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Abstract the number of potentially interfering nodes. For multiple-

In this paper, two queuing models have been developdtPP systemsV is the number of nodes within two-hops
to obtain closed-form solutions for performance metricOf either a sender or receiver. In the first analysis each
distributions in a real-time wireless communication©f the N nodes may be in any state of a given time,
environment using IEEE 802.11 DCF. The first one Namely, any node may be busy or idle, and a busy node
is based on a Markov chain model and the other arinay be in any back-off stage. In contrast to related work
approximation model. An M/G/1/K queuing model is[3] [10] [18] [17] [8] [7], no limiting assumption are
incorporated in both models. In the first model resultsmade that force uniform collision probability, uniform
are based on arbitrary contention conditions, namelyPack-off stage distribution or saturation conditions. For
collision probabilities, transmission probabilities andthe comparison reasons a new model based on [17] is
contention window sizes vary arbitrarily among nodedroposed as a second model. In the second model, it is
contending for channel access. In the second modeRssumed that uniform collision probability is enforced
however, the contention condition is limited by thefor each contending nodes. Both analysis assume only
assumption that collision probabilities remain constantMarkov arrivals at each node that are pairwise and
among contending nodes. Results are presented for tHeollectively independent.

fully-connected case. Two models are compared and Another representation for the queuing model is the
validated via simulation with statistical analysis. NotM/MMGI/1/K: The service times are modeled as a
only the sensitivity analysis is done very thoroughlyMarkov Modulated General Independent process. In
but error analysis is also carried out. The main con-Principle this system is an example of a Phase-Type
tributions are the analysis of DCF and the foundation (PH) service. Hence, comprehensive analysis is well con-

for the analysis of multi-hop scenarios. formed to matrix-geometric techniques. The difficulty
of this approach, however, is in finding an accurate
l. Introduction parametric description of the PH service. For steady-

The performance of the IEEE 802.11 MAC protocobtate analysis a general service distribution in which the
for wireless LANs has been evaluated by means sgrvice-times depend docal collision probabilities of
many research. Most proposed analytic models focthe RTS/CTS frames and the distribution of the time to
on the analysis of throughput and transmission del&§solve them, which, itself is dependent on the number
for the saturated traffic conditions only. However, ther@f busy nodes in contention for the channel.
is no analytic model for the MAC queuing analysis It is necessary to know the node distribution for single-
considering all traffic conditions, which is critical forhop analysis and it is sufficient to determine the afore-
effective performance evaluation. The objective of thiaid values: a two-dimensional Discrete-Time Markov-
paper is to present two generalized queuing models fepain (DTMC) that characterizes the back-off stages
Markov arrivals which have been well validated vi@nd collision probabilities associated with each node
simulation under the range of traffic conditions. effectively modulate the general process, thus facilitating

Two analysis models are based upon a bounded nde estimation of the needed parameters. The model
work of M/G/1/K queues, wheréd( represents the maxintroduced by Ozdemir and McDonald in [13] provides
queue length at each node. In the analyisepresents the first element underlying general queuing analysis

here. The second model here is considered to be pursued

+This research was partially supported by NSF Career Award 204 the mUIti'h‘)p_ me_tho_dOIOQY because of its simplicity.
CISE 0347698. The broader objective is to develop a methodology that



anew packet
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fundamentally different strategy for understanding and S'Eﬁﬁ S'Eﬁ«w DIF
improving the effectiveness of practical networks. A i —
key point and novel aspect of the model is that the Sy DIF:
complexity level normally encountered is reduced B e Eew—y

effectively restoring the independence between service
times and packet inter-arrivals through the DTMC for- Deler Access
mulation. Thus, direct steady-state analysis is possible
using iterative techniques to estimate the model p@9- 1. IEEE 802.11 DCF RTS/CTS procedure
rameters for different traffic intensity levels. Practical
future applications include routing, admission control
and scheduling in ad hoc networks. main parameters are identified and applied to each of
Performance measurements are shown using the aii& system entities—the back-off algorithm, the service
lytical model over IEEE 802.11b wireless networks. Théme distribution and, finally, the queuing model. In the
goals of these measurements are to assess whether tRgggent analysis the states of each node are considered
are significant issues with 802.11b wireless networkidependently and then coupled through an iterative
regarding real-time applications, as it is stated in sevefdPcess in order to evaluate the system state. Specifically,
papers ([3], [6], [20] and [15]). With this information itthe MAC algorithm executes at each node leaving each
is intended to obtain a better understanding of wireles an arbitrary back-off stage at any time. Due to
networks’ suitability for real-time applications. Practicalhe independent and identically distributed (1ID) arrival
future app”cations include routing, admission contr@lfocesses and assuming uniform traffic distribution and
and scheduling in ad hoc networks. positions it is possible to evaluate the expected value
It is well-known that the wireless channel is errorof the global service time by determining the busy
prone due to noise and interference in the channBrobability, transition probabilities and mean waiting
However, the impact of bit errors in the packet is ndtmes from the DTMC.
considered in the previous analytical models ([3], [8] and Figure-1 illustrates how each node alternates between
[17]). It is expected that when bit error rate is high, theusy and idle periods. During a busy period the node
good throughput of DCF access mechanism will degra@¥ecutes the RTS/CTS protocol, transmits its data and
significantly. But it is not well-known how the bit errorreceives an acknowledgment. If it has multiple frames to
rate affects other performance measures such as MA@nd, it may contend and transmit more than one during
delay, jitter, blocking and dropping probabilities. Thughe same busy period. After each transmission a node
the tradeoff of DCF performance metrics and packgees into back-off following DIFS; other nodes continue
reliability is investigated by extending the proposegounting down the back-off time according to IEEE
model to error-prone channels. 802.11 standards [4]. Given random packet arrival times
The remainder of this paper is organized as followdnd transmission success probability, the busy nodes
Section Il describes the system model which encorio not generally share a common Contention Window
passes models for the back-off algorithm, service tid€W) at a given time. Moreover, the number of busy
distribution and the M/G/1/K formulation. Performancé&odes that have at least one frame to send may vary
measures are given in section Ill. Section IV shows hoffem one contention period to another. Each busy node
to carry out the error analysis on top of the system mod8gcomes idle when there are no more frames to send.
Section V applies simulation and statistical analysis f packet is reserved in the queue on arrival if at the
validate the analytical results and section VI depictgstant of arrival, the node is non-empty. One of the basic
some sensitivity analysis results. Finally, Section Viparameters that must be evaluatedgisthe steady-state

presents conclusions and discusses future work. probability that a node is busy or approximately non-
empty. The state probabilities depend on the traffic rate
Il. System Model \. Packet inter-arrivals are assumed to include packets

This section describes the basic methodology andginating at a given node and those routed through the
components of the M/IMMGI/1/K gqueuing analysis. Tha@ode. This reflects the broader objective of applying the
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A. The First Modeling of Back-off Algorithm
*Yes A core contribution of this modeling is that evaluation
of collision probabilitiesis not limited by the assump-
tionsthat packets collide with constant equal probability
and collisions are pairwise and collectively independent
over all transmission attempts [3],[10]. A more accurate
characterization is invoked reflecting random variation
. . of back-off stage among nodes and correlation between
model to generalized V\_nreless_ad hoc_ networks. Bas gck-off time and back-off stage which depends on the
on the Markoy assym_pﬂo_n the inter-arrival times are I ime the number of collisions already experienced during
with e>.<pon(.ent|a| dlstr|but|on.. a given packet transmission attempt. The generalized
An iterative process that is dependent on the buﬁ}‘]alysis of collision probability is achieved through a

probabilities iS_ used to evaluatg the SYS,t?m l3eh"’“’i%quential process of conditioning and applying total
Values are estimated through using an initial guess aﬁ'r%bability

iterative correction. The process is depicted in Figure-2
and outlined as follows:

End

Fig. 2. IEEE 802.11 Organization

The first step is to evaluate the conditional probabil-
ities for two busy nodes in each back-off stage;
« Step l:Initialize by and the probabilities that a nodes the conditional collision probability given nodeis
is in any ofm + 1 back-off stages. These must ben stagei and node2 in stagej, and nodel selects
known to determine the collision probabilities fokot k. For notational convenience € (0, (W; — 1)),
the back-off algorithm. whereV; is the stage contention window sizeng . is
« Step 2:Calculate the collision probabilities;, for = first considered. The following must holdio 1 = 1/W;
each back-off stage and the corresponding transmésnce if nodel picks slot1, node2 must also pick slot
sion attempt probabilityr. for a collision to occur. If nodé picks slot2, then there
« Step 3:Givenc; andr, evaluate the packet servicere two scenarios that result in a collision: (1) n@dgso
rate, 1, where< is the mean packet service time. selects slo, or (2) node first picks slotl after which it
« Step 4:Giveny and), find all the state probabilities pecomes busy again and chooses $tetcorresponding
in M/G/1/K queuing system. This process Wwilko the same time as nodss initial occupancy of slog.
result in a new value ob - the steady-state busyHere it is assumed that any transmission attempt does not
probability. affect the busy probabilityyy. The conditional collision
- Step 5:Repeat Steps 2, 3 and 4 until the differencgrobability is given by the following:
between a new and previous value fgris small.
The remainder of this section provides detailed explana- 1 1

1
tion of the loop steps which reflect three system entities. Q002 = W, + WObOWO



= 1 +by— ! probability is cop 2. The total collision probability for

Wo W j =0 for the example is:
Consider the following example for finding the prob-
ability of a collision given nodel is in back-off stage
0, node 2 is in back-off staged conditioned on node c102 = 5c00.2 + 5 bocoo.2
1 selecting slotk = 3: ago,3. There are four scenariosfollowing with the logic the resulty - is given by the

that can result in a collision: (1) nodealso select the following, where nodel is in stage2, thus, has a back-
same slot—slo8, (2) node2 selects sloil becomes busy off window size of128:

again and selects sldt or the reverse situation—sIdtis

selected first followed by slat, and, finally, (4) if node 1 1 1, 1,
2 selects slotl three times consecutively. The resulting 202 = 7 c02 + fboCoo,z + Zbocoo’z + ZbOCOO’Q
conditional collision probability given by: c
P v y — 022(1+b0+b +b3)
1 N 1 b 1 N 1 b 1 N 1 1, 1 b 1A pattern emerges that gives the general result for

Q003 = T W 0w, T W, OW, T W O, wgollision probability ;o :

! + 2b 1 + b2 ! 2i-1)

Wo W W Cio,2 = 620 o (2)
A clear pattern emerges by continuing in this way, thus k=0

resulting in the following general expression f@§,;: To complete the resolution of the first condition consider
the case in which = 0. Let nodel be in stage) and
ko1 . let node2 be in stagej. Node2 picks a slot and if there
k—1 ( ) (V*’V—OU) 1 <k <Wp—1is no collision, node2 goes to stagd® and chooses a
slot from stage) until collision occurs. In other words,
Given an arbitrary back-off stage a node selectsitais assumed that a node that is at stggstarts from
transmission slot randomly from a uniform distributiofihe stage after any number of its subsequent successful
covering the window size of the stage. Lgt be the attempts. Except for picking the first slot at stagehe
uniformly distributed random variable that determine§st is same teg2. With the help of Equation-(1), the
the probability that nodel chooses slotk. Applying total collision probability for; = 0 is:

_ 1
@00,k = T, 22m=0 m

the theorem of total probability the first condition is Wo k—1 b\ !
eliminated: is the probability of a collision between 9 = 9
G0z 1S 1€ P Y €032 WOW 2> ( ) (Wo>
two nodes in stage: J k=11=0
Wo
= =02 3)
Wo W
€002 = Zaoo,kpsk Following with the same logic and using Equation-(2)
k=1 and (3), the general result is glven by
o1 k=1 b\ 1 W
= ZZ( )(0> Cisa 06002 (@)
= Wiz l Wo/ Wo ’
1 Vo bl (1 bo \'! 1 Given the steady-state occupancy probabilitigsj €
o2 Pt l Wo (1) (0,m) for the m + 1 back-off stages total probability is

used to remove the condition on nogleesulting in the

Consider the case in which= 0. Let nodel be in collision probabilityc; » conditioned on nodé selecting
stagel with back-off window size64 and let node2 be stagei and a second busy node (nom

in staged with window size32. A collision occurs only if

both nodes select a slot in the first half of stagehich Ci2 = Z €ij,2Pj (5)

is equivalent to stag8. Hence, if nodel selects a slot '

from the first half of stagel the collision probability Assuming that the probabilities of collisions between
is equivalent tocgo 2. This is the probability given by different node pairs are independent, then the collision
Equation-1. If, however, nodé picks a slot from the probability ¢; , conditioned on nodé selecting stage
second half of stagé, then a collision can occur onlyandrn busy nodes is given by the following, whehé is

if node 2 becomes busy. The corresponding collisiothe total number of competing nodes:



can be found by considering the summation of the total
Cin=1—(1—=¢2)™ ™V 2<n<N (6) back-off stage probabilities weighted by the collision
obabilities. Hence, the probability that a node transmits

The next step is to find the transmission attemg{ . .
packet in a randomly chosen slot is:

probability, 7,,, for an arbitrary node given nodes are

busy. Letb(t) and s(t) be continuous time stochastic m

processes representing the back-off time counter and Tn= _bion=> ([] ckm) - boon (11)

back-off stage associated with an arbitrary node at =0 =0 k=0

time ¢. Taken togethe(b(t), s(t)) is a two dimensional  Similarly, the steady-state occupancy probabilifies

process. Figure-3 relates the valueg;ab the individual for each back-off stag¢ are readily determined:

node back-off window sizes that are determined by this

two dimensional process. Based on the independence w,—1

between nodes and the exponentially increasing back- Djn = Z bjkn =bjom -

off times a DTMC formulation similar to the one first k=0

proposed in [3] and later modified in [10] is used to i—1 W +1

model the process. Referring to Figure-3bify,, = = (H Chon) * J2 - bo,0,n

limy oo P{s(t) = i,b(t) = k,n busy nodes }, where k=0

i € [0,m] and k e [0,W; — 1] is the stationary Given the individual node busy probability, the proba-

distribution of the Markov chain, then all probabilitiedility that n nodes are busyi,, is a random variable with

bi.r.n can be found using standard Markov analysis. @ binomial distribution. Thus, the steady-state occupancy
probabilitiesp;, conditioned on being in stageis then

biom = Ciotm bitom 0<i<m determined by total probability:

-1 : 7
bion = 1ot Chm - Doon 0<i<m 0

Equation-7 reflects the condition that a node proceeds B, = ( N > by (1 — bo)N " (12)
to the next back-off stage only if there is a collision n

in the current stage and the collision probabilities are N

independent from one stage to the next. The suggested pj = ijmﬁn (13)
node short retry count, = 7 according to the standard ”:2_ .

[4]. Herem is equivalent to the maximum back-off stageB- The Second Modeling of Back-off Algorithm

The MC is irreducible and ergodic, for eakhe [0, W; — The second model is proposed in order to compare it
1] expressh; 1., as follows: with the first model in the simulation results. Also, this

model promotes future in terms of developing a method-
ology that is extensible to multi-hop ad hoc networks
due to its simplicity compared to the first model. Unlike

Equations-(7) and (8) express all;.,, values as func- the first modeling, the collision probability is limited by
tions of by, and of collision prbbabilitiexm. The the assumption that packets collide with constant equal

m  i—1

w1
2

bi,k’,n = W’T_lk . bi,O,n 0<t<m (8)

normalization condition leads to the following: probability, c. This modeling is based on the analytical
work in paper [17]. In [17], the collision probability
Wie1 m was derived for the saturated network case in which
1 = Z szkn every node always has a packet to transmit at any
k=0 i=0 given time. In this paper, it is extended to model the
m Wilw k&2 Wi +1 general case by obtaining an approximate expression for
= > bion Y. W Zbi,OmT (9) collision probabilities. In [18], the model in [17] is also
=0 k=0 v i=0

extended for the general case. G/G/1 queuing model
Combining Equation-7 with the normalization conditionvhere the queue length is not involved is considered
and applying algebraic manipulation results in the foln [18] but M/G/1/K is considered in this paper to
lowing expression fobg ¢ ,: take the queue length into consideration. Evaluation of
1 collision probabilities is based on the node model in this
0,00 = m — WA (10) modeling whereas in [18] it is based on the system model
i=o(ITk=o x.n) =5 which consists ofN node model. Unlike that in [18],
Each node attempts to transmit when its back-adin iterative process in Figure-2 is used in order to get
counter reaches zero. The transmission probability more accurate estimates of the collision probabilities in




a similar way the first modeling of back-off algorithm

uses. In section-V, both models are compared with the m fi—1
simulation results. Wa = > (H ck,n> Wi (17)
With probability ¢ the transmission is collided and i=0 \k=0

with probability 1 —c, it is successful. Hence, the number Consider the following probabilities and random vari-
of transmissions per packet is modeled as geometricadlyles as given in [3]P, is defined as the probability
distributed with probability of succeds-c. The average that at least one transmission occurs in a given slot time.
back-off window in the saturated case is given by [17Kincen stations contend to access the medium and each

— %% oW, station transmits with probability,,, P, is given by:
W o= (l-¢—2+cl-—c) =24+ e
2 2 Pyp = 1—(1—m,)"
m(l )2mWO N 1 2mWO r,n n
C —C)——— C —_— . . .. .
2 The probability P, that an occurring transmission is
1—c—c(2c)" Wy (14) successful is given by the probability that a station is
1—2¢ 2 transmitting and the remaining — 1 stations remain

Now consider a network with busy nodes. A packetsnent- conditioned on the fact that at least one station
is reserved in the queue on arrival if the node is noHansmits:
empty. It is said before that the probability that the node P — nta (1 — 7)1
is busy or non-empty (nhode utilization factor) when an T 11—
arbitrary arrival occurs i$y. Hence, for any arbitrary

packet, with probabilityl — by, the back-off window is T, is the average time that the medium is sensed busy

due a successful transmission dhfidis the average time

0 and with probabilitybo, it is resgrved |n_thgqueue.that the medium is sensed busy by each station when
Because the average back-off window sizeli§ the o : .
a collision occurs andr is the duration of an empty

z;gg;brglltégrg ga}vgrc])dbewa/t';;mpts a transmission in dbt. The values ofl, and T, depend on the channel
0 .

. S access mechanism. Assuming that all stations use the
Following the arguments of [17] and considering the ; ,
) .. Same channel access mechanig§inand T, are defined
fact that only busy nodes can actually collide wit . o
" as follows, assuming the RTS/CTS access mechanism is
packets from other busy nodes and conditionednon

busy nodes, the conditional collision probability is giveﬁmployed:

by: T, = DIFS+RTS +SIFS +CTS + SIFS +
1-2c, 2 \" ! 15 H + E[P]+ SIFS + ACK + o
01— cn — cn(2cn)™ W0> A5 pIpS+SIFS+ RTS + CTS

Note that all other parameters can be easily found Ryhere H = M AC)y + PHY)y,, and E[P] is the
replacingc;,, by ¢, since allc; are assumed to be sameyerage length of the frame. LYot = (1— Pip)o+

in the second modeling. PPy Ts + Pir.n(1— Py ,)T.. Note that collision only
C. The Service Time Distribution occurs between RTS frames afid is different from

that in paper [3] because the CTS timeout effect is
In the next part of the analysis it is necessary i&nsidered.

find the the distribution of the back-off window size. The conditional service time for an arbitrary frame
Herem is the maximum back-off stage and can have @venr busy nodes is determined based on the paramet-
value larger or smaller than/. The back-off window ric model of 802.11:

size random variabl&/; is uniformly distributed at each

cnzl—(l—b

Stage: Bn = Ts+(WnTslot,n)
U, (2w —1)) 0<i<M The unconditional service time is found by combining
Wi U0, MW 1)) i> M (16)  this result with the binomial distribution for the proba-

bility of the number of busy nodes given in Equation-
whereW is the initial back-off window size anti(a,b) 12-the mean value of service time b is used to solve the
shows the uniform distribution between and b. The queuing problem in the next section:
aggregate back-off window size random varialhig, N
depends on the number of busy nodesnd the collision B — Z B, -, (18)
probability ¢; ,,:

n=1



chain to obtain the queue size distribution immediately

/N after service completion. We choose a set of imbedded
Markov point at those point in time when packets leave
\/ the system after service completion. Lét, be the

number of packets left behind in the system immediately
the nth Markov point, wheren = 1,2,..., and let the
steady-state probability distribution fadt,,;n = 1,2, ...
Note that while a packet arrives to an idle node &

a moment where other nodes have non-empty queues

but are in back-off, it will be transmitted right away 7k = limp oo Prob[L, =k] 0<k<K -1 (23)

if the channel is idle for DIFS tlme_. In the ana_IyS|s ote thatl,,, cannot bei’, because when a packet leaves
the occurrence of such cases are disregarded since this

possibility is very small. As verified in section-V-D, thist © system, it cannot leave behind a completely full

. ) ) system; at least one waiting position must be empty. Let
consideration results in reasonably close results. 0<ik<I—1 be the probabilities of the state
D. M/MMGI/L/K Queuing model Piki D= J5 8 = P

. transitions in the Markov chaif,,;n =1,2,3, ... :
Let X be the packet arrival rate and denote Byx) "
andb the distribution and expected value of packet ser- pjk = Prob[L,41 = k|L,, = j] (24)
vice time respectively (see Equation-18). The maximum _
number of packets that can be accommodated at dfijependent of (a homogeneous Markov chain). They
node in the system (including the one in service) at afj€ given by
time is given byK < oo. Those packets that arrive whe_n_ Por = ag 0<k<K-—2
K packets are already present are dropped. The initial _ 00 =K —1 (25)
. PSR-

throughput~ for an arbitrary node can be expressed .
in terms of the probability of packet loss, which ignd, forl <j < K —1, we have
equivalent to the probability of an arrival fin& in

u H H H N
Fig. 4. M/G/1/K state transition diagram: single node case

ik = Qf_; 0<kE<K-2

the system. Since the arrival process is Poisson this is aw _ Zkoo]H ok —K_1 (26)
equivalent to the time average of findifigin the system: I=K=j
Py. where

Y= (1= Py) o) @ =l G oB@) k=012 @)
The traffic intensity omffered loadis defined ag: is the probability that: packets arrive during a service

time.
Y A (20) The steady-state equations for state transitions are
p=A0= I given by

The offered load is distinguish from the carried load, S ZK_IW'p‘k 0<k<K-1 (28)
which is defined ag’ and accounts for those packets lost K1 §=0 T35 o
due to buffer overrun. Thus, it represents the fraction of Smo= 1 (29)

time the server is busy. It can also be viewed as is the
probability that a server is busy at an arbitrary time; thiSs bstituti 25) and (26) i 28 btain:
probability is equivalent to the node busy probability, ubstituting (25) and (26) into (28), we obtain:

from the previous section: T =  Toap + Z?le miap_ji1 0 <k < K +3D)

p'=b=p(l— Pk) (21) o0 K-1 o
Let E[L] be the mean number of messages in the sys¥ ! — ™ kf;_la’“ * 2—:1 & k;__ D)
tem at an arbitrary time. From Little’s theorem applied _7 = _ -

to those message that are accepted in the system,N@e that (31) is redundant. Equations (29) and (30)

k=0

have the relation: provide K independent equations fof{ unknowns
0 < k< K-—1.
E[L] = vE|T] (22) An efficient algorithm for computing

_ _ _ _ ;0 < k < K — 1 can be given in terms of
system, including the one in services (called the queue

size). We first apply the method of the imbedded Markov mo=" 0<k<K-1 (32)

o



[5]. It is easy to see from (30) that);0 < k < K —1 orinterference), the bad choice of system parameters and
can be recursively calculated as follows: congestion.
MAC Delay and Jitter: The average MAC delay
) successfully transmitted packet is defined to be
w;H = aio (w; — Z?:l rrgak_jﬂ — ak) 0 <k <K #8)time interval from the time the packet is at the
head of its MAC gueue ready to be transmitted, until an
acknowledgment for this packet is received. If a packet
K-1 is dropped because it has reached the specified retry
o = (z )
k=0

I
my = 1

andmg is found from (29) as

(35) limit, the MAC delay time for this packet will not be
included into the calculation of the average MAC delay.
Thus we getr;;0 < k < K — 1 from (32). The com- The average packet MAC delay, provided that this packet
putational complexity of this algorithm is of the ordeis not discarded, is obtained easily by:

2 11— m
O(K ) . . P . kzlo Ckn — Hk:o Ck.n
Let P, be the probability that there akemessages in (X 1= 7y e
the system at an arbitrary time, whére- 0,1,2, ..., K. W];fo "
From [5] and [16] P, can be evaluated in terms of E[Dn] = Ts+ Pr,n?ZTslot,n
the steady-state probabilities. Moreover, this leads to an N
expression for the value oPx: E[D] = Z E[D|n)fn (39)
n=1
P, = Tk 0<k<K-1 (36) yvhere(l —ITito ckm) is_ the probabilif[)_/ that the packet
T + p is not dropped and’,, is the probability that a packet
1 that is not dropped reaches thetage given that busy
Py = 1-— (37)
m + p nodes.

Substituting Equation-37 into Equation-21 gives the Jitter is defined as the variance of interpacket arrival

following expression for the busy probability or noddmes cpmpared (o the mter-pgc_ket tlmes'of the original
utilization factor: transmission. In other words, it is the variance of MAC

delay. A buffer is commonly used to absorb this vari-
ation, at the cost of some delay. Jitter's effect in some
QoS applications can be harmful if it is not kept under
certain level, because it can lead either to additional

lll. Performance packet losses or to additional delay. The jitter is found

While 802.11b networks have proved their aPPrQssing (39) and assuming dlV;'s are independent:
priateness for best effort traffic, i.e. e-mail, browsing,

chat or file transfer, their lack of QoS support makes

/ P
P 0 0 ( )

2
it questionable whether the use of real-time multimedia Var(D|n) = [PrpTsiorn]” Var(Ws)
applications, such as voice communication, is possible in N )
these wireless networks. For QoS applications, there are Var(D) = ) Var(Dln)s; (40)
n=1

many system measures to be decided according to the )

application. The ones to be measured are MAC deldyereW; is found from (16):

jitter, delay, variance of waiting time, throughput, drop- (2”"1’2—1)2 0<i<M
ping probability, and blocking probability. For instance, Var(Wy) = EMW-1)? .y

in order to establish a successful voice session, three 12

critical network parameters must be kept under certatinDelliy: Detlr?y IS tge tltm(?[hthat da_tta p?%ket takes JE[O
levels. These parameters are loss, jitter and delay. ravel from the sender to the receiver. This parameter

Hence, since all these measures are of such importaf'?cETportant in QoS applications, because over a certain

to obtain a good perceived quality in QoS applicationfa e it lessens the interactivity between QoS entities.

(41)

it is interesting to know what causes the deterioration ]mdlng the mean number in the systefijL], is straight

these parameters in a wireless network, and how th %ward:
parameters are affected by the 802.11b standard design. X «
Whilst in wired networks the deterioration is generally . _ Ek:_ll kmy, 1

SIS T _ E[L]=) kP, ==tEL"2 1+ K
caused by congestion, in wireless networks it can be —
caused both by degradation of the signal (due to fading (42)




Based on Little’s Law and [16] the mean delay is givelV. Error Analysis

by: The ideal channel model is assumed in the analysis

E[T] = 1 Kz:l ke + K (mo + p — 1)1 43) P to this 'point. How_ever, during the previous research
Mo work, the impact of bit error rate on the performance of
802.11 DCF is not taken into consideration for the whole
aigectrum of traffic load. In [11] and [14], the saturation
nditions are assumed to see the effects of channel
errors. In [12] the specific wireless channel models [9]
are considered and in [2] channel models are presented.
EW]=E[T]-b (44)  The more general error analysis is developed here and it
gan be applied to any kinds of wireless channel models.
The proposed analytical model predicts 802.11 DCF
Kb, protocol performance very accurately so the effect of
EW? = (K —1) [(K —2)b® + E[BY] — T errors on the performance of the access scheme, in terms
o1 o1 of all measures mentioned in the previous section, is
2b S krgoi| + B 3" k(k + 1)mg_, (45) explored by the extension of error analysis to this model.
St = Error analysis is divided into two distinct parts in
o . the analytical model. First, the impact of bit errors on
Where E[B"] is the second moment of the SENVICEhe collision probabilities; in the back-off algorithm is

time and can be easily found in section II-C. Thus, t%alyzed based on bit error rafg and length of data

variance is given by: packetP. Second, using new values @f the rest of the
) ) analytical model is pursued.
Var[W] = E[W?] — E[W] (46)  For basic access mechanism, a data packet needs

Throughput: A packet loss can be defined, in théetransmission if any one bit in the packet is corrupted.

scope of QoS applications, as a packet that never reacﬁlgg Rt;l' SICTS Te dChimsm’ RTS. and CTS paCket.S may
its destination, or a packet that arrives too late and th §O D€ corrupted. For convenience, a Va”.ELEbE S

cannot be used to play out the multimedia content. It fined asa prolgablllty that a pack-off occurs in a statlo_n
directly related to throughput.The initial throughput wa ue to bit errors in packets. It is further assumed that bit

given by (19). From the back-off algorithm if a packef"rrorS randomly appear if‘ the_ packets. In the case of
collides m times it is dropped. Hence, thadjusted RTS/CTS access mechanism, it is easy to get:

Variance of Waiting Time: Delay is the sum of
waiting time and the service time. From (43) the me
waiting time is given by:

From [16], the second moment of the waiting time i
given by:

throughputl” is given by: P=1-(1- Pb)RTS+CTS+P+AC’K (50)
\ m Since error analysis considers transmission eriQrs,
r, = . (1 — H cm> is now the collision-error probability that a transmitted
mo +p i=0 packet encounters a collision or is received in error
N ) - o .
provided that no collision occurs and is given by:
r = Z Fnﬁn
n=1 Cein — Cin + (1 - ci,n)Pe (51)

There are two more measures to be considered tﬂ%is new probabilityc,. is used instead of; in the
QoS applications in terms of packet reliability. One is thgnalytical model betw%en (13) and (50) Fé)r example
blocking probability which is the probability of bIockingT andp; is found usingc., rather thar; in t'he back-off ’

of a packet that arnved to the MAC layer from Upp(.eélgorithm. Also, itis used in the service time distribution,

layer when the MAC layer buffer is full. The other one i 1G/1/K queueing model and performance metrics
the dropping probability which shows that some packets, a g P '

given that they are not blocked, will be dropped since . Simulation Model and Validation
has reached the specified retry limit. They are given by:The main objective of the simulation model is to pro-
1 vide an unbiased and systematic performance analysis of
(48) the gueueing analytical model. This section presents the
m simulation environment, the system parameters, design
Pirop = (1= Pg) H c; (49) of the simulation, discussion of the statistical analysis of
i=0 the simulation results, and model validation.

Pyoey = Px=1-—

T + P
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A. Environment Model | | PV Cayer Spsciication | bSSS
The environment model provides a framework to sim- Channel Transmission Rate IMbits/sec

ulate the network topology and the behavior of network CWnin 32
nodes. The primary design requirement is to provide an CWinaa 1024
environment capable of modeling WLAN and to support r: 2(;5
the features of IEEE 802.11 MAC protocol. The simula- H 6Bytes
tion environment consists of three models: the network DIFS 50us
model, the node model and the process model. Several SIFS 10us
simulation environments are available that can be used gz gggﬁzz
for modeling IEEE 802.11 MAC Wireless LANS. The ACK 38Bytes

discrete-event simulator OPNET is chosen to implement
the simulation model. OPNET Modeler is the industry’s
leading environment for network modeling and simula-
tion, allowing you to design and study WLAN networks
with unmatched flexibility and scalability. Modelers

object-oriented modeling approach and graphical editq§g ysed to develop entirely new process models, or the
mirror the structure of WLAN networks. _ _models in OPNET Technologies Model Library can be
OPNET Modeler is based on a series of hierarchicgbeq as a starting point. IEEE 802.11 Wireless module

editors that directly parallel the structure of real networkg,m the model library is used in the simulation model.
protocols, here WLAN. One of them is the Project EditOé Simulation Design

which graphically represents the topology of a WLAN . : , :
network that is the network model. Network model Poisson arrival traffic model is employed at each node

. ) ) , .. during simulation run. Smaller traffic rates are used for
consists of node and link objects, configurable via dlalq ht load and larger rates for the heavy load. For each set

boxes. Node and link models is dragged and droppe .
from the editor's object palettes to build the networE experiments the number of nodes and packet lengths

model. The Project Editor provides geographical contev¥ere fixed. The model assumed an ideal channel and

. . - . ¥UIIy connected network, which matched the assumptions
with physical characteristics reflected appropriately Ik the analytical model

. . o]
simulation of WLAN networks. System parameters are ones that remain fixed to
The next one in the hierarchical editors is the Node y P

Editor which captures the architecture of a netwo redetermined values throughout the experiments. They

. o reflect a notion of something that does not change, at
device or system by depicting the flow of data between - .

: ; ; east within the scope of the experiments. The system

functional elements, called "modules.” Each module can . :

. arameter values are given in the IEEE 802.11 MAC

generate, send, and receive packets from other modyles

to perform its function within the node. Modules typi—ayer implementation in OPNET modeler, given in table-

cally represent applications, protocol layers, algorithms . . . :

and physical resources, such as buffers, ports, and pusegStatistical Slmulatlon Analygls _

Modules are assigned process models (developed in thé "€ data obtained from a simulation should be con-

Process Editor) to achieve any required behavior. ~ Sidéred as an instance of the random variables they
The last one is the Process Editor which uses a powEgPresent. Hence these data may potentially exhibit high

ful finite state machine (FSM) approach to support Spe\@r?ation and differ a _Iot from the represented random

ification, at any level of detail, of protocols, resourcey2riables’ characteristics [1]. As such, the data must be

applications, algorithms, and queuing policies. States a@,@quzed in terms of interval statistics. Th.IS scho_n de-

transitions graphically define the progression of a proce¥dibes the approach adopted for computing confidence

in response to events. Each state of a process modigrvals and ensuring independence of observations and

contains C/C++ code, supported by an extensive libraf{gady-state.

of functions designed for protocol programming. Each 1) Confidence Intervaliet X;, X, ..., X, ben ob-

FSM can define private state variables and can make c&fgvations from conducting independent experiments

to code in user-provided libraries. FSMs are dynamic af@ns of the simulation model). Then it is wanted to

can be spawned (by other FSMs) during simulation @stimate the steady-state mean= E(X). Let the

response to specific events. Dynamic FSMs dramaticai§mple mean be denoted B.

simplify specification of protocols that manage a scalable noX,

number of resources or sessions. The Process Editor can X = R (52)

TABLE |
IEEE 802.11 SSTEM PARAMETERS VALUES
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According to the strong law of large numbers, this
sample mean is an unbiased estimatos §f]. Similarly,

let the corresponding sample variance be: 2
X - X)? ol

SQ — Z—l[ 1 53
S (53)

I
N
T

-
T

This is an unbiased estimator of the varianceof the
random variableX. Then, if n is sufficiently large, an
approximatel00(1 — «) percent confidence interval for
u is defined as the time interval given by:

End-to-end Delay
o o o
> o ®»

o
N

o

<)

5(‘)0 10‘00 15‘00 2(;00 25‘00 3(;00 35‘00 4000
_ S2 ‘
Xttty 11 ap" o (54)

wheret,_;1_,/2 is the upperl — «/2th critical point
for the ¢ distribution withn — 1df (degree of freedom)
[1]. The underlying physical meaning is that given
sufficiently large, the probability that the derived con-
fidence interval containg: is 100(1 — «). Hence if
one independently constructs a very large number of
confidence intervals, each based wmbservations, the ,
proportion of these that coveris expected to bé — «. oL T e
A number ofn = 10 independent observations is ‘
employed in order to get an estimatdr of the mean
1 of each output in the simulation analysis. Calculation
of 95% confidence interval is used to provide us witfii9- 5 Moving average with w=60 for the end-to-end delay
the interval within which the meam lies with 0.95
probability.
2) The Problem of Initial TransientSpecial consider- variability of the process. As a result, Welch’s procedure
ation needs to be given to the choice of initial conditiori§ based on making: independent replications of the
of a simulation. Since it is difficult to choose suctimulation (heren = 10) and the procedure how to
conditions to represent the steady-state distribution of thed the moving average is given in [1]. Figure 5 shows
simulated system, they bias the output distribution of e end-to-end observations and moving average with
simulation. As time progresses, this bias becomes |g¥gidow sizew = 60 as a function of instance. The
evident, and the simulation output distribution converg@&§nulation is run for60 seconds, a time much longer
to the distribution of the simulated system. than the anticipated transient interval. As seen in the
Typically, an initial small part of the simulation outpuffigure, the simulation outcome befate= 1000 shall not
data is truncated as it is considered biased by the initRf considered. In section V-D, all initial transient parts
conditions. The corresponding time interval is known & the simulation results are ignored according to the
the transient period. The simulation reaches steady-st&t@ntioned procedure.
after this period, meaning that the output distribution 3) Independent Observation Acquisitiom order to
approaches the probability distribution of the systegstimate the meam of the desired output, a number
state. The technique most often suggested for dealimgof such observations are needed. These should be
with this problem is calledvarming up the modebr statistically independent.
initial-data deletion The idea is to delete some number A straightforward approach is to conduet simu-
of observations from the beginning of a run and to usation run, employing distinct random number seeds
only the remaining observations to estimate for different runs. This is known as the method of
The simplest and most general technique for deteeplication/deletion. Each simulation runs for an amount
mining the transient period is a graphical procedure doé time [ + k. After deleting the transient part of the
to Welch [19]. Its specific goal is to determine a timsimulation up to the timeé, X; is obtained as the mean
index [ such thatE(X;) ~ p for i > [, wherel is of all observations of the corresponding output during
the warmup period. In general, it is very difficult tathe last time intervalk. The duration of the intervals
determinel from a single replication due to the inherent should be long enough to assure that the mégn

Moving Avesage
N
S
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Logsgfgf(’ﬁi/gns;je) 0%'7953 3261819 gifz()s 39161'28 (1)_1141'22 algorithm is represented by "Analysis1’ and the second
Simulation 0.0573| 0.0869| 0.0908 | 0.0920| 0.0925 0N€ by 'Analysis2’. In Table-Il the correspondirig%
95%Cl(low) 0.0354| 0.0649| 0.0688 0.0700| 0.0705 [confidence interval is presented for the MAC delay for
Analysis1 0.0379] 0.0945| 0.0953 | 0.0954| 0.0954 1024 bytes packet size. It is observed that 'Analysis1’
Analysis2 0.0193] 0.0417] 0.0942] 0.0943| 0.0943 [fji5 petter in the confidence interval and closer the simu-

TABLE I

lation mean values in the transition part when compared

ANALYTICAL AND SIMULATION RESULTS WHEN THE NUMBER OF
NODES IS10 AND THE PACKET SIZE 1IS1024BYTE

to 'Analysis2’. Hence, with95% certainty 'Analysisl’
outperforms 'Analysis2’ with respect to MAC delay.
Another observation is that at bigger packet sizes the
MAC delay becomes higher during saturation but the
network gets congested with lighter traffic load at smaller

. : packets. It is clear that at saturation the packet collision
be an estimate of the meagm of the desired output.

A imatel bi d point estimatar f - is almost same for all packet sizes, therefore, the bigger
N approximately unbiased point eSUmMatArior /1S - .ansmission times, the bigger MAC delay. It is also

?(l)\gerll by the mear: Oerf’. dE(Xj )_atnd aln fapprox!mate obvious that the packet arrival rate is higher with smaller
(I — o) percent confidence interval fqr is given packets for the same traffic load. Hence, the higher

S 52 o : . .
by X +t,_11-a/21/ 5 WhereX and S? are computed grriva rate, the earlier congestion starts regardless of the
from Equations (52) and (54). packet size.

D. Model Validation Results

The theoretical analysis presented in this paper is
validated using the simulation model described in the
previous section.

of the observationsy; from jth replicaton will actually

End-To-End delay (N=10)

—+ Analysis1 PS=1024B
—+— Analysisl PS=512B
—#— Analysisl PS=256B

10° H

MAC delay (N=10)
T

0.1 r

—— Analysis1 PS=1024B
—+— Analysisl PS=5128
—#— Analysis1l PS=256B
Analysis1 PS=1288
sssssssss PS=1024B
nalysis2 PS=5128
lysis2 PS=2568
is2 PS=

PS=1024
—— Simulation PS=512
0.08 1 — simulation PS=256
Simulation PS=128

[ 107

Delay(sec)

0.06 - [ .

Delay(sec)
°
o
&
T

10 i e =

Load (Kbits/sec/node)

Fig. 7. Delay vs Load

o I 1 1 I 1

L L L
80 100 120 140 160 180
Load (Kbits/sec/node)

Figure-7 also shows that the simulation validates the
analysis in terms of delay under the full spectrum of
traffic load. Each simulation point represents the average
of 10 independent steady-state replications. The obser-

The comparison between the analytical and simulatieations are same as in the previous figure since there
result of MAC delay for1024, 512, 256 and 128 bytes is a direct relation between MAC delay and end-to-end
packet sizes where the number of node (sis shown delay.
in Figure-6, taking into consideration of the same traf- In Figure-8 the comparison of the analytical and
fic load. In the figures, the first modeling of back-ofsimulation throughput results versus the traffic load is

Fig. 6. MAC Delay vs Load
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C, (N=10, PS= 1024Byte)
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Fig. 8. Throughput vs Load Fig. 9. Collision Probabilities vs Load

depicted. It is evident that throughput deteriorates withl. As the number of nodes increases, all performance
smaller traffic load for smaller packets. This is alstnetrics deteriorate in a very clear way. That is because

because of the early congestion of the network at smalfépre nodes lead to more collision in the network. By
restricting the number of nodes accepted in the WLAN,

packets.
Figure-9 shows the comparison of the analytical aile desired performance can be obtained for a specific

simulation results for the collision probability versus th@0S application. _
traffic load for the case of the first stage in the back- Next, sensitivity analysis results for all performance

off algorithm. In Figure-995% confidence intervals aremetrics are shown in Figure-12 and Figure-13 while
also shown. It can be observed from figures that the fiMarying the queue length in terms of how many packet
analysis model performs better than the second analyiéigan accommodate. As the queue length increases, the
model in the transition part while the second is bett@nd-to-end delay increases, on the contrary, both the
than the first in the saturation part of the traffic loadl/AC delay and jitter remain same aftét is 10. In

Both analytical results match the simulation result vefjie transition part, the waiting time variance jumps up
closely. Since much less research has been done onwi@ bigger queue length. Furthermore, the less through-
transition part when compared to the saturation part, tAgt and bigger dropping and blocking probabilities are
first analytical model gives opportunity to delve into th@bserved with less queue length in the transition part.

transition part. Hence, the first model is used in theooking at these figures, the appropriate queue length
can be easily chosen for a specific QoS application.

following sensitivity analysis section.
o _ The relation betweerd/ and the maximum back-off

VI. Sensitivity Analysis stagem is given in Equation-16. The sensitivity analysis

The objective of this study requires the developmei# performed by changing the value bf and the results
of a sensitivity analysis which gives a deeper insiglaire shown in Figure-14 and Figure-15 given thatis
into the inherent characteristics of IEEE 802.11 MAG. It is seen that a9/ increases, all metrics get better
protocol. except for the variance of waiting time.

The first sensitivity analysis is done by changing the The performance results while changingare shown
number of nodes in the system. The results for al Figure-16 and Figure-17. All throughput metrics are
performance metrics are shown in Figure-10 and Figur@gproximately close to each other. At saturation= 3



14

(PS=512B,m=4,M=5,K=20,Pb=0) (PS=512B,m=4,M=5,K=20,Pb=0)

End-to-End Delay MAC Delay Throughput in Ratio Throughput in Packets

a 02 1—=e ? 35
J - N=5 e - N=5 \ \
as - == N0 0.18 [ = Ne10 |4 o.of |
| N=20 | N=20 \ X

—— N=40 0.16 | —— N=40 |4 o8| \

30

| \

0.14 1 ! 0.7 \ X - 25
| = | \

25 | | : 1 0.6

20

Throughput

*
&
Throughput

0.5

|
0.08f - f : 4 0.4 \
| >

15

Delay (sec)
n

SR 0.06 e e e e e e 0.3 B
e [ 7 % 10

| / S
0.04r | / q 0.2 S

|
|
|
|
|
| / | / *
| / o4 | / * 5
05 | / 0.02} 4 w 0.1 e
| / Foso
& o

60 o 60 o

60

20 40 20 40 20 40 20 40
A (packets/sec/node) A (packets/sec/node) A (packets/sec/node) A (packets/sec/node)

Variance of Waiting Time x10°  MAC Delay Variance Blocking Probability Dropping Probability

0.2 3 1 0.09
-

- N=5 ¥ - N=5 - N=5 B * - N=5

0.8 —— N=10 | —— N=10 091 —— N=10 PR 0.08 1 —— N=10

N=20 25 ! N=20 | .. ] N=20 e I\ N=20

0.16 —— N=40 | —— N=40 0.8 — N=40 | [ —— N=40

0.7 / e

0.6 /

¥
0.5 |
|
0.4 |
|
0.03F | X
|

| 1 i /
‘ 03 # | -
| "

e (s
o
o
I

N

Ti
o
B
N

o
2
Jitter (sec)
.
o
Blocking Probability
Dropping Probability

Variance of Waiting Time (sec)
o o
o o
5 &

0.2 / - *5
A 05| 1 / / [ T
\ | | p | e
/ / o.01Lf | 3
01/ / | e
S | | . | / i
60 o 60 o

60

20 40 20 0 20 40 20 40
A (packets/sec/node) A (packets/sec/node) A (packets/sec/node) A (packets/sec/node)

Fig. 10. Sensitivity analysis for delay metrics while varying thé&ig. 11. Sensitivity analysis for throughput metrics while varying
number of nodesv the number of node®/

gives the best result. However, better results for derror rate increases in the channel, the transition starts
’ earlier which makes more variance and less degradation

lay metrics are observed with increasing shown in :
g}the metrics.

Figure-16. There is a tradeoff in terms of balancing bett
delay or throughput for a particular QoS applicatiorVIl. Discussion
When compared the results with the onesiifh they  The analysis presented in this paper has shown that the
are not as distinguishable as them. analytical model is capable of providing a good match to
The sensitivity analysis results are displayed in FigurteEE 802.11 MAC protocol. The following discussion
18 and Figure-19 when altering the initial back-offresents possible enhancements to an admission con-
window sizeWW. Having smaller initial back-off window troller as an application that suggest how the controller
size leads to not only better delay metrics except famight benefit from the results presented in this paper.
the variance of waiting time but also worse throughpWWhile these suggestions are based on knowledge gained
metrics except for the blocking probability. Like:, through the results presented in this paper, further study
W causes a tradeoff between delay and throughpigt.required to verify the extent of their potential benefits
Therefore, the specidl’ must be chosen for a specifico the controller or other applications such as scheduler
application. or routing protocol. Extension of the simulation model
Finally, the effect of bit error rate in the channeto an admission controller is planned as future work.
on performance metrics is shown in the Figure-20 ande The admission controller decides whether a new
Figure-21. Keep in mind that all previous figures were connection can be granted or not, depending on
obtained considering the ideal channel. Obviously, not the status of the network resources and the level of
only all delay metrics in Figure-20 increase but also all  service called for by the new request. The purpose
throughput metrics in Figure-21 decrease with enlarging of any admission control is to ensure that admit-
bit error rates. Especially, iP, is bigger thanl0=3, the tance of a new data flow into a resource-limited
system collapses at saturation for this specific scenario. network does not degrade QoS committed by the
As also seen from the figures, the best results like in network to the admitted data flows while optimizing
the ideal channel is obtained i, is smaller tharl0~5. network resource usage. Since the network resource
Furthermore, the other important result is that as the bit is changing dynamically depending on the number
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Fig. 12. Sensitivity analysis for delay metrics while varying thé&ig. 13. Sensitivity analysis for throughput metrics while varying
queue lengthK’ the queue lengthK

of nodes, the packet size or system parameters, be increased depending on the channel conditions.

the optimum resource usage should be decided. From sensitivity analysis results changing the sys-

Seen from the sensitivity results, if the network tem parametersp, M, and/ori¥V dynamically will

is in the saturation, there is no need to grant any provide a scalable admission controller.

new request. It is suggested that each node in

the network measures the traffic condition (traffi/!ll. Conclusion

load) on the wireless link. When the traffic load is This paper represents an important advance in the

greater than a threshold, this means that the 802 4dalysis and design of effective ad hoc wireless net-

wireless network is experiencing the overload, longorks. It also provides an significant contribution to

medium access delay and possible the degradatihe performance analysis of IEEE 802.11 wireless

of throughput. For instance, this threshold could eANs. A novel queuing theoretic models based on the

the MAC delay variance since it is easy to obtaiM/MMGI/1/K queue and parametric service model for

the MAC delay for each node. IEEE 802.11 DCF using RTS/CTS was solved. The re-
o The queue in the MAC layer should be in the rightults are based on the single-hop case, but they represent

length for each admitted request in the admissiam extensible and flexible approach. It is investigated

controller. After a threshold queue length, eveosing the sensitivity analysis results what causes the

though the MAC delay remains same, the end-tdeterioration of performance measures in a wireless

end delay increases steadily. Using the analyticaétwork. The applications for the type of queuing models

model it is easy to find this threshold queue lengtideveloped in this work include routing, admission con-
« In any admission controller once a request is admtrol and scheduling. Future work includes a methodology

ted, the service provided to it must not be affectetiat is extensible to multi-hop ad hoc networks scenarios

by requests of other nodes. When the number gfd to an admission controller.

nodes in the WLAN gets more, the performance

of admitted services scales down because of tReferences

more packet collisions. Hence, the channel acce$§ |aw A. and Kelton W. D.,Simulation modeling and analysis

time for the ordinary service (best-effort) must  2nd ed., McGraw-Hill, 1991.



Variance of Waiting Time (sec)

Fig.

(2]

(3]

(4]

(5]

[6

—_

[7

—

(8]

El

[10]

[11]

(N=10,PS=512B,m=5,K=20,Pb=0)

End-to-End Delay MAC Delay

o054

=
g

Delay (sec)
MAC Delay (sec)

Sk
£
BEiLE

ik
222
SELRR

o 20 40 60 o 20 40 60
A (packets/sec/node) A (packets/sec/node)
Variance of Waiting Time x 10 MAC Delay Variance
0.035 4.5
o M=1
t —— M=2 a
0.03 n M=3
—— M=4
M=5 8
0.025 35
3
0.02
g 25
0.015 =
5
£ 2
0.01 ° N o
)\; -o-o-c-o-4 1.5
0.005 = N el
—— M=2
of @ mM=3 ||
0.5 —— M=4
M=5
—0.005 o
60 o 60

20 40 20 40
A (packets/sec/node) A (packets/sec/node)

14. Sensitivity analysis for delay metrics while varyihg Fig.

M

A. Aguiar and J. Gross,Wireless channel modelsTech- 12]
nical Report TKN-03-007 (Telecommunication Networkg
Group,Technische Universitt Berlin), April 2003. [13]
G. Bianchi,Performance analysis of the ieee 802.11 distributed
coordination function IEEE Journal on Selected Areas in
Communications/ol. 18 (2000), no. 3, pp. 535-547.

IEEE Standards Boardieee standard 802.11 - wireless lan
medium access control (mac) and physical layer (phy) spec-
ifications The Institute of Electrical and Electronics Engineers[,15]
Inc, 345 East 47th Street, New York, NY 10017-2394, USA,
June 1997.

R. B. Cooper,Introduction to queueing theoyyist ed., North-
Holland Publishing Company, 1981.

H. Kassab E. Koksal and H. Balakrishnam analysis of short-
term fairness in wireless media access protocdstended
version of short paper in Proc. ACM SIGMETRICS, June 200q17]
Farshad Eshghi and Ahmed K. ElhakedParformance analysis

of ad hoc wireless lans for real-time traffitEEE Journal on
selected areas in communicatiowns|. 21 (2003), no. 2, pp. [18]
204-215.

Marco Conti Frederico Cali and Enrico Gregomynamic
tuning of the ieee 802.11 protocol to achieve a theoretic4l9]
throughput limit IEEE/ACM Transactions on Networkingpl.
8 (2000), no. 6, pp. 785—799.

E. Gilbert, Capacity of a burst noise chanpaell Syst. Tech
J. 39 (1960), 1253-66.

Shiduan Cheng Haitao Wu and Jian NParformance of reliable
transport protocol over ieee 802.11 wireless lan: Analysis and
enhancementProceedings of the IEEE INFOCOM'02 (New
York), June 2002.

Z. Yang W. Cheng J. He, Z. Tang and C. T. ChBarformance
evaluation of distributed access scheme in error-prone channel
IEEE TENCONO2, 2002.

(14]

(16]

(20]

16

(N=10,PS=512B,m=5,K=20,Pb=0)

Throughput in Ratio Throughput in Packets

D == = e

fot9

GRWNR

Throughput
Throughput

it

T
ARWNE

20 40 20 40
A (packets/sec/node) A (packets/sec/node)

Blocking Probability 3 Dropping Probability

1edd

AT

Blocking Probability
o
S
Dropping Probability

thtd
gzzzz
JIEEE
o
S

60 o 60

2 40 20 40
A (packets/sec/node) A (packets/sec/node)

15. Sensitivity analysis for throughput metrics while varying

N. Cocker M. Veeraraghavan and T. Moo&,pport of voice
services in ieee 802.11 wireless lahEEE INFOCOM, 2001.
M. Ozdemir and A. B. McdonaldAn m/mmgi/l/k queuing
model for ieee 802.11 ad hoc netwarkiEEE/ACM PE-
WASUN’04 (Venice, Italy), October 2004.

A. C. Boucouvalas P. Chatzimisios and V. Vits&uence of
channel ber on ieee 802.11 dd&LECTRONICS LETTERS,
vol. vol. 39, November 2003.

P. Kirstein T. Pagtzis and S. Hail&Sperational and fairness is-
sues with connection-less traffic over ieee802, Riloceedings
of IEEE International Conference on Communications (ICC)
(Helsinki, Finland), June 2001.

Hideaki TakagiQueueing analysis a foundation of performance
evaluation volume 2: Finite system&st ed., North-Holland
Publishing Company, 1993.

Y.C. Tay and K.C. Chuaj capacity analysis for the ieee 802.11
mac protocol ACM/Baltzer Wireless Networksol. 7 (2001),
no. 2, pp. 159-171.

O. Tickoo and B. SikdarQueueing analysis and delay mitiga-
tion in ieee 802.11 random access mac based wireless networks
Proceedings of the IEEE INFOCOM, 2004.

P.D. Welch,On the problem of the initial transient in steady-
state simulationYorktown Heights, 1981.

G. Xylomenos and G. C. Polyzo3cp and udp performance
over a wireless lanProceedings of the IEEE INFOCOM, 1999.



Delay (sec)

o
o
a

Variance of Waiting Time (sec)
°

o
o
2

o
1
@

o
Q9
N

(N=10,PS=512B,M=5,K=20,Pb=0)

End-to—-End Delay

1.4

1.2

0.8

0.6

0.4

0.2

20 40 60
A (packets/sec/node)

Variance of Waiting Time

o
Iy

o

Fig. 16.
maximum back-off stagen

Throughput

Blocking Probability

0.9

o
®

e
3

o
)

o
«

o
IS

0.3

0.2

o
)

o
>

e
»

o
N

0.1

Fig. 17.

A (packets/sec/node)

0.06

0.05

o
o
5

0.02

Jitter (sec)

MAC Delay (sec)
=}
[=}
W

MAC Delay

20 40 60
A (packets/sec/node)

%10  MAC Delay Variance

3.5

2.5

15

40 60
A (packets/sec/node)

17

(N=10,PS=512B,m=4,M=5,K=20,Pb=0)

End-to-End Delay

0.8

Delay (sec)

0.6

0.4

0.2

S e
o

PP

o
o

20 40
A (packets/sec/node)

Variance of Waiting Time

Variance of Waiting Time (sec)
o
o
@

20 40 60
A (packets/sec/node)

MAC Delay

MAC Delay (sec)

-4

x 10

20 40
A (packets/sec/node)

MAC Delay Variance

Jitter (sec)

20 40 60
A (packets/sec/node)

Sensitivity analysis for delay metrics while varying therig. 18. Sensitivity analysis for delay metrics while varying initial
back-off window sizelV’

(N=10,PS=512B,M=5,K=20,Pb=0)

Throughput in Ratio

4
@

20 40 60
A (packets/sec/node)

Blocking Probability

60

~ 20 40
A (packets/sec/node)

Dropping Probability

Throughput in Packets

18

16

Throughput
b
o

0.14

o
i

o
o
@

o
o
)

o
o
=

0.02

20 40 60
A (packets/sec/node)

Dropping Probability

20 40
A (packets/sec/node)

0.9

0.8

0.7

0.6

Throughput

0.5

0.4

0.3

0.2

(N=10,PS=512B,m=4,M=

Throughput in Ratio

40 60
A (packets/sec/node)

Blocking Probability

0.8

0.7

0.6

0.5

0.4

0.3

Blocking Probability

0.2

0.1

Sensitivity analysis for throughput metrics while varyingrig. 19.
the maximum back-off stage:

20 40 60
A (packets/sec/node)

=20,Pb=0)

Throughput in Packets

18

16

14

Throughput
B
o

A (packets/sec/node)

Dropping Probability

0.1

o
o
®

Dropping Probability
o
o
3

o
o
5

0.02

20 40
A (packets/sec/node)

Sensitivity analysis for throughput metrics while varying
initial back-off window sizelW



(N=10,PS=512B,m=4,M=5,K=20)

End-to-End Delay

Delay (sec)

Variance of Waiting Time (sec)

Fig. 20. Sensitivity analysis for delay metrics while varying the the

20 40
A (packets/sec/node)

bit error rateP,

MAC Delay (sec)

Jitter (sec)

MAC Delay

-a ]

o 20 40 60
A (packets/sec/node)
x10°  MAC Delay Variance
4
35 q
3 _ ]
= beloia
P.=10
_10-5
25 Pb—lois 4
P,=10
b
> ]
1.5 1
1 ]
0.5 h
o
o 60

20 40
A (packets/sec/node)

(N=10,PS=512B,m=4,M=5,K=20)

Throughput in Ratio

0.9

0.8

0.7

0.6

0.5

Throughput

0.4

0.3

0.2

0.1

20 40
A (packets/sec/node)

Blocking Probability

0.9

[eX:3

0.7

0.6

0.5

0.4

Blocking Probability

0.3

0.2

0.1

Fig. 21.

20 40 60
A (packets/sec/node)

Sensitivity analysis for throughput metrics while varying

the bit error rateP,

Throughput

Dropping Probability

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Throughput in Packets

20 40
A (packets/sec/node)

Dropping Probability

P=10
b
P,=10"*
P, =10"° |
°_ o6
Pb—lﬂ

K

e

60

20 40
A (packets/sec/node)

18



