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ABSTRACT: Modeling and performance analysis of the media access control layer are extremely significant. Therefore, the
performance evaluation helps a researcher in discovering the inherent cause of many problems, and may even suggest
possible solutions. This is why much of the research work aimed to achieve an accurate evaluation. However, a lot of work
does not consider the main difference between the busy probability and the collision probability in analytical mathematical
models. Some of them consider both probabilities to be the same or ignore the busy probability and consider only the
collision probability, which is not accurate. This paper proposes a new performance evaluation by creating a new math-
ematical model to compute a packet transmission probability for IEEE 802.11 DCF. Therefore, we enhance Bianchi’s model
by adding a new state to represent the busy probability in the mathematical model, which helps to achieve the highest
accuracy performance evaluation of |EEE 802.11 DCF.
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1. Introduction

ThelEEE 802.11 (WLANS) standard still presents many challenges, most of them related to the MediaAccess Control (MAC)
layer. The mechanism for accessing the mediais based on two types of MAC mechanisms. Basic typeis called the distributed
coordination function (DCF) that representsthe primary MAC mechanism for IEEE 802.11[1]. The DCFisbased ontheListening
Before Transmit (LBT) mechanism to detect whether achannel isidle or busy so asto avoid acollision[2]. The secondary part
of DCF is called four-way hand-shaking technique or known as request to send/clear to send (RTS/CTS) mechanism. This
mechanism hel psthe protocol reduce acollision by reserving the transmission media channel when the channel becomesidie[1]
and also avoid the hidden station problem.

The DCF usesacontrol frame called acknowledgment (ACK) frame. This hel psthe sender station to detect whether adataframe
has been successfully received or resulted in acollision. The optional typefor MAC iscalled point coordination function (PCF).
The MAC in PCF is centralized and able to avoid collision by using point inter frame space duration (PIFS) rather than
distribution inter frame space duration (DIFS) [2]. In this paper, we focus on the basic mechanism (DCF) rather than the optional
mechanism (PCF).
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In DCF, the sender station first listensto the channel until it becomesidlefor at least aDIFS. After that the station generatesthe
back-off timer between intervals (0, W, -1). If the channel remainsidle, the back-off timer will decrement to zero and then the
station can transmit. Otherwise, the channel becomes busy during the back-off timer process, and then the station would freeze
the back-off timer until the channel becomesidle again[2]. After each successful transmission, the station must receivean ACK
frame after ashort inter frame space duration (SIFS). In caseswhen the sender station doesnot receivean ACK, it will detect that
acollision has occurred, and will need to repeat the transmission [3].

Theremaining part of the paper is organized asfollows- Section 2 summarizes and eval uates number of popular related work;
Section 3 presents anew mathematical model by considering busy probability through the analytical model; Section 4 presents
and analyses the simulation resultsin comparison with Bianchi’s model; Section 5 concludes our proposal.

2. Related Work

Thefamous performance analytical model for |IEEE 802.11 DCF under saturation traffic isthe Bianchi model [1]. Itisbased onthe
bi-dimensional Markov chain (b, k) to describe the behaviour of single station [4], where isthe back-off stage and is the back-
off timer [1]. There are several different ways to propose or extend the analytical model. For instance, in [5], the authors
proposed a new analytical performance model under non-saturation traffic by using Equilibrium Point Analysis (EPA). This
method isapplicableonly to asystemin EP. Therefore, it isnot suitablefor the general case andisdifficult to extend. In[6], the
authors proposed the analytical model for IEEE 802.11 DCF by using virtual slot time under saturation traffic. However, the
authors assumed all stations can hear each other. Therefore, this method did not consider a hidden station. On the other hand,
many researchers pay great attention to enhance the protocol. Such asin [7], work was shown on an enhancement protocol to
propose a performance analytical model for IEEE 802.11e by using mean value analysis (MVA). This method provides less
computation overhead than the Markov chain. In[8], the authors proposed aunified performance analytical model for IEEE802.11e-
EDCA. Thismodel was based on extending their work to both Bianchi’smodel that was based on Markov chain [1] and the Tay’s
model based on the mean value analysis [9]. The authors suggested that their work considered both analysis methods in the
same model which reducesthe complexity for the analytical model of aprotocol. Our review of the extant literature suggests that
most researchers have extended Bianchi’s model so asto improve the quality of service (QoS) for wireless network protocol.
Therefore, in[10] the authors argued that the assumption where the collision probability and the busy probability are similar is
not valid. Therefore, considering the difference helps to achieve the most accurate prediction of throughput and access delay.
Some researchers, such as in [11], mentioned the difference between the collision and the busy probabilities in their model
diagram, but without considering it in amathematical analysis.

However, Bianchi’s model is built on many assumptions. One of them assumed that the analytical model is based only on a
collision probability during the frozen period, which we need to improve. In this paper we extend Bianchi’smodel by proposing
the busy probability. Therefore, we modify Bianchi’smodel to cover al the possible transmission probabilities during the back-
off process, by introducing a new state (b, , ) which considers a busy probability. Our modification considers the busy
probability at all possible stages, wherei (0 m) but k must be greater than zero because if k = 0, then a transmission has
occurred.

In Bianchi’'s model we replace the assumption that the stations have only conditional collision probability with a packet
transmission on the channel. Therefore, we consider the difference between abusy probability and a collision probability (P,
P_) during the back-off process as shown infigure 1.

Thus, we consider the station when it wants to transmit but sensed the channel is busy for some reason. We are of the view that
we cannot ignore any probability or assume that both have the same process.

3. Throughput Analysis

First, we obtain anew formulato compute the packet transmission probability () in agiven slot time. The new formulaincludes
al the possible states in the back-off process (b, | ). Then we use t to compute the saturation throughput (S), and compare the
result with Bianchi’smodel.
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Figure 1. Markov chain for representing our model

3.1 Packet Transmission Probability
We consider the discrete-time Markov chain (i, k), whose nonzero transition probabilities are as described in table (1) below
where:

P,k ligk)=p(s,,=i;.b,  =kls=i,,b=k)).

The stationary probabilities (if they exist)
b =limt—e  p{s(t)=i,b(t)=k}
satisfy the forward Kolmogorov equation:

m W-1
:j;)g,oP(l,kIJ,ﬁ)bj,g Vke (0,W-1),ie (0,m)

Where: P (i, k|j, ) :=p (s, ,=1,b,, ;=K|s=],b,=¢), arethetransition probabilities. Aswe have seen from figure (1), we can
divide the calculation process |nt0 several stat%:

(bO,k’ bi,k’ bm,O’ bm,k’ b0,0)
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Equations

Conditional

Description

The back-off counter is

PLL 10k 1)]= ke (O, W-2), decremented at the beginning

1=k /W, te (0, m). of each slot time.

. _ Successful transmission and
PIO.K)1G. 0= !<€ 0, Wy-1), the station isready to transmit
(1-py) /W, ie (0, m). again with the back-off stage

zero®.
PI(,K) [(,K)]= ke (1, W—1) Frozen period and busy
v i \ channel occurred at back-off
b ie (0, m).
W counter k > 0.

P[(i,k) |(i—-1,0)]= Unsucc_e;sful transmission
p ke (0, W-1), and collision occurred at back
/Wi ie (1, m). off stage i and the back-off

stage increases to retransmit
aframe’.

P[(m,K) | (m,0)] = Unsuccessful transmission

w19 |{m. O ke (0, W-1). | and thecollisionisstill active
i=m.

P
",

untill the back-off stage
reaches the value nt.

1\We use the same assumption in [1] but with introducing the

busy probability into account.
Table 1. Description for Equations

Asaresult of deriving theformulaefor these states, we can compute t. For the network depicted in the model diagramin figure
(1), wehave:
b w =b &+b Pe Vie (1, m-1)
= 0wy 1,07\ )

From (1), (3), and (4) intable (1) we can derivethe probabi lity for transmission, collision and busy in one equation:

- p
B = B B @) b.fl,o% Vke (1,W-2),ke (L,m-1) @
! i
We can consider (2) asthefollowing:
P,
V\/i
B =Bt b P
1-—b
V\/i
With considering the Contention Window (W) through the eguation, then
Pe
W
bi,k: i, W i,+(W 1- k)bl 1,0 IP
1-—b
V\/i
We can consider(1) asthefollowing:
Pe
W
biw_, =B 1 0——p
1— b

W
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On the other hand,

b =By o W—K—5—
1-_ b

W

Further, from azero stagein the model diagram infigure (1), we can consider the back-off procedure asfollows:

Em
-U

Vke (LW-1)ie (1,m-1) )

- p P, 1~
b =b b Fp )
0.7 %0,k 0y @y )+ W JZb Vke (0,W,-2)
And . N
p Y
bow, =bow 2+ c> b ©®
- N WO WO j:O ]|0
Equation (4) can be defined as:
(1-p.)
- W il
bO,k_bO,k+1+bi—l,0 7%29"0
1-—b =0
WO
Consequently,
(1-p.)
W m
by = bo.w  +W,—1-k) OPb Z‘abj o
__b ij=
1 W,
From(5),
(1-p.)
W m
bO'Woflz OP ij,o
1—-—b =0
WO

We can work horizontally inthe back-off counter direction (i) and vertically in the back-off stage direction (k) to obtain all states
forb,  asshowninfigures1and2.

(1-p.)
w, o
boykz(WO—k)ipbjgob] o Vke (L, W,-1) ©®
_ Po,, 1P 5y
Dy 0= b5, 1L J_;Oj,o )
b Pe i ®
i i 1(1_ )+b 10WVIG(1Im_1)
I
Where k = 1, then:
m — m m
ij 0=(1-P) Y b o
j=0 0 j=0 j=0
Therefore,
< 1
2.5 0=by 617, ©

i=o
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Now, we arein aposition to derive the mathematical equationsfor all the partsin the model diagram.

First, we can consider (6) asfollows:

- 1
by =0y o p - (1=k/W) Vke (L Wo-1) (10
_WO
However, (3) wherek=1,
Pe
W
bl k_bl 1,0(\Ni_1) Ipb
1-_ D0
V\li
From (8) we can consider:
— p
b o=D; 10(\Ni_1)WT+bi—l,OWC P10
I
Second, we can compute:
bi,o:pébo,o Vie (0,m-1) (12)
Third, we can computeb, | from (3) asfollows:
Pe
b, =b, o P HW— kiw' =b Pe 1-k/W,
i k= P0,0P ( ) P, ~"o,0 Py - )
1- 1-—
W W
Where Vke (L,W,-1)ie (1, m-1) 2
When (i ) achieve the final back-off stage (m), as a consequence
— p p p
bm,k_bm,ka+bmyk+l(1_Wb)+bm_1‘0WC+b p Vke (1W 2) (13)
m m m Wm
b, w =b Pe b Po by P (14)
m,Ww_ m-1,0 "\ m, W, 1W+ m 0——
m m
bmo =B, Lo re +by 1 e 1 (15
m,0 mlOW+m1(_ )+bm0W bm—1|0 p b o
Sameas(11), however (13) denotes:
m
_ 1 P Pe
B k= P kv p, (Do, ow " Pmow
v m
Wm
As aresult of considerng W in the equation instead of k,
b =b +(W —1-kK—L (b Lj+ c
mk™ M W ( m ) p 0,0wW mOW)
1——— m
W
m
and (14),
m
P.
bvam,lz (bo OW m OVVC)
1_
Wm
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m

=(W,-1) p (by OVF\)/—+b C)Vke LW -1 (16)
- Wa

m

While the back-off counter k = 1, then (16) is represented as:

m
_ 1 Pe
b, = (Wm_l)ip(bo,oWJ' N OVVC )
1-— m
w
m
Andfrom (15), wecan obtain;
m
b =b, ., ¢ Fe _ p P. p
m,0 0,0 Wm+bm’ ( m)+b W bO,OWC+(Wm_1)(bO Ow-i-b C)+bm’0Wc
m m m
=By o P * b o P
Fourth,we can compute:
m
- p
b =b c 1
m,0 0,0 1_p (7)
C

Fifth,from (16) we can compute:

1
by, & By o (L—K/W ) —p— (19)

m,
W

m

The only unknown quantity is, b, ,which can be found from the normalization condition:

m W-1 Wo-1 m-1W-1
1:% k—obi’kz kzlbo'“ 21 b, +ZbI o ot me ‘
= = = 1=
W1 m-W-1 p' "
=by, (X p (1- k/W)+ZD FY Y p Ak gt
k=1 1— i=1 k=0 1——ID c
W W
W, -1 p"
3 A-kIW ) tp - 1)
k=1 1-—" c
Wm
Wherewe have used (10), (11), (12), (17) and (18). We note that:
LG L (W-DW W1
2(1 k/IW,) = 1—W2 W, - 1_W. 5 =
Finally, we can compute:
; m-1 p, w-1 " mow -1
—(Zp by p“ p )t
i=1 i=0 1— p/ P 1 p/

Onceb, ,isfound, al the stationary probabilities are obtained through formulae (10), (11), (12), (17), and (18). Therefore, the
packet transmission probability can be computed from the following formula:
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m-1 m " m
i p 1-P Y

=b Pe++—— |=b SRESa ] STUNJE
0,0(;) c l_pc) 0,0(1_pC ]_—pc) 0,0 1_pc
3.2Throughput

Now, we have already computed t from the previous section. Therefore, we can evaluate the saturation throughput with the
same formulain Bianchi’smodel asfollows:

PP E[P]
S= 19
(1-P,)o+P P T+P (1-P,) T,

tr- s

4. Modd Evaluation

To evaluate the accuracy of our proposed new model we used a MATLAB program to check the mathematical analysis.
Therefore, we confirmed that the total cal culation of transmission probabilities packet is an equal oneto prove (20).

m W-

1
> Xb =1 (20

i=0 k=0 '

Wethen uset to computefor |EEE 802.11 DCF. The analysis cal cul ation was done based on the system parametersfor the basic
access mechanism in bits, and in 50 ps slot time units. We also use random values between (0, 1) for the busy probability (P, )
and the collision probability (P_) values as shown in Table 2 and figure 2.

P P . Swhere: (W=32,m=3)
b c n=10 | n=20 | n=30 | Nn=50
03 02 | 00462 0.72 058 | 045 | 025

03 03 | 0034 0.74 0.62 05 | 032
03 04 | 00310 0.76 0.67 0.58 | 0.39
03 05 | 00246 0.8 0.71 0.62 | 048
03 | 06 | 0014 0.81 0.75 | 066 | 0.55
03 | 065 | 00172 0.82 0.76 | 0.69 | 0.58
simulation result 0.73 0.67 | 0.63 | 0.58

Table 2. Efect of the busy Probaility and the collision Probability on Throughput

Aswe have seen from table 2, we confirm that Sdepends on the number of stationsin the network which is same as Bianchi’s
model. The experiment showsthat large number of stationswill produce lower throughput and vice versaas shownin figure 2.
In this case, we agree with Bianchi’s model about the relationship between the throughput and the number of stations, but we
also note that the busy probability makes changing in the throughput.

To validate the model, we have implemented simulation program and compare the results with Bianchi’s simulation. This
simulation runs over the same parameters and assumption for Bianchi’s model as described in Table 3.

Figure 3 showsthat the proposed model simulation has slightly lessthroughput over small network and slightly high throughput
over large network by comparing with Bianchi’smodel simulation. The simulation considersthe busy probability is constant has
EIFSduration. Thisdurationisthetime delay in secondswhich astation will facein case of busy channel. The results show that
the busy probability will reduce the collision probability, and therefore our model will lead to increase the throughput over large
network. Thusitisimportant to consider any parameter which can act on the performancefor IEEE 802.11 DCF protocol. Onthe
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Parameter Value

SIFS 28 us

DIFS 128 us

EIFS DIFS+SIFS+ACK
PHYSICAL SLOT 50us

PHYSICAL HEADER 128 bits
MACHEADER 272 hits

ACK 112bits+PHY HEADER
DATAPACKET 8184 bits
NETWORK NODES (n) 50 nodes
CHANNEL BIT RATE 1 Mbit/s
PROPAGATION DELAY lus

Table 3. System Parameters

other hand, we cannot ignore busy probability or assume it to be the same as collision probability. In addition, if we aim to
achieve the best eval uation accuracy, we will need to consider all the possible states for the back-off mechanism.

5. Conclusion

We have seen from the CSMA/CA mechanism for |EEE 802.11 DCF that thereis adifference between the busy probability and
the collision probability. The difference between probabilities needs to consider in the analysis of a mathematical model for
calculating a packet transmission probability (7). In this paper, we propose a simple new mathematical analytical model for
computing A to cover all the possible transmission probabilities for apacket during the back-off mechanism. We achieved this
by adding anew probability to Bianchi’s model to represent busy state. This enabled usto achieve the most accurate prediction
of performance evaluation of IEEE 802.11 DCF. The accuracy of evaluation was validated through a MATLAB simulation
program and the results were then compared with those achieved by Bianchi’s model. Possible future extensions of our model
could provide anew estimation for MAC packet delay distribution or creating a new average packet delay model.
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