access Delay with Basic Mode
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traffic but does not hold with unsaturated load. With saturation
load, all nodes have packets ready for transmission, thus the
number of contending nodes, which have non-empty queues,
in the network is constant and known to all nodes. This
advantage promotes saturation load case and makes it more
appealing and easier for analysis compared to unsaturated load
cases where the number of contending nodes is continuously
changing based on the packet arrival rates.

Garetto and Chiasserini [17] studied this effect in detail.
They found that the predicted distribution of the number of
contending nodes using the simple traditional two dimensional
Markov chain has a large deviation from the actual distribution
obtained from the simulation. To solve this problem, Garetto
proposed a Markov chain model that accounts for the number
of contending nodes in the network and results in a highly
accurate estimation of the performance metrics. However,
since the number of the states in proposed analytical models
strongly depends on the number of nodes and the buffer size,
the scalability and the complexity of the model limit the
practical usage of such an approach.

In this paper our aim is to develop a lower complexity model
for non-saturation traffic that can possibly be utilized by run-
time procedures to provide reasonably accurate predictions.
Therefore, we have pursued an approximation model that
models the dynamic nature of the non-saturation traffic as
an interacting set of steady state saturated systems with
different number of users with the help of our saturation
model presented in Section III. We note that the accuracy
of our approach increases as the empty/non-empty transition
rates of node queues decrease, i.e., as the network allows for
more time for the system to reach a steady state solution for
a given number of active users. We show through extensive
simulations that the proposed model accurately estimates the
collision probability, throughput, and average channel access
delay for a wide range of scenario parameters and traffic loads.

A. Non-Saturation Model

Recall that the saturation analysis means that all nodes
always have packets to send, therefore, the number of nodes
contending for the channel is always N. Since a node with
an empty queue does not contend for the channel, the average
number of contending nodes in the unsaturated load varies
between 1 and N depending on the offered load to each
node. To model the non-saturation load cases, we propose
an iterative algorithm to compute the probability P, that a
node does not have any packets to send using our proposed
saturation model. For Poisson packet arrivals at rate A\, and
approximating the service time distribution as exponential with
mean E[T] as presented in [23], Py is computed as

A
Ph=1-—,
I

(26)
where A is the packet arrival rate (P/slottime) and f is
the average service rate given in Equation (29). Recall that,
from Equations (21) and (2), the channel access delay for
a successful packet is a function of the number of active
nodes. Since the number of active nodes in non-saturation
loads varies, we can estimate the probability mass function of
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the number of active contending nodes ¢ (i.e. nodes with at
least one packet in their queues) using Py as

I —

The average channel access delay T; given that ¢ nodes are
contending for the channel can be obtained from the average
channel access delay of our proposed saturation model. Then,
the expected channel access delay given that there is at least
one active node can be calculated as

27)

Yo, TP
BT =&=12 (28)
[T] %
and the average service rate [, in (P/slottime), is given as
1
n=—" 29
[ ik (29)

which we can use in Equation (26) to obtain a new estimation
of Fy. We repeat this procedure until the new value of Fy does
not change from the last value, which shows that the system
converges.

To obtain the non-saturation load performance metrics (i.e.
the collision probability, channel throughput, and the channel
access delay), we compute the PMF of the number of active
contending nodes with the probability P using Equation (27).
Then, the collision probability, channel throughput and the
channel access delay for the non-saturation traffic are com-
puted, respectively as

N P
PnonSat = lez_lqgom

N
UnonSat = 216:1 Uzmz (30)
TnonSat = Elf_lqgom

where P;, U;, and T; are the collision probability, channel
throughput, and channel access delay given that ¢ nodes are
contending for the channel which can be obtained from our
proposed saturation model.

B. Numerical Validation

We validated the proposed non-saturation model against the
simulation results using the same simulation settings used in
the saturation case. In our simulations, we assume Poisson
packet arrivals for all nodes. We vary the packet arrival rate
to each node and run the simulations for 5, 10, 20 and 40
nodes using four different contention window sizes. Similar
to the saturation load numerical validation, we obtain the con-
ditional collision probability, the normalized throughput, and
the average channel access delay. We compare our proposed
model against two non-saturation models, i.e., Tickoo [14] and
Engelstad [11]. Note that the Engelstad model is a model for
IEEE 802.11e that we reconfigure by setting the number of
classes to 1. Due to space limitation, we show the simulation
results for the default contention window sizes (i.e. CW,,in
=32 and CW,, 4, = 1024) for 5 nodes in Figure 5 along with
the deviation percentage of each model from the simulation
results.

Figure 5(a) shows the collision probability estimated from
the models and obtained from the simulation as the packet
arrival rate increases. To show the accuracy of the models,

the deviation percentage of each model is shown on the
same graph as well. We use solid lines to represents the
prediction values and dashed lines to represent the deviation
from the simulation results. We observe that Tickoo model
has the largest deviation reaching 800% at lower arrival rate
mainly because it uses the same transmission probability as
in [1] which does not account for retransmission limits or
the freezing probability. With lower arrival rate, we note also
that Engelstad model has lower deviation compared to our
proposed model, however as the arrival rate increases beyond
7 P/S, the estimation error of the proposed model decreases
to less than 5%. This shows that the proposed model can
accurately estimates the collision probability for a wide range
of arrival rates.

Figure 5(b) shows the average channel access delay com-
parison for 5 nodes using 32 and 1024 as the minimum and
maximum contention window. Similar to Figure 5(a), we
plot both data (Solid Lines) and deviation percentage (Dashed
Lines). Engelstad model underestimates the delay by a notice-
able factor which is due to the assumption of the independence
between non-saturated nodes discussed earlier in this section.
Tickoo model on the other hand, overestimates the delay,
especially for low traffic loads, which is due to inaccurate
estimation of freezing time in their delay calculations. Over
all arrival rates, it is clear that the proposed model consistently
outperforms other models in terms of accuracy mainly due to
the detailed analysis of the backoff freezing states.

Figure 5(c) shows the non-saturation normalized throughput
comparison. Explicit equations to calculate non-saturation
channel throughput were not provided for either Engelstad
or Tickoo models as they did not show any throughput
performance for non-saturation case. As a result, we used the
saturation throughput Equation( 17) to draw the throughput for
Engelstad and Tickoo models. In our proposed non-saturation
model, however, by estimating the number of active nodes
contending for the channel in the network, we obtain a
deviation below 2% for throughput for all tested arrival rates
as shown in Fig. 5(c).

Due to space limitation, detailed estimation comparisons are
omitted for different scenario configurations. Instead, Fig. 6
shows the deviation percentage of the average channel access
delay for all models for different scenario configurations.
The x axes of the figure represents the configuration of
the scenario as tuples (z,y,z) where x is the number of
nodes, y represents the minimum contention window and z
is the maximum contention window size. Engelstad model
underestimates the delay by a noticeable factor which is due
to the assumption of the independence between non-saturated
nodes discussed earlier in this section. Tickoo model on the
other hand, overestimates the delay, especially for low traffic
loads, which is due to inaccurate estimation of freezing time
in their delay calculations. Our proposed non-saturation model
shows consistent accuracy of estimating the average channel
access delay over a wide range of scenario parameters.

VI. CONCLUSION

In this paper, we have presented an analytical model for
IEEE 802.11 DCF protocol that can accurately predict the
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performance for a wide range of scenario parameters in single-
hop networks. We have started with accurately modeling
the performance of DCF under the saturation assumption
using a detailed analysis of the channel states during backoff
countdown. Then, we extend the proposed saturation model to
non-saturation cases. To validate the accuracy of our proposed
models, we extensively tested the estimation performance of
the models for a wide range of contention window sizes,
number of nodes and traffic loads. As a future work we
will extend this work to model IEEE 802.11e protocol which
provides QoS differentiation. Also, it is of interest to study
the queuing delay and heterogenous packet arrival rates in the
case of non-saturation loads.
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