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Abstract technigues. Thee difficulty of this approach, however, is in
An M/MMGI/1/K queuing model is developed for the analysisfinding an accurate parametric description of the PH service.
of IEEE 802.11 DCF using RTS/CTS. Results are based oifror steady-state analysis a general service distribution in which
arbitrary contention conditions, namely, collision probabili- the service-times depend docal collision probabilities of the
ties, transmission probabilities and contention window sizeRTS/CTS frames and the distribution of the time to resolve
vary arbitrarily among nodes contending for channel accessthem, which, itself is dependent on the number of busy nodes
This is fundamentally different from earlier work. Results in contention for the channel.
are presented for the fully-connected case and validated via For single-hop analysis knowledge of node distribution is
simulation with statistical analysis. The main contributions necessary and sufficient to determine the aforementioned values:
are the analysis of DCF and the foundation for the sensitivitya two-dimensional Discrete-Time Markov-Chain (DTMC) that
analysis. A key element of the model is that complexitgharacterizes the back-off stages and collision probabilities
normally encountered is reduced by effectively restoring th@ssociated with each node effectively modulate the general pro-
independence between service times and packet inter-arrivalsess, thus facilitating the estimation of the needed parameters.
This paper is not “yet another analysis” of IEEE 802.11
l. Introduction throughput and delay. The importance of the M/MMGI/1/K
model presented in this paper is that it provides a foun-
The performance of the IEEE 802.11 MAC standard fatation for the sensitivity analysis and can be extended to
wireless LANs has been the subject of numerous analysg®del arbitrary network configurations. Thus, it is the basis
However, until recently there had been little work focused on tiier a fundamentally different strategy for understanding and
DCF using RTS/CTS. The objective of this paper is to preseimproving the effectiveness of practical networks. A key point
a generalized queuing model for Markov arrivals; this is th@hd novel aspect of the model is that the complexity level
first such model to be proposed and has been well validated Rrmally encountered is reduced by effectively restoring the
simulation under the range of traffic conditions. independence between service times and packet inter-arrivals
The analysis is based upon a bounded network of M/G/1tKrough the DTMC formulation. Thus, direct stead-state analysis
gueues, wherd( represents the max queue length at each noige possible using iterative techniques to estimate the model
and N represents the number of potentially interfering nodeparameters for different traffic intensity levels. Practical future
For multiple-hop systems N represents the number of nod&gplications include routing, admission control and scheduling
within two-hops of either a sender or receiver. It representsad hoc networks.
the effective number of interfering nodes accounting for only The remainder of this paper is organized as follows: Section
that portion of traffic generated by the two-hop away neighbolisdescribes the system model which encompasses two different
destined for a one-hop neighbor. An important property of thgodels for the back-off algorithm, service time distribution and
model is underscored by the earlier reference to “potentiatiye M/G/1/K formulation. Performance measures are given in
interfering” nodes. Each of th&/ nodes may be in any statesection Ill. Section IV applies simulation and statistical analysis
of a given time, namely, any node may be busy or idle, artd validate the analytical results. Finally, Section V presents
a busy node may be in any back-off stage. In contrast eonclusions and discusses future work.
related work [1] [6] [9] [8] [5] [4], no limiting assumption are
made that force uniform collision probability, uniform back-off|, System Model
stage distribution or saturation conditions. For the comparison
reasons a new model based on [8] is proposed. The analysihis section describes the basic methodology and components
assumes only Markov arrivals at each node that are pairwigethe M/MMGI/1/K queuing analysis. The main parameters
and collectively independent. are identified and applied to each of the system entities—the
An alternative characterization for the queuing model is tHmck-off algorithm, the service time distribution and, finally,
M/MMGI/1/K: The service times are modeled as a Markothe queuing model. In the present analysis the states of each
Modulated General Independent process. In principle this symde are considered independently and then coupled through
tem is representative of a Phase-Type (PH) service. Henas, iterative process in order to evaluate the system state.
comprehensive analysis is well adapted to matrix-geometBpecifically, the MAC algorithm executes at each node leaving
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Fig. 1. IEEE 802.11 DCF RTS/CTS procedure M/G/1/K

each in an arbitrary back-off stage at any time. Due to the
independent and identically distributed (IID) arrival processes
and assuming uniform traffic distribution and positions it is b
possible to evaluate the expected value of the global service
time by determining the busy probability, transition probabilities
and mean waiting times from the DTMC.

Figure-1 illustrates how each node alternates between busy
and idle periods. During a busy period the node executes the
RTS/CTS protocol, transmits its data and receives an acknowl-
edgment. If it has multiple frames to send, it may contend and
transmit more than one during the same busy period. After eagfi 2. IEEE 802.11 Organization
transmission a node goes into back-off following DIFS; other
nodes continue counting down the back-off time according to g, where% is the mean packet service time.

IEEE 802.11 standards [2]. Given random packet arrival times. Step 4: Given 1 and ), find all the state probabilities in
and transmission success probability, the busy nodes do not A//G/1/K queuing system. This process will result in a
generally share a common Contention Window (CW) at a given new value ofb, - the steady-state busy probability.

time. Moreover, the number of busy nodes that have at least Step 5: Repeat Steps 2, 3 and 4 until the difference
one frame to send may vary from one contention period to between a new and previous value tgris small.

another. Each busy node becomes idle when there are no mgig remainder of this section provides detailed explanation of

frames to send. A packet is reserved in the queue on arriygé |oop steps which reflect three system entities.
if at the instant of arrival, the node is non-empty. One of the

basic parameters that must be evaluatet,jshe steady-state A. The First Modeling of Back-off Algorithm
probability that a node is busy or approximately non-empty. A core contribution of this modeling is that evaluation of
The state probabilities depend on the traffic ratePacket collision probabilitiesis not limited by the assumptiorthat
inter-arrivals are assumed to include packets originating afpackets collide with constant equal probability and collisions
given node and those routed through the node. This reflects #ie pairwise and collectively independent over all transmission
broader objective of applying the model to generalized wireleggempts [1],[6]. A more accurate characterization is invoked
ad hoc networks. Based on the Markov assumption the integflecting random variation of back-off stage among nodes and
arrival times are 11D with exponential distribution. correlation between back-off time and back-off stage which de-
An iterative process that is dependent on the busy profends on the time the number of collisions already experienced
abilities is used to evaluate the system behavior. Values figring a given packet transmission attempt. The generalized
estimated through using an initial guess and iterative correctigfhalysis of collision probability is achieved through a sequential
The process is depicted in Figure-2 and outlined as follows:process of conditioning and applying total probability.
« Step 1:Initialize by and the probabilities that a node is The first step is to evaluate the conditional probabilities for
in any of m + 1 back-off stages. These must be knowtwo busy nodes in each back-off stage; . is the conditional
to determine the collision probabilities for the back-ofprobability that the transmission from node results in a
algorithm. collision given nodel is in stagei and node2 in stagej, node
« Step 2: Calculate the collision probabilitieg,, for each 1 selects slotk, and there are only two nodes in the system.
back-off stage and the corresponding transmission attenfjgr notational conveniencgé € (0, (W; — 1)), where W is
probability, 7. the stagei contention window sizeagq . is first considered.
« Step 3: Given¢; and T, evaluate the packet service rateThe following must holdiag 1 = 1/Wy since if nodel picks




window size32. A collision occurs only if both nodes select a
slot in the first half of stagé which is equivalent to stage.
Hence, if nodel selects a slot from the first half of stagehe
collision probability is equivalent tey 2. This is the probability
given by Equation-1. If, however, nodepicks a slot from the
second half of stagé, then a collision can occur only if node
becomes busy. The corresponding collision probabilityyis;.
The total collision probability forj = 0 for the example is:

1 1
= — 7b
€10,2 2000,2 + 5 0C00,2

Following with the logic the resulicy 2 is given by the
following, where nodel is in stage2, thus, has a back-off
window size of128:

1

1 1
€202 = 7002 + *50000,2 + *53000,2 + Zbgcooz

Fig. 3. DTMC model for back-off window size €00,2 (

1+ by + b5 + b3)

slot 1, node2 must also pick slotl for a collision to occur. If

nodel picks slot2, then there are two scenarios that result in 4 pattern emerges that gives the general result for collision
collision: (1) node2 also selects sldt, or (2) node2 first picks probability c;o '

slot 1 after which it becomes busy again and chooses Islet

corresponding to the same time as ndde initial occupancy 00,2 -1 .
of slot 2. Here it is assumed that any transmission attempt does €02 = H0) Z 0 ©)
not affect the busy probabilityhy. The conditional collision k=0
probability is given by the following: To complete the resolution of the first condition consider the
case in whichi = 0. Let nodel be in stage) and let node be
1 1 1 in stagej. Node2 picks a slot and if there is no collision, node
@002 = Wo + Wo OWO 2 goes to stagé and chooses a slot from stageuntil collision
1 1 occurs. In other words, it is assumed that a node that is at stage
= Wo + bOW j starts from the stagé after any number of its subsequent

successful attempts. Except for picking the first slot at stage
A clear pattern emerges by continuing in this way, thus resultifge rest is same tayo.2. With the help of Equation-(1), the total

in the following general expression fary,: collision probability fori = 0 is:
1 —k-1 [ k=1 bo ™ Wo k-1 bo \'
= (50 ) () rses oSS kY ()
05,2 —
. . . Vo= Wo
Given an arbitrary back-off stage a node selects a transmis- Wo

sion slot randomly from a uniform distribution covering the =y, 002 3)
window size of the stage. Let;, be the uniformly distributed I
random variable that determines the probability that nadeFollowing with the same logic and using Equation-(2) and (3),

chooses slok. Applying the theorem of total probability thethe general result is given by:

first condition is eliminatedzo  is the probability of a collision W cone 22*1 " @
between two nodes in stage Cij2 = W, 200 0
k=0
Wo Given the steady-state occupancy probabilities; € (0,m)
coo2 = Z 00, kDs), for them +1 back-off stages total probability is used to remove
=1 the condition on node resulting in the collision probability; »
Wo g k=l bo Ly conditioned on nodé selecting stage and a second busy node
— e Z ( . ) (Wo> W (node2):

L Wkl b \! Ci2 = Z%,zpj ®)
AN @) I

= ° Assuming that the probabilities of collisions between different
Consider the case in which= 0. Let nodel be in stagel node pairs are independent, then the collision probahility

with back-off window size54 and let node2 be in stage) with  conditioned on nodel selecting stage and n busy nodes



is given by the following, whereV is the total number of  Similarly, the steady-state occupancy probabilitigs, for

competing nodes: each back-off stagg are readily determined:
1 (1 —e¢ o)D) <n< o
cin=1—(1—-¢2) 2<n<N (6) w,—1 W41
. . . . Pim = Y bikn="bjon- 5
The next step is to find the transmission attempt probability, —0
Ta, for an arbitrary node givem nodes are busy. Lek(t) j—1
. . . . Wj +1
and s(t) be continuous time stochastic processes representing = (H Chm) - - b0.0.n
the back-off time counter and back-off stage associated with k=0 2

an a(;?"”ary. ”O‘fe at “me'F.Take”?’togletthe’(i’ét)’S(It)) ' 2 Given the individual node busy probabilit, the probability
t}’]\lo. :jmggsm;na dprc;)cesks. & |ggrg- rela esth f va L:je?i . thﬁatn nodes are busyi,, is a random variable with a binomial
€ Individual node back-off window sizes that are aelermingfisy i, tion. Thus, the steady-state occupancy probabilitjes

by this two dimensional process. Based on the independe Sditioned on being in stage is then determined by total
between nodes and the exponentially increasing back-off tirﬂf?r%bability'

a DTMC formulation similar to the one first proposed i

[1] and later modified in [6] is used to model the process. N " Nen
Referring to Figure-3 ifb; ., = lim;_o P{s(t) = i,b(t) = P = ( )bo(l —bo) (12)
k,n busy nodes }, wherei € [0,m] andk € [0,V; — 1] is N
the stationary distribution of the Markov chain, then all proba- p; = ij.,nﬂn (13)
bilities b; ., can be found using standard Markov analysis. ot

bion =Ci—1-bi—1,0n 0<i<m

(7) B. The Second Modeling of Back-off Algorithm

The following model is proposed in order to compare it
Equation-7 reflects the condition that a node proceeds to {{gh the first model and the simulation results. Unlike the first
next back-off stage only if there is a collision in the currentodeling, the collision probability is limited by the assumption
stage and the collision probabilities are independent from ofiyt packets collide with constant equal probability, This
stage to the next. The suggested node short retry court modeling is based on the analytical work in paper [8]. In
7 according to the standard [2]. Here is equivalent to the [g], the collision probabilityc was derived for the saturated
maximum back-off Stage. The MC is irreducible and ergOdiﬁetwork case in which every node a|WayS has a packet to
for eachk € [0, W; — 1] expressh; x. , as follows: transmit at any given time. In this paper, it is extended to
bikn = WVfok “biom 0<i<m (8) model the general case by obtaining an approximate expression
’ for collision probabilities. In [9], the model in [8] is also
Equations-(7) and (8) express 4|, values as functions extended for the general case. G/G/1 queuing model where
of by o, and of collision probabilities:; ,,. The normalization the queue length is not involved is considered in [9] but
condition leads to the following: M/G/1/K is considered in this paper to take the queue length
into consideration. Evaluation of collision probabilities is based

i—1 .
bi,O,n = 1lg=0Ckn b0,0,n 0<i<m

Witl m on the node model in this modeling whereas in [9] it is based
1 = Z Zbia’m on the system model which consists 8f node model. Unlike
k=0 =0 that in [9], an iterative process in Figure-2 is used in order
i -k & W; +1 to get more accurate estimates of the collision probabilities in
- ;bw’” kzo W, ;bw’” 2 ©) 3 similar way the first modeling of back-off algorithm uses.

In section-1V, both models are compared with the simulation
Combining Equation-7 with the normalization condition antesults.
applying algebraic manipulation results in the following expres- With probability ¢ the transmission is collided and with

sion for by g n: probability 1 — ¢, it is successful. Hence, the number of
1 transmissions per packet is modeled as geometrically distributed
bo,o.n = S i1 Y Wil (10)  with probability of success$ — c¢. The average back-off window
i=0 L k=0 TR )73 in the saturated case is given by [8]:
Each node attempts to transmit when its back-off counter - W, 2Wo
reaches zero. The transmission probability can be found w = (1- 0)7 +c(1- C)T + 4t
by considering the summation of the total back-off stage 2" W 2" Wo
probabilities weighted by the collision probabilities. Hence, the ™(1—c) 5 + CmHT
probability that a node transmits a packet in a randomly chosen 1—c—c(26)™ W
slot is: = T 129 o (14)
m m  1—1
T = mem = Z(H k) - o.om (11) Now consider a network witln busy nodes. A packet is
=0 =0 k0 reserved in the queue on arrival if the node is non-empty. It is



said before that the probability that the node is busy or nodefined as follows, assuming the RTS/CTS access mechanism
empty (node utilization factor) when an arbitrary arrival occuiis employed:
is bg. Hence, for any arbitrary packet, with probability- by, the

back-off window is0 and with probabilitybo, it is reserved in Ts = DIFS+RTS+SIFS+CTS+ SIFS +
the queue. Because the average back-off window sizg,ithe H+ E[P]+SIFS+ ACK +o
probability that a node attempts a transmission in an arbitrary 7. = pDJIFS + SIFS + RTS + CTS

slot is given bybg/W.

Following the arguments of [8] and considering the fact thd¥here H = M AC}q, + PHYhar, and E[P] is the average
only busy nodes can actually collide with packets from othégngth of the frame. Leyo1, = (1 — Pir)o + P PsTs +
busy nodes and conditioned enbusy nodes, the conditional (1 — Ps)7c. Note that collision only occurs between RTS

collision probability is given by: frames andI, is different from that in paper [1] because the
- CTS timeout effect is considered.
o —1— (1 by 1—2¢, 2) (15) The conditional service time for an arbitrary frame given
" 1 —cp —cn(2c,)™ Wy busy nodes is determined based on the parametric model of

. 802.11
Note that all other parameters can be easily found by replac%%
¢in bY ¢, since all¢; are assumed to be same in the second B, = Ts+ WnTsiorm)

modeling.
The unconditional service time is found by combining this result

with the binomial distribution for the probability of the number

In the next part of the analysis it is necessary to find tt}oef busy nodes given in Equation-12—the mean value of service

the distribution of the back-off window size. Here is the M€ b is used to solve the queuing problem in the next section:

maximum back-off stage and can have a value larger or smaller N
than M. The back-off window size random variablé’; is B=> B, f, (18)
uniformly distributed at each stage: n=1

C. The Service Time Distribution

Note that while a packet arrives to an idle node at a moment
(16) where other nodes have non-empty queues but are in back-

off, it will be transmitted right away if the channel is idle for
whereW is the initial back-off window size antf (a,b) shows DIFS time. In the analysis, the occurrence of such cases are
the uniform distribution betweea andb. The aggregate back- disregarded since this possibility is very small. As verified in
off window size random variabl&/,, depends on the numbersection-1V, this consideration results in reasonably close results.

U@ ,2w —-1)) 0<i<M
Wi~ {U(O,(2MW1)) i>M

of busy nodes: and the collision probability:; ,,: D. M/MMGI/1/K Queuing model
m [i-1 Let A be the packet arrival rate and denoteBf) andb the
W, = Z (H ck’n) W, (17) distribution and expected value of packet service time respec-
i— -0 tively (see Equation-18). The maximum number of packets that

. : i . can be accommodated at any node in the system (including the
Consider the following probabilities and random variables ' . ) N
. . i . ' o ne in service) at any time is given ly < co. Those packets
as given in [1]: P, is defined as the probability that at leas .
T . : : . . hat arrive whenK packets are already present are dropped.
one transmission occurs in a given slot time. Sincstations L )
. . . The initial throughputy for an arbitrary node can be expressed
contend to access the medium and each station transmits wi - L .
o S ) In"terms of the probability of packet loss, which is equivalent
probability 7,,, Py, ., is given by:

to the probability of an arrival find< in the system. Since the

Pyp = 1—(1—1,)" arrival process is Poisson this is equivalent to the time average
’ of finding K in the systemP.
The probability P, that an occurring transmission is successful
P 4 0 7= A(l - Px) (19)

is given by the probability that a station is transmitting and the
remainingn — 1 stations remain silent, conditioned on the facthe traffic intensity orwffered loadis defined ag:

that at least one station transmits: A
p=Ab=" (20)
P o onmp(L =)t 0
o I—(1—m7,)" The offered load is distinguish from the carried load, which is

T, is the average time that the medium is sensed busy Jigfined asp’ and accounts for those packets lost due to buffer
a successful transmission afid is the average time that the®Verun- Thus, it represents the fraction of time the server is

medium is sensed busy by each station when a collision occBF%y' It can also_ be vigwed as s the PTOb?bi'ity.that a server
and o is the duration of an empty slot. The values&f and IS busy at an arbitrary time; this probability is equivalent to the

T. depend on the channel access mechanism. Assuming thapgﬁe busy probabilityho, from the previous section:
stations use the same channel access mechahjsamd?,. are P =~b=p(l - Pg) (21)



. . 802.11 Parameters Values
Let P, be the probability that there are messages in the PYH Layer Specification | DSSS
system at an arbitrary time, whete = 0,1,2,..., K. From Channel Transmission Rate 1Mbits/sec
[3] and [7] P, can be evaluated in terms of the steady-state CWinin 32
probabilities. Moreover, this leads to an expression for the value CV[;’W"“ 1(;24
of Pk: T o 20us
P, = " 0<k<K-1 (22) H 6Bytes
o+ p ) DIFS 50us
_ 1_ SIFS 10us
P =1 To+ p (23) RTS 44Bytes
Substituting Equation-23 into Equation-21 gives the following Eg[:’ ggg;::z
expression for the busy probability or node utilization factor: TABLE |
/o —
P= To+p bo (24) IEEE 802.11 SSTEM PARAMETERS VALUES
lll. Performance

The system performance is measured by three metrics which
are MAC delay, end-to-end delay and throughput.
MAC Delay: The average MAC delay for a successfully
transmitted packet is defined to be the time interval from th§/ Model Validation and Results

time the packet is at the head of its MAC queue ready to be . . o _
transmitted, until an acknowledgment for this packet is received. | € theoretical analysis presented in this paper was validated

If a packet is dropped because it has reached the specified ré§{nd the OPNET simulator. Space limitation permit a small

limit, the MAC delay time for this packet will not be includedS@mple of results. For each set of experiments the number
into the calculation of the average MAC delay. The averagi Nodes and packet lengths were fixed. The model assumed
packet MAC delay, provided that this packet is not discarde@ ideal channel and fully connected network, which matched

is obtained easily by: the assumptions of the analytical model. The system parameter
- A values are given in the IEEE 802.11 MAC layer implementation
> ( oo Chin — 1o Ck,n) L in OPNET, given in table-l.
E[Dn] = T+ L[ e The comparison between the analytical and simulation result
N =0T of MAC delay for 1024, 512, 256 and 128 bytes packet sizes
E[D] = Z E[D|n]B, (25) where the number of node 19 is shown in Figure-4, taking into

consideration of the same traffic load. In the figures, the first
modeling of back-off algorithm is represented by 'Analysisl’
S - and the second one by 'Analysis2’. Figure-5 also shows that
not dropped and=2i=p—mr=s i=c—— is the probability that the simulation validates the analysis under the full spectrum
a packet that is not dropped reaches iratage. of traffic load. Each simulation point represents the average
Delay: Delay is the time that data packet takes to trav€lf 10 independent steady-state replications. Figure-5 compares
from the sender to the receiver. Finding the mean numbertli¢ analytical and simulation results in terms of delay with
the system @[L], is straigjltlforward: respect tq the traffjc Ioaq. Figure-6 shows the comparison (_)f
Bl = Z kP, — Dopeq ki K <1 B ) (26) the analytical and simulation throughput results versus the traffic
o+ p load. It is observed how the packet size affects the delay, MAC
=l delay and throughput. Figure-7 shows the comparison of the
analytical and simulation results for the collision probabilities
1 [K‘l ] versus the traffic load for the casesaf= 4. It can be observed

n=1

where (1 — [, ck.n) is the probability that the packet is

T+ p
Based on Little’s Law and [7] the mean delay is given by:

E[T] = N Y ko K(mo+p—1) (27)  from figures that the first analysis model performs better than

_ k=1 . the second analysis model in the transition part while the second
Throughput: A packet loss can be defined as a packet that petter than the first in the saturation part of the traffic load.

never reaches its destination, or a packet that arrives t00 Iai&n analytical results match the simulation result very closely.
and thus cannot be used to play out the content. It is directly

related to throughput. The initial throughput was given by (19Y. Conclusion
From the back-off algorithm if a packet collides times it is

This paper represents an important advance in the analysis
dropped. Hence, thadjustedthroughputl” is given by: pap P P y

and design of effective ad hoc networks. It also provides an

. significant contribution to the performance analysis of IEEE

r A . (1 _ HC‘ ) 802.11 wireless LANs. A novel queuing theoretic model based
=0

T+ p on the M/IMMGI/1/K queue and parametric service model for

N IEEE 802.11 DCF using RTS/CTS was solved. The results
r — anﬂn (28) are based on the single-hop case. The applications fo_r the

— type of queuing model developed in this work include routing,
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admission control and scheduling. To the best of the authors’
knowledge this is the first comprehensive queuing analysis of
IEEE 802.11 DCF using RTS/CTS that has been well-validatéd
and published in the literature.
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