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Abstract— We consider a single-hop wireless network con- instance the medium becomes busy the timer is frozen, asd it i
sisting of o - N sources, wherea > 1 is a scaling factor. decremented when the medium becomes free again for a DIFS
These sources are randomly distributed around a single base ime \when the timer reaches zero the frame is transmitted.
station/access-point and utilize the IEEE 802.11 standardor A collisi hich h .
medium access control. The transmission speed of each node collision (w '_C Ogcursw en two or more stations trans-
C, the minimum contention window CWi.;., and the maximum Mit at the same time) is detected through the lack of an ACK.
contention window CW,,.., are all multiplied by the scaling If a collision occurs the station backs-off again; the back-
factor a. Further, all protocol time-intervals are multiplied by  off timer is now uniformly distributed in0...2C Wi — 1}.

1
o ) : And, in general, after thé'” < m consecutive unsuccess-
We show that as the scaling factora increases, the packet 9

delays become independent ofy, and therefore, of the number ful attempt the back-off timer is uniformly_ distr@buted in
of sources (- N) sharing the wireless channel. At the same time, 10---2'CWnin — 1}, whereas fori > m it is uniformly
the user’s perceived throughput and drop ratio remain almos distributed in {0...2"CW,,.;, — 1}. The valueCW,,q, =
invariant. 2" CWoin IS calledmaximum contention window. The maxi-

Trt]jsarleist’lL:griassp02;;?tlycgatrﬁ]e?éitl!](zi{?ilggttel‘:zsé’e ?Lgfi';g of gﬁf}; mum value ofi is equal to the Long Retransmit Limit if the
Braa:;rketers that we should air);l to (simultaneously) scale?ltﬂure RTS-CTS (Ready-To-Send-CI_ear_—T(_)-_Send) option s use(_j, or
versions of the IEEE 802.11 protocol (or in new protocols tha €dual to the Short Retransmit Limit if the RTS-CTS option
utilize similar ideas), so that the system can support a veryarge iS not used. Afteri reaches its maximum value the frame is
number of users, while continuing to deliver to each user atdast dropped.!
as good performance as before. In this paper we consider a wireless network consisting of

Index Terms—IEEE 802.11 networks, Performance-preserving aN sources, where: > 1 is a scaling factor. The sources are
scaling laws. distributed around a single base-station/access-paihutiize
the IEEE 802.11 standard for medium access control. The
sources generate traffic destined to the base station aegord
to some arbitrary arrival process. We consider the single-h

The IEEE 802.11 MAC protocol [1] has gained widespreaghse, where the base station is within the transmissionerang
popularity and has been adopted as the de-facto layer 2-praspeach sourceg(g., such as in the popular Wi-Fi WLANS).
col for wireless local area networks (WLANS). Because of itsurther, for ease of exposition, in this paper we also assume
popularity, there has been a large body of work focusing @Rat each source is within the range of every other source, so
its analytical modelinge.g. [2], [3], [4], [5], simulation study, that a transmission can be sensed by all stations. (The same
e.g. [6], [7], and measurement-based performance evaluatiggsults hold even if this is not the case, and will be publishe
eg. [8], [9], [10]. in a longer version of the paper.)

We summarize the protocol's main functionality. Time is We scale the transmission speed of each sodfcehe
slotted with the duration of each slot equal to a constantejal minimum contention windowCW,,,;,,, and the maximum
which we will be calling SlotTime. A station that wants tocontention window CW,,.., by the factor a. In other
transmit a frame first senses the medium. If the medium is idigords, C, CW, .., and CW,,,... becomeaC, «CW,in, and
the station waits for a time interval called DIFS (Distribdt aCW,.. Further, we also scale all protocol time-intervals,
Inter-Frame Space) and senses again. If the medium is feeejte. the SIFS and DIFS durations, and the SlotTime value,
frame is transmitted. If the receiver gets the frame colyact py é 2 We show that as the scaling facter increases
sends an acknowledgment (ACK) to the sender after a Slke packet delays initially decrease and then quickly becom
(Short Inter-Frame Space) time interval. independent ofy, and therefore, of the factor by which the

If the medium is found to be busy at any time instance thatimber of sources that share the wireless channel increases
a station wishes to transmit, a back-off procedure is indoke
When invoked, the station waits until the medium is free 1Not_e that when the RTS-CTS option is used, a stationA th'altetsistb transmit a

. . . ._frame first sends an RTS (Ready-to-Send) message to theat@sti in order to reserve
for a DIFS time and starts a random timer uniformly diSme channel. The transmission of the actual frame starts e station under study
tributed betweer{O...CWmm _ 1} time-slots. The parameterreceive§ a CTS (Clgar»to—lSend) message from the destinatioder this scheme, the

. .. . : . . vast majority of collisions involve RTS frames and not atu@ta frames.
CWiin is called minimum contention window. The timer is 2Note that usually DIFS= SIFS+ 2SlotTime, in which case we only need
decremented as long as the medium is free. If at any timescale the SIFS and the SlotTime durations.

I. INTRODUCTION



At the same time, the user’s perceived throughput and dropdes, and not on asymptotic results. And, we study this in a
ratio remain almost invariant. Besides the theoreticariemt, realistic manner, by considering all aspects of the IEEEBD2

a main practical contribution of this result is that it clgar MAC protocol.

identifies the set of the system’s parameters that we shauld a

to (simultaneously) scale in future versions of the IEEE.&Q02 I1l. THE SATURATED CASE

protocol (or in new protocols that utilize similar ideas),that In the analysis that follows we use the subscripon the

the _sys_tem can _support a very large number of users W'\')grious parameters of interest, in order to denote thatethes

continuing to deliver to each user at least as good perfotean yeqnond to am-scaled system. We first assume that each

as before. . . _station has always a frame available for transmission, that
The rest of the paper is organized as follows. In Sectiq@ \ve first consider the saturated case scenario. We start

Il we briefly discuss related work. In Section II_I we studyDy studying how the average contention window and the

how the system behaves under the aforementioned Scal'ﬁﬂ)bability that there is a collision, vary with.

assuming a saturated scenario, where each source always has

a packet/frame to send. We waive this assumption in Section , , . .

IV, and present simulation results in Section V to verify ouf Average contention window and collision probability
aCWax CWiaas

theoretical arguments. Conclusions along with a discassio  Let m,, = log, ( Sap™e | = log, ( &yp2e ) = m1. Given
the applicability of the results, and future work direc8on that a station has a frame to transmit it can be easily shown,

follow in Section VI. e.g. see [3], that its average contention window size at some
arbitrary time is:
Il. RELATED WORK T 1= Pa — pa(20a)™ aCWiin "
The idea of scaling a network in a manner that performance ¢ 1—2p, 2 ’

is. pr.eserved has been extensively studied for the casejfere pe is the probability that the station under study
wireline networks that resemble the Internet. For examplgyperiences a collision when it attempts to transmit a frame
Psounis et al. [11], [12] have introduced a method called The probability that a station transmits in some time-siot ¢
SHRINK that_cregte_s_a slower version of the original networﬂfe approximated byl [3], [4]. And therefore, the collision
and can predict significant performance measures by OWEEIVjopapility, which is the probability that at least one athe

the slower replica. Further, Papadopoulos et al. [13] ha¥eiion transmits in the same time-slot, is given by:
introduced two methods called DSCALEd and DSCALEs

that perform topological downscaling by retaining only the

: o 1
congested links of the original network, and extrapolae th Po=1—(1 - =)2N"1
performance of the downscaled network to that of the larger Wa
1 —2p, 2 N1
Internet. =1-(1 7 (@)

In the context ofwireless networks, to our best knowl- 1= pa = pa(2pa)™e aCWin

edge, the only relevant to this studies are the recent ovelsereaN is the total number of sources sharing the channel,

by Papadopoulos et al. [14], and by Naik et al. [15]. las mentioned earlier. We are now ready to state our first

[14] it has been shown that it is possible to predict the fulheorem.

behavior of an arbitrary mobile ad hoc network deployed in Theorem 1: Under the scaling we perform the collision

an outdoor environment at one spatial scale, by a suitalgyobability is approximately independent af that is,p, =~

scaled replica consisting of theame number of nodes but p;, andW,, ~ aWV;.

deployed in an outdoor environment at another spatial scale Proof: First, recall thatm, = m,. Equation (2) can be

This is accomplished by preserving the link statistics. An@pproximated by:

[15] does the same for static ad hoc networks operating in

indoor environments. In this paper, we investigate whether 1—2pa 2

performance can be preserved whtaling (e.g. increasing) Po ~ 1 —exp <_(O‘N - 1)1 Do — Pa(2pa)™ ACWim )

the number of nodes of the wireless network. oo e e
:1_exp(_(aN—1) 1—2p, 2 )

Another somewhat relevant body of work focuses on find-
ing the maximum achievable throughput and characterizing
capacity-delay tradeoffs and connectivity in wireless agd h ~1—exp <_ N 1 — 2pa 2 )
networks as the number of nodes increaseg, see [16], 1 = pa — pa(2pa)™ CWiin

[17], [18], and references therein. These studies are pifima From the above relation we can deduce that~ p;, and
interested in the asymptotic behavior of the system and@&ertherefore, from Equation (1), that, ~ aW;. 3
analytical results usually under quite simplified modelstfe

MAC protocoL As mentioned earlier, here we Study WhetheraNotice that we have used the fact tat — =) & exp(—kz), which is accurate
’ if k is not too small andr is not too large. In our casé; corresponds taxN — 1,

. . f
performance can be preserved while Increasing the numbﬁrzh is not small if theproduct e N is not small. Therefore, this requirement is satisfied

of nodes in a wireless network by appropriate|y scaling thgeen fora = 1 as long asV — 1 is not too small. As we will demonstrate in Section
s ’ . Lo V via simulations, anN > 4 is sufficient for these approximations to take place.
SyStem S parameters. Further, we are p”mar”y interested Further,z corresponds towlz < 1 . Since, by the protocol's specifications,

aCWoip

the exact network behavior as a function of the number ofv,,;, = 31 [1], = < 1~ 2, which is small as required, even for = 1.

« 1—pa— pa(2pa)m1 CWinin




B BO, be the random variable that represents the number of

The intuition behind Theorem 1 is that while the numbédrack-off slots a station needs to count down before its frame
of competing stations increases by a facigithe probability is successfully transmitted. Further, denoteTtfy the service
that each station transmits at some arbitrary slot decsdage time of a frame given that there wede collisions (of this
a factora (due to the scaling we perform to the maximum anffame), and assume for now that there are no events thatfreez
minimum contention window sizes), thus leaving the cdilisi the back-off counter.
probability almost unaltered. However, as we will see next, Since we are assuming a saturated scenario, a station will
while the transmission probability decreases, the scalieg sense the medium to be busy in its first transmission attempt
perform to the protocol’s time-intervals ensures that tttei@ and will set its back-off timer (after a DIESinterval) to
time duration until a station successfully transmits i@mnfe, BO, = X! time-slots. When the back-off timer reaches zero
remains virtually unchanged. the station will successfully transmit the frame with prbitity
1—po = 1—p;1 (as the collision probability is,, ~ p1). Hence,
with probability 1 — p;, T? = DIFS, + X! x (SlotTime,) +
Tfreme_|f there is a collision and the node successfully trans-

We are now ready to study how the service time of a framits its frame on its second attempt (an event with probigbili
behaves as a function of the scaling factoiThe frame service |, (1 _,)) thenBO, = X1+ X2, and hencd’! = DIFS, +

time is defined as the time elapsed from the moment thgtl . (S|otTime,) + TCOLL 4 X2 x (SlotTime,) + T/rome,
the frame becomes the Head-of-Line frame in the interfaggq, in general, if there aré collisions before a successful
t_rans_mlssmn queue (i.e. it is ready for transmlssmn_ f& thransmission (an event that occurs with probabjby1 —p; ),
first time), until it is successfully received by the destioa. 7k _ DIFSa—l—Z’.”ll Xi x (SlotTime,) +kTCOLL T frame,
As we can deduce from the description of the MAC protocotice that the random variable§’, andaX? have the same

in the previous section, there are four components coigu isyribution. Hence, it is easy to see tHf can be written as
to the service time of a frame: (i) The total number of backg|iows:

off slots the station has to wait before its frame is sucegiysf
transmitted, (ii) the total amount of time the back-off ctem

B. Frame Service Time

. . k+1 COLL frame
DIFS . i kT T
of the _stgtmn under study_ is kept frozen because Qf fra % _ 1 +ZX1 x (SlotTime ) + ~-1 44 .
transmissions and/or collisions among the other statibas t o — a
share the channel, (iii) the total amount of time lost due to b (3)

collisions of the frame under study, and (iv) the time neede@t K., be the maximum number of collisions allowed by
to transmit the frame under study. For ease of exposition, W protocol before a frame is droppeeg( as defined by
first analyze the frame service time ignoring the amount @ie Long Retransmit Limit, as explained earlier). The frame
time that the back-off counter is kept frozen. We denote thigrvice timeT,, (which ignores events that freeze the back-off
time duration byT,,. Then, we compute the time duration thatimer) is therefore given by:

the timer is kept frozen, which we denote #y/, and add it

to T, to get the total frame service tin#€!°!. Our analysis is Kmaz
inspired by the analysis in [3] and [4]. To= > Tipf(1—p1). 4)
For simplicity, let's assume a constant frame length, and k=0

denote the (successful) frame transmission time in-@caled Notice thatk,,.. is not scaled by our operations in any way.
system byI’J7@™¢, Note that this time also includes the timéWVe can now state our second theorem.
needed to reserve the channel in the case where the RTSFheorem 2: Under the scaling we perform, and ignoring
CTS mechanism is used, as well as the time to receive ewents that freeze the back-off counter, the frame seriroe t
ACK from the receiver. In other wordg,/"em¢ = TETS 1 jnitially decreases as we increase and then its distribution
TETS yTdframe 4 SIFS, + TACK, whereT TS /TSTS isthe  converges to a limiting distribution that does not depend on
time required to transmit an RTS/CTS message imvataled «. 4
system, e js the time needed to transmit the actual data  Proof: From Equation (3) we can see that@sncreases
frame, TACK is the required time to transmit an ACK, andr’* decreases for alk. Therefore, by Equation (4),, also
SIFS, is the SIFS duration. Also, let's denote the duration afecreases. Further, as— oo, T — -1 Xi x (SlotTime),
a collision byT¢9LL. According to the protocoll[{9“L = j.e. becomes independentaeffor all k, and thereforeT, also
DIFS,+T 575, In situations where RTS-CTS messages are ngécomes independent af |
used,Tfr*me = Tdreme 4 SIFS, + TZ°K, and the duration  Now let's account for events that freeze the back-off counte
of a collision is simply given by {9l = DIFS, + T#™@™me.  As mentioned before, each station senses the medium in each
Before proceeding, recall that we scale all protocol timgme-slot. If other stations transmit in the same time-@ither
intervals by 1. This means that DIFS = 251 SIFS, = successfully or unsuccessfully) the back-off counter a th
SFS "and SlotTimg = S'OtTT'mel- Further, we also scale thestation under study is kept frozen. We are interested indtae t
transmission speed’( of each node byx. Therefore, it is time durationT?/ that the timer is kept frozen between two

.. Tfranle TCOLL
easy to see thaf/ ¢ = Z—— and 7Ot = 21—, \
i H H ; ia_ 'When we say that a (positive) random variaBleis smaller compared to a (positive)
Let X/ denote a random variable that is uniformly dis; /=0t 2 S oan e o e o o e

tributed in {0...2iaCWmm -1} = {0...2iaCWmm}, and let constants > 0.



successful transmissions in anscaled system. This quantity
can be written as follows:

1
Tt — Z El[colli]TlcOLL
i=1

BO,, aBO;
Toh = > e IO + > él[tmnsi] (T{"" + DIFS;)
i=1 i=1
BO,, ' BO;—1 aita
+ Z l[transi](T({Tame + DIFSa)a (5) = Z TFOLLl Z 1[C0llj])
i1 i=0 @ Jj=ai+1
BO;1—1 alta

where BO,, is the back-off counter between two successful frame 1
transmissions of the station under study as defined eaatier, * ; o * DIFSl)a j:%;l Ltrans;])
Lot/ 1 trans,) @re indicator functions, which are if there BOL—1 BOy—1

was respectively a collision/transmission in slodue to the - COLL ¢ frame sc
otheraN — 1 stations that compete for the channel, and zero ™ ; I nt Z (T +DIFS)ar",  (6)
otherwise. The probabilityS, that there is a collision in some =

time-slot among these other stations, is just the prolipbilivhere the last approximation holds for sufficiently largdy
that two or more of these stations attempt a transmissiontie Law of Large Numbers, wheré (Zﬂ“j&fﬂ 1[CO”J_]) —
is easy to see that this probability can be expressed as:

=0

qf, and < (Z;’;Zj“ﬂ 1[tmn5j]) — gi°. (Note that the conver-
gence here is expected to occur in practice for small valfies o
1 AN — 1 1 a, as the.events of collisions or successful transmissions on
€ =1-—(1-=—)"N"1_ — —(1-=—)2N"2 different time-slots are loosely correlated due the proitsc
Wa Wa Wa back-off mechanism.) We can now state the following thegrem
whose proof follows immediately from the above arguments.
where the second and third term on the right hand side of theTheorem 3: Under the scaling we perform the total time
relation are respectively the probabilities that no otiatien  duration that the timer is kept frozen between two succéssfu
and exactly one other station transmit in some time-slot. Asainsmissions is approximately independentof
before (and recalling thalV,, ~ all1), we can make the  gince the total service time of a frame in arscaled system
following approximations: is Tt =T, + T (whereT, as given by Equation (4) and
TY as given by Equation (6)), we can state the following
corollary for Tt

c aN —1 aN —1 aN —2 Corollary 1: Under the scaling we perform, as the scaling
Go ~ 1 —exp | = w. ) W P\ T factor o increases, the frame service tifig" first decreases,
N N N and then its distribution converges to a distribution that i
~1—ex e — ——€X e ~ q5. i
p ( W1) W p ( W1) a1 independent ofv.

The above suggests that the collision probability among tee yser throughput and drop ratio

other a/N — 1 stations is approximately independent of the

scaling factora. The intuition behind this is the same as the Since the collision probability is approximately indepent
one for Theorem 1. And, the same holds for the probabili§f the scaling factora, and considering the fact that the
¢ that there is a successful transmission among the otfig@ximum number of allowed collisionsk(,...) before a

aN — 1 stations, which is just the probability that exactly oné/ame is dropped is not altered by the scaling we perform,
of these stations transmits: we expect the frame drop ratio to remain almost invariant as

we vary «. Further, since the frame drop ratio and service
time are both independent af, so is the user’'s perceived

throughput.
. aN-1 1 ny aN-—1 aN —2 ghp
= —(1- =) N ———exp| ————
Wa Wa We We
N < N > e IV. THE NON SATURATED CASE
N — eXp Rl ~ ql .
Wi Wi

We now assume that frames arrive at the interface transmis-
o S sion queue of each source in anscaled system, according
Further, from our earlier discussion it is easy to Seem to some arbitrary arrival process at a rate )oframes per

andaBO; have thefiame distribution. Also, sin@§ “*" = ynjt of time. The average frame arrival rate per station per
L=, rfrome = i and DIFS, = 2FS Equation (5) time-slot in ana-scaled system is thereforeSlotTime, =

«@ .
can be written as follows: )\S""T%, and the aggregate arrival rate (from all stations) is



Aot = aN/\% = NSlotTime = \!°* (i.e. independent therefore, that Equation (6) holds here as well. Thus, we can

of a). ® conclude that all theorems and corollaries that we havedtat
Now, assume that there are no frame collisions, an@|et for the saturated case, hold for the non-saturated caselhs we

be the service rate of amscaled system, i.e. the total numbem addition, for the non-saturated case, we can also state th

of frames that the system can transmit per unit of time. Siné&lowing lemma:

we scale the transmission speed of every node in the system byemma 1. Under the scaling we perform, as the scaling

«, and the SIFS and DIFS durations %y we are essentially factor o increases, the queueing delay of a frame (i.e. its

speeding up the service rate of the system by the faetor waiting time in the interface transmission queue) iniiall

Therefore,C, = aC;. The total number of frames that andecreases and then its distribution converges to a dititsibu

a-scaled system can transmit per time-slof’, is /" = that is independent of.

C,SlotTime, = aCy 30TMa. — et (je. also independent of Proof: Since the frame arrival process at each station

a.) remains the same as we scale the system, and the frame service
Accounting for collisions, theeffective service rate (per time initially decreases, the queueing delay also decsease

time-slot) of ana-scaled system ig’°*“// = (1 — p,)ul® =  Since the frame service time distribution becomes independ

(1 — pa)pi*, wherep, denotes the collision probability asof «, the queueing delay distribution also becomes indepen-

before. An arriving frame is backlogged if at the instandent of . [ ]

of arrival the system is non-empty. The probability that the

system is empty when an arbitrary arrival occurs is: V. SIMULATIONS

/\tot /\tot . . . .
a0 =] _Ja  _q_ 1 ' In this section we perform experiments with the ns-2
“ uffteff (1 = pa) it simulator [19] in order to verify our theoretical arguments
Therefore, an arbitrary arriving frame is transmitted imme N€ NS-2 simulator provides one of the most accurate IEEE

diately (after a DIFS time interval) with probabilityz?, in 802.11 MAC layer implementations [19], and it is perhaps
which case the contention window sizetisand with proba- the most popular simulator for wireless network perfornganc

bility 1— 72 it is backlogged, in which case the correspondingvaluation.

average contention window is given by Equation (1). Thus, th We consider two scenarios that yield a qualitatively défar
average contention window size is now given by: behavior. In both scenarios, packets are generated at each

source according to a Poisson process and are destined to the
base station. (Similar results hold for any other packevalrr
) 5 process.) In the first scenario, the packet arrival/gemarat
tor Pa - ‘ rate at each source i)0packets/sec. This corresponds to a
Al 1 = Pa = Pa(2pa)™ aCWinin _ scenario where there is high contention. In the second sicena
(1 = pa)pi™ 1= 2pq 2 this rate is67packets/sec. This corresponds to a scenario
And, the collision probability is: where there is low contention. In both cases the packet size i
256bytes. The initial number of sources/station$vis= 4, and
1 N1 we show results fod, 8, 16, 32, 64 and 128 sources, i.e. when
Pa=1-(1- ﬁ) a = 1,2,4,8,16 and 32 respectively. In both scenarios we
2(1 — 2pa)(1 — pa)pilet “ scale the system’s parameters as de_scribed before. ('Itm ini
— ol yoeN =1 values for the system'’s parameters, i.e. before performirg
ACWonin(1 = pa — pa(2pa)™ )N scaling, are the ones used by default in the ns-2 simulator.)
By performing the same approximations as in the saturatedrigure 1 refers to the first scenario and shows how the
case scenario, it is easy to show again fhat p, andW, ~ packet drop ratio, the source throughput, and the average
aW;. Notice that this also means that**// = ,{”“/7 and packet delay (includingooth queueing and service time),

mo = m}. Further, it is also easy to see (given the descriptigfehave as we vary the number of sources. Figure 2 does the
of the MAC protocol in Section 1) that Equation (4) nowsame for the second scenario.

T 1- a_a2o¢ma Cszn

=1-(

becomes: From Figure 1 we observe that the system’s performance
remains almost invariant as the number of sources increases
T/rame  pIES, Kmaz And, this is the case for all performance metrics we con-
T, = mf(— + )+(1=md) | > Thpi(1—p1) |, sider, even for small values af. This is expected for the
@ @ k=0 drop ratio, and hence for the source’s throughput, accgrdin

(") : : )
whereT* is given by Equation (3), as before. In addition, atSo our earlier theoretical arguments. Notice that &nas

with we can show again thaf =~ ¢ anda*¢ ~ ¢5¢. and Small as4 is sufficient to invoke the approximations of
Pos 9 ah~aq Qo =01 Theorem 1. (Also, notice that since the drop ratio is around
SNotice that we assume homogeneous sources, i.e. sourdesheisame 547, the source’s throughput is around its expected value,
arrival rate A. In the case of non-homogeneous sources, if the arrival ragghich is 100packets/sex 256bytes/packek (1 — 0.34) =~
of each source when = 1is ;, i € (1...N), the aggregate arrival rate 1 7)pytes/sec.) The reason that the delay remains almost

is Atet = S°N A, SlotTime;. To have At = Al°f, we can assume, for . . \ . o
example, that the number of sources of each patés scaled bya, Vi €  Invariant for even smally’'s as well, is because there is high

(1...N). contention. In this case, since the collision probabiktypretty
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Fig. 1. (i) Drop ratio, (ii) source throughput, and (iii) a@ge packet delay, as a function of the number of sourceené®io 1.)

high and the sum in Equation (3) dominates (when there isne believe that we should aim in developing technology that
large number of collisions) the rest of the relation’s tethest  will allow the scaling of these parameters by the desired
depend onv, the one portion of the frame service time that ifactors. Notice that developing technology that allows the
given by Equation (7) is virtually independent af Further, scaling of some of the parameters that we have identified
as mentioned earlier, the other portion of the frame servige this paper, has been the trend for increasing the capacity
time, which is given by Equation (6) is also approximatelgf these networks. For examplé€i = 11Mbps for IEEE
independent oty (even for smalla’s). 802.11b [20], wherea§' = 54Mbps for IEEE 802.11g [21].
Figure 2 shows again that the packet drop ratio and soufeerther, SlotTime= 20usec and SIFS= 10usec in IEEE
throughput remain almost invariant as we increase the numi882.11b, whereas SlotTime 9usec and SIFS= 5usec in
of sources, as expected. (Notice that in this case the di&EE 802.11g. In this paper, we have rigorously established
ratio is pretty low, around%, and the source’s throughputthe exact amount of scaling that it is required for the system
is again around its expected value, which6®ackets/sex parameters, in order to preserve individual user perfoo@an
256bytes/packek (1 — 0.05) ~ 16300bytes/sec.) However, as the total number of users increases. Interestingly énoug
in contrast to the previous scenario, here we first observava have found that a scaling factor, which is equal to the
notable decrease in the average packet delay. Further,sme &ctor by which the number of users increases, is sufficient t
observe that this notable decrease stops after the numbepaserve performance.
sources becomest, which corresponds tee = 4. This is
because, in this case, there is lower contention and thestermHowever, note that it may not be possible to have arbitrarily
that depend om have a greater influence on the frame servidarge scaling factors. For example, in the IEEE 802.11 spec-
time, especially whem is not large, as we can deduce fronifications [20], [21], the SlotTime duration should be large
our theoretical analysis. However, as we observe, conmesgethan the sum of the MAC-layer processing time and the air
is taking place quite fast. propagation time. Therefore, since we can only improve the
Therefore, both of the above scenarios are in agreemenbdcessing time, the SlotTime duration cannot get smaikem t
with our theoretical arguments and the approximations thie air propagation time{< 1usec), which immediately gives

took place. an upper bound on the scaling factor that we could ever have.
How close to this upper bound can we get, is an interesting
VI. DIscussIiON ANDFUTURE WORK open question.

In this paper we have studied some important scaling
properties of single-hop IEEE 802.11 wireless networks. In Further, it is interesting to point out that in this paper we
particular, we have identified a set of system’s parametevere starting from smaller networks and moving to larger
that we should aim to scale as the number of users sharfmgjworks (i.e. we have studied the network behavior as the
the channel increases, in ordwt to degrade each individual number of users increases). One can also move the opposite
user's perceived performance. We have supported our sesglirection, i.e. downscale larger networks. It is easy tothag
using both rigorous theoretical analysis and ns-2 simuati as long as the downscaling factorx o < 1 is not too small,

A natural question to ask is how easy it is to scale th@ne can accurately predict the performance of larger nétsvor
system parameters that we have identified in this paper,finm scaled-down replicas that consist of fewer nodes. iEhis
practice. Clearly, one can easily scale the minimum amghportant for simulations and experiments with testbedereh
maximum contention window Size€ Wi, andCW,,.,) of one could experiment with network miniatures, which are
the IEEE 802.11 protocol, however the transmission sggedmuch easier to manage, and have much lower computational
as well as all the IEEE 802.11 protocol’s time-intervals.(i. requirements and costs.
the SIFS, DIFS, and SlotTime durations) that we also wish
to scale, depend on the hardware technology that is beingdOne of the most interesting future work directions is to
used. Therefore, to be able to support a large number infestigate whether similar scaling properties hold foritmu
users in currently deployed and future IEEE 802.11 networksop wireless networks, which can be either static or mobile.
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