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Abstract—We analyze the performance of the Dis- function that accurately represent the system behavior
tributed Coordination Function (DCF) for 802.11 WLANs. under realistic assumptions and enable us to thoroughly
We consider a fixed number of contending stations within jnvestigate the system behavior.
radio proximity, and we investigate the important case  The primary 802.11 MAC function is the so-called
in which stations operate under non-satura;ed COI’]dItIO.I’]S. Distributed Coordination Function (DCF). The DCF is
We assume that the MAC queues of wireless stations , \n4om access scheme based on the Carrier Sense
receive from the upper layers a stationary arrival process . . . .
of packets. We identify the fundamental problems that Multiple Access with Collision Avqldance protocol
arise in building an analytical model of the system, and we ((_:SMA/CA)' The DCF has two operating modes: the ba-
propose different approaches to overcome these difficulties. SIC channel access mode and the RTS/CTS (Request-to-
Finally, we apply our modelling technique to study several Send/Clear-To-Send) mode. In the following, we assume
important issues in 802.11 networks, such as the impact of the reader to be familiar with the access procedures of

bursty traffic and the system performance in a multirate the DCF; for the necessary background see, for example,
environment. The accuracy of the analytical results is [1], [4], [5].
verified by simulation with ns-2

Index Terms— Stochastic processes/Queueing theory ~A. Our Contribution
In this work, we present an analytical model of the
802.11 DCF. As discussed in Section I-B, several ana-
. INTRODUCTION lytical studies of the DCF have appeared in the literature

In the last few years, IEEE 802.11 Wireless Locdfl-{16]. Our model differs from previous work in that:
Area Networks (WLANSs) [1] have emerged as a pre(i) it identifies the critical assumptions in the develop-
vailing technology for wireless access. Such a succes$ngnt of analytical models of 802.11 networks;
mainly due to the ability of 802.11 to provide a high(ii) it presents a fairly simple as well as accurate model
speed wireless environment, and to apply to infrastruef the DCF in presence of non-saturated traffic sources;
tured as well as ad hoc networking. Nevertheless, t(i#) it is general enough to account for different arrival
802.11 technology still presents some limitations, amofgocesses and traffic patterns, in particular, it applies to
others, the limited bandwidth of the communicatiofh€ case of bursty traffic like that produced by the TCP
channel and the lack of quality of service (QoS) suppoftotocol;

High data-rates in 802.11 networks are possible but @) it evaluates the system performance in a multirate
the cost of a shorter transmission range, i.e., they can@j&/ironment;

employed only when the distance between transmit@® it applies to the case where a station seizing the
and receiver is sufficiently small. It follows that arfhannel is entitled to transmit a burst of packets, as
efficient sharing of the available bandwidth is of crucidiPecified in the IEEE 802.11e [2];

importance. As for the QoS support, some enhancemetyiy it evaluates several metrics of interest, such as
to the current channel access schemes are under sttftf.network throughput, the packet loss probability, the
In particular, the IEEE 802.11e draft standard [2] ainfdistribution of the MAC queue length at the wireless

at introducing service differentiation at the MAC layeptations, the average packet delay, and the round-trip-
so as to provide the desired QoS level for various clasdéBe (which, together with the packet loss probability, is

of traffic. the main variable affecting transport protocols such as

These facts clearly indicate that the core element EP)-
the 802.11 technology is the MAC protocol, since it
determines the efficiency of using the radio resources a&d Related Work
the network performance. Therefore, it is of fundamental There are several theoretical works investigating the
importance to develop a model of the 802.11 MA@®erformance of the DCF access scheme. In [3], the



authors compute the theoretical upper limit for thare validated by using thes-2 simulatot [18]. In
IEEE 802.11 protocol capacity and optimize the syste8ection IV, we present some applications of our models.
throughput by dynamically tuning the parameter settingore specifically, we consider the cases where stations
of the DCF as traffic conditions vary. In [4], Bianchiuse variable frame sizes, employ multiple transmission
proposes an analytical model, based on Markovian techtes, generate bursty traffic, and have the possibility to
niques, which well represents the behavior of wirelegsansmit bursts of frames, as in IEEE 802.11e. Finally,
stations under saturated conditions. The same model Bagtion V concludes the paper and introduces some
been subsequently refined in many different ways in [Shspects that will be subject of future research.

[10]. In particular, the work in [9] accurately models

the decrease of the stations’ backoff counter, while [10] ||. BASIC MODEL EFOR SATURATED SOURCES

extends the Bianchi's model to compute the averagey, s section we present the basic model describing

service time and jitter experienced by a packet inge phenavior of saturated sources, following the approach
saturated, single-hop network. of [4]. Our main assumptions are as follows:

More recently, research efforts have been devoted to, we consider a fixed number of contending sta-
analyzing the case of non-saturated stations [5], [11]- tions accessing the same wireless channel. These
[16]. An easy way to extend the analysis to the case of gtations may either be associated with the same
non-saturated traffic sources is to consider a system in gccess point, or form an ad-hoc network. Stations

which the number of competing stations slowly varies  gnerate undesaturation conditions, that is, they
over time, and locally apply results obtained under always have data to send.

saturated conditions. The idea is proposed by Foh and || stations are within radio proximity, and there is
Zukerman in [12]. In [13] the authors model exponential 5 hidden terminal problem.

on-off sources using a product-form queuing network, , gtations are equally likely to access the channel; in
while in [5] a processor sharing queueing model with  haricular, there are no seizing effects [5].
state-dependent service rates is used to analyze non; The communication channel is error-free.
persistent sources and compute the average flow transfer

delay. In [15], the authors propose G/G/1 model
representing the queue of an 802.11 station, and de/l%
results for the queue lengths and the channel access delay

under general traffic arrival patterns. Note, however, that, zrre L

the model in [15] considers infinite retrials for a packe s ||| CEEEEEE] | O77 |
transmission, infinite buffers and, more importantly, thatT T T T T T

the behavior of individual stations are independent — an

assumption that, as shown later in this paper, does rﬁﬁi[ 1. Temporal evolution of the occupation of the wireless channel
hold in the case of unsaturated sources. An analytica
fluid model is described in [14], along with a scheduling A schematic representation of the occupation of the
scheme aimed at improving the protocol capacity.  shared medium over time is depicted in Figure 1. The
Finally, relevant to our work is also the study preehannel has three possible statéy:busy channel due
sented in [17], where the authors present a methodoldgya successful transmissioi) busy channel due to a
to estimate the number of competing stations using rueellision caused by more than one station transmitting
time measurements of collision probability. simultaneouslyiii) idle channel. The duration of the
time intervals during which the channel remains in the
three states are denoted By, 7., and o, respectively.
In Figure 1 the time instants at which the channel can
C. Paper Organization change state are pointed to by arrows placed below
the temporal axis. Note thaty corresponds to one

We present the basic model of the DCF for sat$02.11 slot time; at the end of an idle slot, stations can
rated sources in Section II. There, we first descritigcrement their backoff time counters. .
our assumptions and the simplified model of the chap- 1 N€ mtefrnal st;ucrt]ure of; and 7. is |IIusrt]rated n
nel occupation that we consider; then, we present guy@u’€ 2, for both the basic access and the RTS/CTS
Markovian analysis and some numerical results. TH&EChanisms. The duration @t and T, vary depending

case of non-saturated sources is studied in Section IIIlWe corrected some inconsistencies of the the current release of

whe_re two analytical models OT increasing complexXitihe ns-2 simulator [18], namelyns-2.27 with respect to the IEEE
are introduced. The results derived through our modei®.11 specifications [1].

Simplified Description of the Channel Occupation

T,




defining atime stepas the time interval between two

*
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basic ancess . consecutive changes of the channel state; the duration of
L [ om | ew a a time step will vary depending on whether a successful

transmission, a collision, or an idle slot, has occurred.
However, the internal structure @ andT, (see Figure

2) imply that all stations with non-zero backoff always
T, wsl  ers J decrement their counter at the end of each time step (i.e.,
rrsrers at the end of the idle interval of duratiar).

Fig. 2. Internal structure of 4, and a7, interval for the basic ~ We have built a discrete time simulator based on the
access and the RTS/CTS mechanisms above description of the channel state, using@hkan-
guage. The simulator basically maintains for each station

, _ only the value of the backoff counter and the current
on the frame size and on the sending rate of the transmi§ntention window size. Results match very well with

ting station(_s). For simpli_city, in this s_ection we assuMmgs_2 simulations [18], while achieving an impressive
that all stations have a fixed frame size and transmit Beed-up with respect to the detailed event simulation as

the same rate, so thdt andT; are constant. This is notimplemented ims-2 Some numerical results are shown
a limitation, as the analysis can be easily generalized;fpsection 11-C.

consider the case of variable duration (see Section V).
Notice that, differently from [4], we include an addi-
tional slot timeo at the end of each interval as showm. Markovian Analysis

RTS/CTS

*
Tf RTS|SIFS| CTS |SIFS| DATA SIFS| ACK DIFS a
|

z;a&oen sSr?g:i ?riﬁviﬁ?rtii t;?(gzr;t'itg:%oattﬁ?se E:E;r\]/?(')ggnsidering the behavior of a single, tagged station.
) . T . . llowing thi roach, we pr the simple Markov
occurs if a station, who has just transmitted in the curre@f Owing this approach, we propose the simple Marko

interval, extracts a value of zero for the new backo ain depicted in Figure 3.

counter. In this case, a station who has successfully sent a

frame could send a new frame at the time instant marked '@‘

with an asterisk without colliding with other stations,

i.e., successfully with probability one. Recent versions

of the standard [2] have eliminated the occurrence of @

this odd (and unfair) event forcing a station to wait for at

least one time slot between two successive transmissions.

Correspondingly, in our model, no station can start a

transmission at the instants marked with an asterisk; if a

station picks up zero as new backoff counter, its behavior @ @,

is considered the same as if it had extracted a value of

one. We observe that taking precisely into account th&. 3. Markov chain model for saturated sources

occurrence of a station extracting zero backoff would

be excessively complicated in an analytical model, andStates labelled witlh represent the station with back-

the impact of this special case on global performancedf counter equal to zero, i.e., the case where the station

marginal, as we have verified by simulation. actually transmits a frame in the current step. States
The above description of the occupation of the chanrlabelled with B model the station while it decrements

does not sacrifice any important detail of the protocidk backoff counter. States have an index in the range

operation; indeed the main assumption is that all statiofi8...m } representing the “backoff stage”, whereis

synchronize with the channel. Also, it provides a quitdhe maximum retry limitfor the frame to be transmitted.

powerful way to analyze the system performance, sintksing the same notation as in [4], we denotelbythe

one can consider the evolution of the system only at thentention window size at backoff stagjéVe havelV; =

time instants at which the state of the channel changes

(marked by arrows in Figure 1), This can be done by2Note that theime stepof the model is defined as in Section II-A.




TABLE |

be satisfied is given by,
TRANSITION PROBABILITIES OF THE BASIC MODEL

a; =2/W; B =2/(W;—1) _ (W; = H)(W; —2)
TrBi - ﬂ-bz
(50 | 54| P(50,54) [ Condition | 2W;
i | bo —p) @0 <i<m or all values ofi. By doing so, all performance
bi | b (1-p) 0<i< f Il val fi. By d I f
Do (1—p) (I = o) metrics derived with our simplified model coincide
BT e with those obtained with a more precise model of
b | bo @ i=m the backoff counter based on a uniform distribution.
Bo 1 —ao , Thanks to the particular structure of the Markov
B: ?9 fi_ 5 Osism chain, the derivation of the stationary probabilities is

straightforward. Indeed, all probabilities can be easily
expressed as functions af,, and can be computed by
, normalizing the overall sum of probabilities to one.
min (2 CWin, CWmax), where CWhin and CWhax @re  After that, one can compute the probabilitythat a
constant parameters of the MAC protocol. station transmits during a time step, as= 3.7 ..

The transition probabilitied>(s,, s;) from states, to In order to derive theonditional collision probabilityp,
the successor statg, are reported in Table I. The lastwe rely on the fundamental assumption that the state of
column in the Table is a condition on the index of staté@e individual stations are independent. This yields the
s,. To simplify the expression of the transition probafollowing expression,
bilities, we have puty; = 2/W; and 3; = 2/(W; — 1). 1
Note that the factor 2 at the numerator @f and 3; is p=1-(1-1) (1)
due to the fact that picking a value @br 1 has the same  The two unknowns- andp are computed by a simple
effect of starting a new transmission at the beginning férative procedure, as in [4] where it is also shown that
the next interval (see our discussion in Section ll-Ajhe fixed point approximation has a unique solution.
In the expression of the transition probabilities, the only We compute the channel state probabilifigs I1. and
unknown variable (to be computed) is which is the I, which are the probabilities that a generic discrete
collision probability seen by a station transmitting ofime step is occupied by a successful transmission, a

the channel. collision, or an idle slot, respectively, as follows:
Let us denote the stationary distribution of the Markov I, = (1-7)"
chain by = {7}, wheres is a generic state of the 7 1
model. Similarly to the model of Bianchi, we have that Iy = n7(1-7)
T, = p m,_,, for all i > 0. e = 1-1 —1IL
The main differences with respect to previous models Finally, we calculate theggregate packet throughput
for saturated sources are as follows. Tp, which is the main performance figure that can

. - . . - be derived from the model. This is defined as the
(i) In case of collision, a station with probability; = 416 (expressed in packets/s) at which data packets are

2/W; immediately retransmits the frame in they, cessfully transferred by all stations over the wireless
following step, beingl¥; the value of the Updatedchannel. It is given by

contention window.
(i) All states belonging to backoff stageand having Tp — 11, @)

backoff counter greater than one, have been col- I, 7, + 1. T. + 11, o

lapsed in a single statB;. Th's has been done ©yhere the sum at the denominator computes the average

reduce the number of states in view of the model ®Xuration of a time step

tensions described later in the paper. The side-effect '

of this simplification is that the number of steps )

waited while decrementing the backoff counter i§- Numerical Results

modelled as a geometrically distributed random Here we present some results showing the accuracy

variable, instead of a uniformly distributed variableof the simplified representation of the system behavior

However, the transition probabilitied(B;,b;)’s described in Section II-A, as well as of the Markovian

have been chosen in such a way that the stationanyalysis presented in Section |I-B.

probability of the collapsed stateB; are exactly = The parameters of the MAC and physical layers,

the same that would result considering a uniformlynless otherwise specified, are set according to Table Il

distributed backoff, as done in [4]. The condition t@and correspond to default values in the-2 simulator.




TABLE I o1

PARAMETERS SETTING FOR THEMAC AND PHYSICAL LAYERS
SIFS 10 us 001 ¢
DIFS 50 ps o
EIFS 364 us 8 0.001 F
o 20 ps E
BasicRate 2 Mbps 5 0.0001 -
DataRate 11 Mbps E‘ ’
PLCP length 192 bits @ 1 Mbps g i
MAC header (RTS,CTS,ACK,DATA)| (20,14,14,28) bytes @ BasicRate 2 1e05 i
packet payload 1000 bytes !
(CWin, CWmax) (31,1023) 1606 | i
Short Retry Limit 7 i
Long Retry Limit 4 1607 ‘ ‘ ‘ , Smbg
0 10 20 30 40 50 60
Number of Wireless Stations
700 Basic Access CW,1, =33
asIC ACCESS - W imin = Fig. 5. Probability of state$; obtained from the model and the
650 ' 1 simulatorsim
l—E_L 600
5
£ 550
3 I I1l. M ODELING NON-SATURATED SOURCES
s 500
3 45 In this section we describe two different approaches
1% to deal with the more complicated case in which stations
g Aor RTS/CTS- CW,, = 128 1 are not saturated. This means that the transmission queue
350 | mod 1 of a station may become empty, thus the analysis in II-B
300 s X does not apply anymore.
0 5 10 15 2 25 30 3B 40 4 50 We assume that the MAC buffer at the wireless

Number of Wireless Stations stations receive data packets from the upper layers ac-

Fig. 4. Aggregate throughput as a function of the number of wireleg®rding to some stationary, external arrival process with
stations, for basic channel access and RTS/CTS rate A packets/s. For the sake of simplicity, we con-
sider a Poisson arrival process, identical for all stations;
however, our model is general enough to account for
different arrival processes and traffic patterns. We denote
T, = 1339 us for the basic channel access, did— by A = A n the total packet arrival rat(_e at_the stations’
1823 15, T, — 656 s for the RTS/CTS scheme. queue;._The_ MAC buffer at each station is assumed to
be of finite sizeK. Packets that cannot be stored in the
In Figure 4 we compare the packet throughfiut pyffer are immediately discarded upon arrival.
obtained througns-2 the discrete time simulator in- e represent the occupation of the wireless channel
troduced in Section II-A (hereinafter calleslm), and exactly as described before in Section II-A. Based on
the Markovian analysis presented in Section II-B, ifhat, the discrete time simulator of the system already
two different cases. In the first case, all stations empl@¥ed under saturated conditions can be easily extended to
the basic channel access scheme, andmE\is set consider non saturated sources: we simply need to keep
to the default value of31. In the second case, therack of the number of packets stored in the buffer of
RTS/CTS access mechanism is used, andnfaWas each station. During an interval of duratidn an average
been increased ws. Figl_Jre 5 compares the_probabilitynumber/\A of new packets arrive at the MAC queue of
of statesb; obtained bysim and the model, in case ofgach station. In the case of Poisson traffic, this number
the basic channel access. is distributed according to a Poisson distribution with
Results perfectly match for any value of the numbeénean\A, and we can exploit the fact that discrete time
of wireless stations. This confirms th@ the simplified instants delimiting each interval form a renewal process.
description of the channel occupation (see Section II-The only problem to be faced is what happens when a
A) represents correctly the protocol behavidif) the new packet arrives at a previously empty queue, and the
assumptions on which the Markovian analysis is built almckoff counter of the station has been already decre-
correct, especially the hypothesis on the independencynoénted to zero. If the packet arrives when the channel
the stations behavior. Indeed, we have observed that imbusy, or if the channel is not sensed as idle for a
only aggregate metrics likép are correctly estimated, DIFS time, the station has to select a new backoff period.
but also the detailed behavior of a station is accuratelis happens most of the times unless we consider very
predicted. underloaded conditions; thus we make the assumption

Using the values in Table Il, we obtaify = 1283 us,



that stations always select a new backoff period wheraasumption, we can write
packet arrives at an empty queue of a station having zero

! _ -1
backoff. Comparisons witms-2 simulations show that I, = (Q-7)"
the error introduced by this assumption is negligible (see I, = (n-1)7(1-7)"7?
Figure_s 6 and 9), while it greatly simplifies the system I = 1-10, - 1T,
analysis. ' '
Although the extension of the discrete simulator i8S @ special case, ih = 1, we havell;, = 1,

straightforward, the extension of the analysis turns o =1l = 0. N »
to be very difficult, as explained in the rest of the section The whole set of transition probabilities of the Markov

where two different models of increasing complexity arehain is not reported here for the sake of brevity, however
presented. it can be easily derived from the discussion above. Notice

that, based on the considerations done at the end of
Section Ill, in stateby o a new backoff value is selected
A. Model A upon arrival of a new packet.
. . . The conditional collision probability is still given by
As a first attempt, we incorporate in the Markov modeih), if we rely on the independence assumption among

of Section 1I-B the information about the number of,”’. ; X .

. tations. From the solution of the model, obtained with
packets currently stored in the queue of the tagged sia-. : L e

: ) nn . ~a fixed point approximation similar to the one used
tion. The resulting model, named model “A”, comprises

the states belonging to the st , B, ,}, whereb and Under saturated conditions, we obtain many significant
X i : . ; erformance measures. Besides the aggregate throughput
B have the same meaning as explained in Section II-

: . e P (see (2)), the model provides the ent?re distribution of
The two indexed) < ¢ < m and0 < j < K stand for e number of packets queued at a station. We denote by

the backoff stage and the number of packets currer;g}/ h ber of kets in th he di )
stored in the buffer, respectively. Transition probabilitie the number of packets In the queue at the discrete time

can be easily derived from those reported in Table |nstants of the embedded Markov chain, and¥ythe

considering all possible variations in the numbepf NuUMPer of packets in the queue at any time. A key metric

packets that can occur during a time step due to paci{%fhe av_erage_buffer occupandy[N], from W.hiCh one
arrivals and departures at/from the queue. can easily derive the average MAC queueing delay by

We observe that a station transmits a packet in gﬁ)plying Little’s forr_n_ula. Finally, the model provides the
statesh; ;, provided thagi > 1. With probability1 —p, the packet loss probability due to buffer overflow, as well as
transmzié’sion i successf_ul;.thzls: T. and one ]:)’acket the discard probability due to the maximum retry limit.

departs from the queue (the one that is successfutlll}/we show detailed results when= 10 stations, using

transmitted). With probability we have a collision; thus € same parameters as in Tabl_e .” and considering _the
Eeassm channel access scheme. Similar results are obtained

A =T, and no packet leaves the queue, except for sta . .
b,; Where the colliding packet is discarded because t of the RTS/CTS mechanism, and for different values of

maximum number of retransmission attempts has beén
reached. In states; o®> and B; ; the station does not
transmit, thus the duration of the step depends on what ;|
the other stations are doing.

The average probability that a station transmits in
an arbitrary time step is given by

The buffer sizeK is set t020 packets.

E[N]
=

K

: 01 Lot
T = Z T, , ‘
i=0 i=

j=1 400 450 500 550 600 650 700 750 800
Total packet arrival rate, A

We define the probabilitiesl, II, andII/, that a time Fig. 6. Average buffer occupancy as a function of the total packet

step is occupied by a successful transmission, a collisi@nijval rate, forn = 10 stations

or an idle slot, respectively, given that the tagged station

does not transmit. Similarly to the basic model for In Figure 6 we show the average buffer occupancy

saturated sources, we assume that the state of a statid@si@ function ofA, comparing the results obtained with

independent of that of the others. Relying on this criticod A simandns-2 We observe a close match between
sim and ns-2 while mod Asignificantly underestimates

3Actually, there is onlybo,o because it is not possible to have zerdh€ number of packets in . the queue, up t_o the point
packets in states; ;, for all i > 0. A = 663 packets/s, after which the prediction is accurate.



As a consequence, the model overestimates the aggregate 1
throughput (see Figure 7), especially at the knee of

the curve. Also, note that, at the knee of the curve, o1}

the model, as well as theim and thens-2 simulators 5 i
predict a higher value than the saturation throughput 001 |

achieved under the same conditions (which is about

625 packets/s, as shown in Figure 4). This is because, 0.001 L — L
under non-saturated conditions, the collision probability 61t 2 3 4 5 6 7 8 9 10

) : . Number of competing stations, C
is smaller than with saturated sources, thus allowing for Hher o competing staons

higher throughput. As expected, all curves converge kg. 8. Distribution of the numbe€' of competing stations, for
the saturation throughput when we further increase the= 640 andn = 10 stations
arrival rateA.

680 ‘ ‘ ‘ ‘ Figure 9, where we compare the valueiC| obtained
oo | throughmod A simandns-2 asA varies.
e
g_ 640 - v+++ﬂ+' S 10
g 60} ' 9t
£ 8l
g 6wt 7L
g 6t
O
® 580t = 5
b gt
560 mod A 3r
Sim o 2t
540 ‘ ‘ ‘ L 1t
550 600 650 700 750 800 0

500 600 700 800
Total packet arrival rate, A

g
ISge
S
&

Total packet arrival rate, A

Fig. 7. Aggregate throughput of the total packet arrival rate, for
n = 10 stations Fig. 9. Average numbeFE[C] of competing stations as a function
of the total packet arrival rate, for = 10 stations

The error that we encounter in the model is essentially
due to the assumption that the state of individual stationsOQur conclusion is thaan 802.11 network under non-
are independent. This assumption was found to be corréaturated conditions cannot be correctly analyzed relying
under saturated conditions, but cannot be applied @8 the independence assumption among stations
non-saturated stations. To prove this important finding, Interestingly, this conclusion would not apply
we inspect the distribution of the number of competing we had a hypothetical system in which:
stations, which are the stations having at least one packet=Ts = o =1 ms. In this case we have found
in their queue at the beginning of a time step. We dendttat the results derived throughod Aandsim coincide
by C' the number of competing stations at the discreRerfectly for all values ofA, i.e., the assumption of
time instants of the embedded Markov chain, and Bydependence among stations holds. This scenario,
C the number of competing stations at any time. THOWever, is quite unrealistic: small valuescofelatively
probability 5 that the buffer of a tagged station is not0 7. and 7 are needed to obtain small delays and an
empty at the beginning of a step can be easily deriv&fficient utilization of the radio resources.

from the model as, To address the problem above it is necessary to model
the evolution of the number of competing stations; we
UL do this in the following section
¥ =22 (M, +75.,) '
i=0j=1

If stations were independent, we would expect to s€ Model B
a binomial distribution of the number of competing The description of the state of the system can be
stations, with parametergy,n). In Figure 8 we show extended by keeping track of the the number of stations
the distribution ofC derived frommod Aandsim when having non-empty transmission queue. Following this
we fix A to 640 packets/s. approach, we describe in detail the behavior of a tagged
It can be seen that the distribution obtained ¢i;n  station using the same states mwiod A and we add
deviates substantially from a binomial distribution; ino each state of the tagged station an indication of the
particular, the average number of competing stationsiamberk of stations (excluding the tagged one) having
dramatically underestimated by the model, as shownahleast one packet in the queue.



The state space of the resulting model, named modehnd of the total number of competing statiafis'
“B”, is the set{b; ., B; i}, Where the newly intro- )
duced indexkt takes values in the range---n — 1]. I (C, k
The transition probabilities of the model extend those (C,k) = k7(C)[1—7(C)F!
of model “A” considering possible variations in the (k) = 1=Ti,(C,k) —0(C, k)
number £ of competing stations during a time step. e AN “a
Such a number may vary due to the following events: pq 4 special case, i = 0, we havell,(C,0) = 1,
i) one or more of the stations having an empty buf‘fEﬁ (€,0) = T,(C,0) = 0
receive new data to send, thus increasini) one of the SThé last pcara7r11eter ;[hat we need to specify is the
stations having non-empty buffer successfully transmits a

packet leaving an empty queue, thus decreakiogone probability Pr that, upon successful transmission of a

: . acket, a station other than the tagged one finds itself
Notice that these two events can occur simultaneou ;

. . th an empty buffer, thus decreasing the number of
during the successful transmission of a packet.

) o _ competing stations. This quantity turns out to be the
The number of stations that join the competing SGlost critical to estimate by our model, as we do not

during a time step depends on the duratiinof the  ainiain state information about the buffer occupancy
step and on the current value bf During an interval each station. A first approach is to assume hat

o . a
A, a ngtlons queugrfcelves at least one packet Wghpends only on the numbér of competing stations,
probabilityg = 1 — e . The number of stations that

D . . : o d derive this probability from the buffer occupancy
join the set of competing stations is thus distribut obabilities of the tagged station when attempting a
according to a binomial distribution with parameter.

ansmission. This approach is motivated by the fact that

_ _ , a given station is likely to behave similarly to all other
The possible duration& of a time step are relatedcompeting stations. Thus, we write

to the probabilities that the channel is occupied by
a successful transmission, a collision, or an idle slot. ~ Dm0 ey AT
To compute such probabilities, we need to specify the Pp(C) = s oSsE € (3)
probability 7(C') that one of the stations belonging to e
the competing set transmits in a given time step. This éttice that, besides having a single packet in the queue
may include also the tagged station, thus C <n. at the beginning of a transmission interval, no packets
In a generic state of the model, we hade—= k if must arrive during the correspont_;llng step in (;rder to
j =0, whereas' = k+1if j > 0. leave an empty queue (this explains the fgcetot‘f).
. S~ . We have found that the model based on this estimate of
The probabilityr(C), € > 1, is given by the formula: p_ oferred to asnod B’ tends to underestimate the
congestion level of the network, resulting in an average
DHID DHET N buffer occupancy smaller than what is obtained wigh
m K 2 (or sim). The error is shown in Figure 10 for the same
Ty W0 220 2=t Th o T T8 o) case considered in Figure 6, and it is due to additional,

) = L-7(O)f

Qr O O

7(C)=

- ) neglected correlations among the states of competing
If ¢ = 0, we obviously haver(0) = 0. Note that, stations.

differently from the models previously described in the a refined estimate oP; considers this probability de-

paper, the probability-(C') may vary from one state t0 pendent on both the numbérof competing stations and

another, as it depends @n the backoff stage. In particular, a good approximation
The tagged station transmits a packet in all statssobtained assuming that, whenever the tagged station

b; i x, provided thatj > 1. The conditional collision is at backoff stage, the other competing stations are

probability is given by at a backoff stageé that differs from: at most by one,
i.e., |[h —i] < 1. The intuition behind this assumption
p(C)=1- - T(C’)]é_l is that the backoff stage of the tagged station will not

differ significantly from the backoff stage of all other

. - - S competing stations. Under this assumption, we obtain
With probability 1 —p(C’), the transmission is successfulihe refined estimate aPy,

In states); o, and B; ; 1, the station does not transmit,
and the probabilitiesI/(C, k), II.(C, k) andIT’ (C, k) Pu(Ci) — 2o helh—il<1 Tbu s o M5 (4
that the channel is occupied by a successful transmission, Zh:\h4|g1 Zfil T, ey
a collision, or an idle slot, respectively, are functions of
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C. Models Complexity

In this section we briefly discuss the computational
complexity of our models. The number of statesraid
Ais O(mK), wherem is the retransmission limit and’
is the maximum buffer size. The number of statesofd
B (or mod B) is O(mKn), wheren is the total number
of stations. Note that, whilmnod Ais not able to provide
satisfactory results, we have shown thgtn K N) states
are sufficient to obtain very accurate results of detailed
distributions. It is still an open question whether it
would be possible to obtain satisfactory performance

edictions with a reduced number of states.

_ Both mod Aand mod B (or mod B) require a fixed
le')int approximation to converge. In terms of solution

ns-2 simulations for the average buffer occupancy ar%)mplexny,mod Bean be very efficient (a few seconds)

the average number of competing stations, respectivé.,Case of limited numbers _statlons and small buffer
as well as the differences with respectrtmd B’ The sizes, such that the produktn is smaller than, say, one

model is able to compute not only average values, but tﬂléndred' For Ia_rger numbers Of. stations n th_e network
entire distributions of the number of packets in the que Qd/or buffer SIZes, the _analytlcal solution is usually
and of competing stations. Figures 12 and 13 show t tef than as_,lmulathn W|1h§-2 but can be.slovyer than
good agreement among the distributions obtained w e discrete _s!mulat(mm which would be, in this case,
mod B simandns-2for various values of, thus proving the most efficient way to explore the parameter space.
the accuracy of our approach.

300 400 500 600 700 800
Total packet arrival rate, A

8

Fig. 11. Average numbeE[C] of competing stations as a function
of the total packet arrival rate, for = 10 stations

The corresponding model, referred torasd B pro-
vides a better prediction of the system behavior, es
cially for values ofA smaller than the saturation through
put. In Figures 10 and 11 we show the close match wi

IV. APPLICATIONS

Here we present some possible extensions and appli-
cation examples of our analytical models for the study of
some interesting performance issues in 802.11 WLANS.
These examples are intended to show the effectiveness
and flexibility of our modelling approach, not to provide
an exhaustive study of the considered issues.

01} o

pdf

0.01 ¢

0.001 A. Variable Frame Sizes
01234567 891011121314151617181920
Number of packetsin the queue, N The extension of the model to the case of variable
Fig. 12. Queue length distributions obtained for= 10 stations, frame size is rather straightforward, provided that we

A = 640 and 720 packets/s know the distribution of the payload size of the packets
received from the upper layers. Indeed, we simply have
to compute the mean value of the duration of a successful

40r, equivalently, they are functions &fandj. interval, 7,, and of a collision intervalZ,, and use
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these values in place of the constant valdlgsand 7. values of the aggregate arrival rate comparing results
introduced in Section II-A. The only difficulty is in of mod B and ns-2 We observe that, for the same
the computation off,, where we need to account foraggregate arrival rate of packets, the impact of the batch
the longest packet payload involved in a collision. Asize can be huge, especially Af is far away from the
suggested in [4], one can neglect the probability of threaturation throughput. Below saturation, the burstiness
or more packets simultaneously colliding, with marginalramatically increases the average queue length, while
impact on results, and derive a simple expressioff,of the opposite is true above saturation, as typically happens
in most queuing systems. The agreement of analytical
and simulation results is excellent.

i ) The model is also able to compute the average packet
So far we have considered only the case of Poisspjag probability. In our systems, packets are dropped

packet arrivals at the stations’ MAC buffers. Howevepiiher because of buffer overflow at the MAC layer,
our model can account for a general arrival process gf pecause of exceeded retransmission limit. In our
packets, provided that we can characterize the distritysanario, the impact of the second event is negligible
tion of the number of packets that arrive during eagjit respect to the first one. In Figure 15 we show the

channel occupation interval. total packet loss probability as a function of the batch

While a Poisson process is suitable to describing,e x for the same values of considered in Figure
streaming traffic carried by UDP, such as voice a co'mparing results ofod Band ns-2 Again, our

video, it is not adequate to repres_ent bursty tra_ffic like t%alytical predictions are quite accurate.
one produced by TCP, or sporadic on-off traffic sources.
One simple way to extend the model to more general
traffic patterns is to assume a Poisson batched arrival pro-2
cess, in which groups of packets arrive simultaneously atg
the buffer. This process has been found to characterizez ~ %% ¢
very well the burstiness produced by window-based
protocols such as TCP [19]. For simplicity, here we
assume a constant batch siXe and we varyX to see
what is the impact of different levels of burstiness on
the performance of the 802.11 DCF. The caseXof 1
corresponds to a standard Poisson process. The arrival
rate of batches i3, = A\/X, and the number of batches
that arrive during a generic interval has a Poisson Fig. 15. Total packet loss probability as a function of the batch size,
. . . whenn = 5, K = 40, and for different values ol
distribution with meam,A.

We consider the basic access scheme with the usu

B. Impact of Bursty Traffic

0.1

0.001 ¢

Average Packet Loss

0.0001 ¢

0 2 4 6 8 10 12 14 16
Batch size

. . 6\Il\/e remark that our model is able to compute the
parameters as in Table Il, and we assuine 5 stations .

. . ) fundamental parameters that drive the performance of
equipped with MAC buffers of siz& = 40. Under these TCP: th ket | babili dthe RTT. In f h
conditions, the saturation throughput of the network js . (e packet Joss pro a Hity an the N act,t' ©
2bOUt663 ’ackets/s variable part of the RTT is essentially due to queueing

P ' delay at the MAC level, which can be immediately com-

puted from the already obtained average queue length.

25

Therefore (assuming that the wireless network is the
g 2} bottleneck), our model could be coupled in closed loop
5 with an analytical model of TCP to compute the arrival
3 O rate of packets and modified traffic burstiness in reaction
% 10k to losses and delays.
]
I 5t
C. Impact of Batch Services
%0 Through our approach, we can also evaluate the ef-
Batch size fectiveness of some techniques that have been proposed
Fig. 14. Average queue length as a function of the batch size, whith r?duce Chann?' access delay in 802.11 networks. In
n =5, K = 40, and for different values oA particular, according to the IEEE 802.11e draft standard,

a station successfully accessing the channel is allowed to
In Figure 14 we show the average buffer occupansgnd up talM frames, withid > 1, thereby reducing the
E[N] as a function of the batch siz&, for different delay arising from the channel access and improving the



11

efficiency of resource utilization. This behavior can be
regarded as batch services in the queue of a station, i.e.,

the dual of the batch arrival process examined in the pre- M

vious section. Our model has all information to account

for batch services, as it maintains the number of packeis. 17. StationA can send directly t@® using2 Mb/s data rate,
waiting for transmission in the queue. Notice howevéF pass traffic through statio@ by two hops atl1 Mb/s data rate
that, since more than one frame can be sent during a

successful transmission, it is necessary to recompute the

average duration of.. Finally, we could consider the These results allow us also to address an interesting
joint impact of batch arrivals and batch services. issue that emerges in multirate environments where sta-

tions can relay traffic on behalf of others. In 802.11
_ _ networks, stations transmitting at higher rate have a
D. Multirate Environments shorter radio range. Thus, the following question arises

The 802.11b standard allows stations to send tk&ll: Is it preferable (in terms of overall network per-
payload of data frames at four different bit rates, namefgrmance) that a station reaches its destination by a
1, 2, 5.5, and 11 Mb/s. In this section we explore théingle hop atow rate or by two hops ahigh rate? This
impact on overall network performance of a mixture dlilemma is illustrated in Figure 17, and can appear in
ny stations operating atigh (11 Mb/s) rate, andn;, both infrastructure-based [22] and pure ad-hoc wireless
stations transmitting atow (2 Mb/s) rate. (A similar Networks [21].
network scenario was studied in [20], in the case of anThe problem is that, while high-data rates improve

infrastructured network.) The numberstill denotes the Network utilization, more traffic has to be sent in case
total number of stations, whilg = n,/n is the fraction Of multihop communications. Recall that we assume that

of low-rate stations. only one successful transmission can happen at a time

We extend our model to such multirate environmeffroughout the network. If distant stations decide to
by computing the average duration of a successful @perate at low rate, the average goodput (traffic delivered
collision interval, similarly to the case of variable framé0 the destination) per station i, /», and it is fairly
sizes (Section IV-A). We start analyzing saturated cofhe same for all statl_ons. If distant statlon_s (_jeC|de to
ditions, fixingn = 20 and varying the number of low- US€ two hops, all stations send1dt Mb/s achieving an
rate stations. Parameters are set as in Table I, but @¢rall throughputZ; > T}, but the average goodput
consider different values of payload size (the same for 8§ station isl; (1 — f)/n, because we have to discount
stations), as this parameter has an important impact thg additional traffic sent by distant stations in their first
results. Figure 16 reports the aggregate data throughp@P- Looking at Figure 16, we observe that the best
T, in bit/s for both the basic access and RTS/CT&hoice jointly depends on payload size, fraction of low-
scheme. We observe the throughput degradation with flie stations, and access scheme. For example, in case
increase of the number of low-rate stations, the mofé 500 bytes payload, two-hops are better upto= 10

significant the larger the size of data packets used. for the basic access scheme, but onlysfgr= 1 in case
of the RTS/CTS scheme.

Similar problems can be studied also under non-

S " . :
ns- 1500 bytos @ ns- 1500 bytes = saturated conditions. In thls case, we assume that th'e

5 e L4 sy M IO network has spare capacity to accommodate the addi-
ns- 250 bytes ns- 250 bytes

tional traffic due to multihops, and we want to minimize
the average delay to reach the destination. As the general
problem is quite complex, we look at preliminary results
obtained in one particular scenario. We considgrfast
stations, which can transmit at 11 Mb/s because either
they are close enough to the intended destination or they
can use a nearby relay to forward packets toward the
destination, and:z, slow stations which opt for sending
0 2 466101214161820 0 24 6 8101214161820 data at low-rate, directly to their destination. We set
Number of stations at 2 Mb/s, n; Number of stations at 2 Mb/s, n the payload Size tCSOO byteS and the bUffer Sizé(
Fig. 16. Total data throughput as a function of the number of statiof@ 20; furthermore, we assume that all stations generate
operating ak Mby/s, in case of = 20, using different payload sizes, their own traffic at50 packets/s, according to a Poisson
for the basic access (left plot) and RTS/CTS scheme (right plot) process.

Figure 18 reports the mean channel access delay of

Total data throughput, Th(Mb/s)
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a station, computed as the average queueing delay of3 F. Cal, M. Conti, and E. Gregori, “Dynamic Tuning of the IEEE
packet in the MAC buffer, as a function of the number
ny Of high-rate stations, and for different numbers
ny, of (additional) low-rate stations. Note that packet%]
generated by sources that use a relay (i.e., a two-hop
path) have to access the channel twice, thus experiencin

(on average) double the delay predicted in a single[-5?

hop network where all stations operate &t Mb/s.

Nevertheless, Figure 18 shows that, in general, the use
of multihop communications is to be preferred. Indeedis]
the presence of just a few low-rate stations degrades

performance dramatically, because delays increase con-

siderably, and fewer high-rate stations can coexist befoig

buffers saturate and start dropping packets.

mod A
ns-n =0 o &
ns-n=1 =
@ ns-n=2 o
E 10fps.n=3 o ¢
2 ns-n =4 2 /
3 |
© i
=2} o
= i
Eo] N i
o)
& 10 ¢ a .
& L)
g T W
zZ ﬁ;-,o, G Sy
[ I
=]
1 oo = = E
01234567 891011121314151617181920

Number of stations at 11 Mb/s, n

[10]

[11]

[12]

Fig. 18. Average queueing delay as a function of the number Bl

stations operating at1l Mb/s and different numbers of (additional)

stations a2 Mb/s, in the case of 500 bytes payload and basic access

scheme

V. CONCLUSIONS ANDFUTURE WORK

[14]

In this paper we identified the critical assumptiong5]
to develop analytical models for 802.11 WLANSs, both

under saturated and non-saturated conditions. Our m

and multirate environments.
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