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Abstract— Throughput, delay, and fairness are three most retry limit m.

important performance metrics in IEEE 802.11-based wireless
networks. In this paper, we provide a simple but precise analytical
model to evaluate the above three metrics. Different from the pe-
vious models that have focused either on throughput or on delay,
our model is unique as we obtain throughput, delay, and fairness
all together. Moreover, by considering the fact that a packet
may be dropped after a finite number of retrials, we distinguish
five cases of packet delay, and derive the relationship among
them. Using the proposed model, we carry out an extensive and
insightful performance evaluation of IEEE 802.11 under differert
system parameters. Our results show that the throughput, delg
and fairness are quite sensitive to the system parameters being
chosen, demonstrating the importance of performing dynamic
tuning of the system parameters in IEEE 802.11. Moreover, the
optimal values of the parameters are inconsistent with each other
for different performance metrics, implying that some tradeoff
among the metrics must be made in the dynamic tuning. Finally,
our results also show that the previous models have overestimated
the throughput as well as the packet delay.

Our Main Contributions:
« In the throughput analysis, we provide a general analysis

about the sensitivity of the throughput with respect to the
system parameters, which is not available in the published
papers. We also improve the preciseness of the throughput
calculation by correcting some of the values used in [1].
In the delay analysis, while the published models ([3],
[11]) assume infinite retrials for a given packet, our
model considers the fact of finite retrial in IEEE 802.11.
Moreover, we have defined five kinds of delay and derived
the relationship among these delays. Our analytical result
show that these delays have very different values, show-
ing the importance to distinguish them. Such an analysis
is original and novel and has not been appeared in the
published models on delay analysis.

We have carried out an original fairness analysis based

on the the probability distribution of the delay that is

obtained in the delay analysis. The fairness analysis of
Recently, wireless ad-hoc networks have attracted comside |EEE 802.11 has not been done by the published models.

able research interest. IEEE 802.11 [4] is the de facto stahd Through an extensive performance evaluation of DCF

for Wireless LANs. The Distributed Coordination Function  based on the proposed model, we gain several insights
(DCF) defined in IEEE 802.11 is also popularly used in  about the behavior of IEEE 802.11. We arrive at several
wireless ad-hoc networks due to the distributed nature. conclusions that are contrary to those obtained in previous

In this paper, we focus on the performance evaluation of models. For example, we find that the previous models
the DCF MAC protocol. Throughput, delay, and fairness are  assuming infinite retrials have overestimated the delay,
the three performance metrics that are of great intereséto U and thus led to misleading conclusions. Our results also

Most of the published work on the performance analysis of have great implications on the dynamic tuning of the
DCF focused either on throughput or on delay. In contrast, system parameters in IEEE 802.11.

able to evaluate the above three metrics all together. Oyfalytical model is presented in Section II. A thorough gerf
model assumes that a station transmits in a randomly cho$ggnce evaluation is carried out in Section IIl. Future warkl a

slot time with an independent probability, and the packet rejated work are given in Section IV. The paper is concluded
being transmitted experiences a collision with an indepand i section V.

probability p. In fact, 7 and p characterize the main feature

of binary exponential back-off (BEB) algorithm in DCF, and Il. ANALYTICAL MODEL

they can be obtained using the published models (e.g., [1])In the analysis, several popular assumptions have been
With 7 and p, we carry out the analysis for throughputmade: (1) There are a finite number of stations (sayn the
delay, and fairness. Using the proposed model, we carry augttwork, and all the stations can hear each other (i.e.|esing
an extensive performance evaluation of DCF by varying th®p); (2) Stations are always backlogged; (3) Ideal channel
system parameters such as the minimum contention windoenditions (i.e., no wireless error); (4) RTS/CTS handshiak
CWpin, the maximum contention window'W,,,..., and the used; and (5) The data packets have a fixed length.

I. INTRODUCTION



A. Modelling Binary Exponential Back-off term of the denominator, i.e., unity). Similarly, is sensitive

In [1], by modelling the stochastic process representiteg th° Fidic/ Psuce Only when the constant/T,.. is large. The
back-off counter at a given station as a discrete-time Mark§ensitivity analysis gives an idea whether dynamic tunihg o
chain, two parameters that characterize the binary expiaenth® System parameters is necessary or not.
back-off (BEB) algorithm are obtained. The first one is the AS mentioned in [1], the above analysis applies to both the
transmission probability, 7, with which a station transmits in two-way and four-way handshakes. To specifically compute
a randomly chosen slot time. The second parameter isatire  the throughput for a given handshake, we only need to specify
ditional collision probability, p, representing the probability of the corresponding values @t.,; and7,... Note that the idle
a collision experienced by a packet given that it is transit slot timeo is specific to the physical layer. The specific values
on the channel. The author in [1] did not consider the franf Tsucc andTeo for the four-way handshake are as follows,

retry limit used in IEEE 802.11. In light of this, the authadns A
[13] extended the model by considering the retry limit. Fag t | Lsuce = RIS+ CTS + Data + ACK +351FS + DIFS
Teot = RTS+ DIFS + SIFS +CTS
(4)

details about how to calculateandp, please refer to [8]. Once
we know the values of andp, many performance metrics can It may be noticed that the above expression is different from
at in [1]. First, the propagation delayis no longer included

be obtained. In the following subsections, we discuss haw t
naépe above formula since the Short Inter-Frame Space {SIFS

throughput, delay, and fairness can be obtained. Note lieat
discussion below can also be made based on any other MOss already containedaccording to the standards [4]. Another
‘difference is that in the expression @f,;, we have added

(e.g., [2]) as long as andp can be obtained from the model
B. Throughput Analysis an additional term,SIFS + CTS. As stated in [1],7.y
is the period of time during which the channel is sensed

The normalized system throughptitis defined as the frac- c ) -
npusy by thenon-colliding stations. After a collision, the

tion of time that the channel is used to successfully trahs Y ] ) ¢ )
payload bits. The throughput can be obtained by analyzifg!liding stations wait for a time equal ©0T'5Timeout (or

the possible events that may happen on the shared medi{ln’S Z#meout in the two-way handshake case). On the other
in a randomly chosen slot time. L&, Prot, and Paye. be hand, the non-colliding stations defer by an Extended inter

the probabilities that a randomly chosen slot correspondsit F1@me Space (EIFS) value since they cannot interpret the
idle slot, a collision, or a successful transmission, regpely. contents of the colliding frames. Moreover, the EIFS value
Moreover, leto, Tio;, and T,,.. be the duration of the slot IS €Ul toDIFS + SIFS+TxTime(ACK), which is large
corresponding to an idle slot, a collision, or a successfiiough for the complete transmission of the CTS or ACK
transmission, respectively. We can obtain the averageidara fame (note that CTS has the same length as ACK). Therefore,
(represented by/},,,) that a generic slot lasts as follows, I CT'STimeout or ACKTimeout is set to the time needed
for the transmission of the CTS/ACK frame (which is true in
Tavg = Piateo + PsuccTsuce + PeotTcol (1) the popularly adopted NS-2 simulator), théh,, for all the
stations, whether involved in the collision or not, will beet
same. Therefore, th&/ 'S+ CT'S term should be included in
§ — Elpayload information transmitted in a slot time] T.o;. Clearly, the above modifications are important to obtain
Ellength of a slot time] a more precise value of the throughput. The model in [1]

PouceXE[P] Pyyce X E[P . .
Tovg L Pidleg_‘_PmmCT“m[C_A,]_ PooiToo (2) overestimates the throughput as it uses a smdllgr

Now, the throughpufS can be calculated as [1],

wh_ere E[P] is the average payload size (in terms of timg Delay Analysis

units), and thus,,... x E[P] is the average amount of payload .

information successfully transmitted in a generic slotetim N IEEE 802.11, there is no queue at the MAC layer
By dividing the numerator and denominator of Equation (zsself,_ and thus IEEE 802.11 standards have not specified any

bY PsueeTsuce, the throughput can be expressed as follows,dueuing mechanisms. However, normally there should be a

E[P]/Tyuce gueue on the top of the MAC layer. Therefore, in general, the
= 14 Peol x Teal 4 Puaie 5 @ (3) delay that a packet experiences should include two paets, i.
Pouce © Touce ' Psuce " Tsuce the delay experienced in the queue and the delay experienced

The sensitivity of the throughput to the system parametert the MAC layer. We only focus on the MAC layer delay.
(€.9.,CWin, CWihaz, andm) can be easily analyzed fromSince there aremultiple stations contending for the shared
the above formula. ClearlyF[P], Tsuce, Teot, @and o are medium and IEEE 802.11 DCF israndom access protocol,
independent to the system parameters. On the other hand,ttiee MAC layer delay is aandom value, which requires a
values of P..;, Psyce, and Py depend onr and p, which detailed analysis. Five types of delay at the MAC layer are
in turn depend on the system parameters. Therefore, we ordfevant to this analysis, which we will discuss in a littlaile.
need to discuss the sensitivity of the throughput with respe As we know, in IEEE 802.11, if a packet is handed to
t0 P.oiy Psycer and Pig.. From Equation (3), we know thatthe MAC layer from the upper layer, the packet may be
the throughputS is sensitive to the value aP.,;/Ps,.. only transmitted successfully in one or several trials, or thekpg
when the constant’,,;/Ts... is large (compared to the firstwill be dropped if the retry limit is reached. In both cases,



the MAC layer will notify the upper layer about the finalFor instance, in the above example, the number of idle sfots i
status of the packet (i.e., transmitted successfully oppied). 4, while the numbers of collisions and successful transoniss
Therefore, the MAC layer delay should be defined to be tlmnong other stations are 3, and 2, respectively. Theretioze,
time intervalfrom the instant that the packet is handed to thedelay contributed by the back-off slotsds + 37, + 2T sycc-
MAC layerto theinstant that the upper layer gets a notificatiorin addition to this, the delay),,.. should include the time
from the MAC layer regarding the final status of the packespent on the collisions that the given statitsalf is involved,
Accordingly, we can define the following four kinds of delayse.g.,2 x T.,; in the above example. Finally, the,,,.. should
Delay Dg,..: if a packet is successfully transmitted, whaalso include the time needed for the successful transmissio

is the delay experienced at the MAC layer? of the given packet, i.eq,... Therefore, the delay,,. is
Delay Dgyop: if @ packet is dropped, what is the delay(4c + 3T¢oi + 2T suce) + 2Tcor + Tsuce- In the following, we
experienced at the MAC layer? provide a formal method to calculafe,, .. for a general case.

Delay D,,.tir,: cOmbining the above two cases, what is the Let B; be the random back-off counter generated at stage
delay before the upper layer will get a notification from thé, and letB(j) be thesum of the back-off slots generated at
MAC layer about the final status (transmitted or dropped) stages from 0 tg. Therefore,
the packet? Certain applications may require a small value o Y ‘

D ¢ : B(j) = Yo Bi )
notify t0 take a prompt action.

Delay Dipiersuce. from the viewpoint of an upper layer at a We know thatB; at stagei follows the uniform distribution
given station, what is the delay between two successful packethe rangg0, CW;], whereC'W; takes value according to the
transmissions? Note that in the definition Bf,,;ersuce, the BEB algorithm. It is easy to get the probability mass funatio
successful transmissions must belong to a single statibn offpmf) of B(j), which is simply aconvolution of the pmfs

At last, to show the error introduced by the infinite retrialof all B; wherei € [0, j]. Clearly, B(j) is in the range of
assumption [3], [11], we define the following delay: [0, B(j)maz), WhereB(j)maz = »_1—q CWi.

Delay D;nrinite: if we assume that a packet will always Since the probability that a transmission experiences a
be retransmitted (i.e., infinite retrials) until it is tramigted collision is p, the probability that a packet is successfully
successfully, what is the delay experienced at the MAC Rayeransmitted at stagg (starting from stag®) is,

In the following subsections, we discuss how to compute Poeef) =P x(1—p) 0<j<m (6)
the above delays.

1) Derivation of D,,..: Clearly, D,,.. depends upon the wherem represents the retry limit. Moreover, the probability
number of back-offs (called back-offages, or simply stages that a packet is dropped because the retry limit is reached is
in this paper) that a packet experiences, as well as upon the Pirop =1— Z?;o P ox (1—p) =pmtl @
back-off counter generated at each stage. Figure 1 gives an
example of the back-off process experienced by a packet atet Psucc(J, b) be the probability that the packet is success-
a given station. In the figure, the shaded blocks represdully transmitted at stagg (0 < j < m), and the sum of the
the events in which the given node is involved. The packBfck-off slots generated up to stages equal tob. Therefore,
experiences three stages (from stage O to stage 2) befare itiucc(j;b) can be expressed as,
transmitted successfully, and the back-off counter (regmeed
by By, B, and B, respectively) generated at the stages arePsuce(J: b) = Pouce(j) X Pr(B(j) =b) 0<j<m (8)

3, 4, 2, respectively. Similarly, let P,,,(b) be the probability that a packet is
‘ D, dropped, and the sum of the back-off slots generated up to
[« .
‘New pkt‘ldle‘ Col ‘ Succ | Col |Idle‘ldle‘ Col ‘ Succ | Col |Idle‘ Col | Suce |New pkl‘ Stagem IS equal tob. Therefore1Pd7‘0p(b) can be expressed
By=3 | B,=4 B,= 2 By= ? as,
Pdrop(b) = Pd’rop X PT(B(m) = b) (9)

Fig. 1. lllustration of Delay for Successful Packet

] o ] Since Dy, represents the delay of a packet that is suc-

From the figure, it is easy to find that the back-off count&fagsiylly transmitted, we should only consider the packets
at the given station decrements by one after every slot imeylat are successfully transmitted while excluding the pek

the slot corresponds to: (1) an idle slot, (2) a collisioEEn  1hat are dropped. Therefore, we need to define the following
other stations, or (3) a successful transmission betwaber 4 ditional probabilityP’ (j,b),

stations. Since we know that the duration of the idle, collision, , Piuce(,b)
and successful transmission slots are T,..;, and Tsyce, P ec(d,b) = %
respectively, we can easily get the delay that is contribute drop
by the idle slots, as well as by the collisions among other AS & generalization of the example given in Figure 1, the

stations, and by the successful transmissions of othaomsat corresponding delayD...(j; b), which represents the delay
of a packet that is successfully transmitted at staged the
1in fact, according to IEEE 802.11, corresponding to a doltisor a suc- sum of the back-off slots generated up to stags b, is,
cessful transmission, the counters at the stations do notmient. However,
the imprecision caused by such an approximation is insignifica Dyce(j,b) = b X Taug + J X Teor + Tsuce (12)

(10)



Note that there is an approximation in the above equa-3) Derivation of D, ,: The probability mass function of
tion, that is, we have simply usebl x T;,, to represent the delayD,..r, is expressed by equations (8), (11), (9) and
the duration of theb number of back-off slots. In fact, if, (14). Note that we should use the probabilities expressed in
among theb number of back-off slots, there abg,; number equations (8) and (9) rather than the conditional proktadsli
of slots corresponding to collision$.,.. number of slots expressed in equations (10) and (13) sifigg,; ¢, represents
corresponding to successful transmissions, &pgd number the delay for a general packet (either dropped or succégsful
of idle slots, the delay contributed by tlhenumber of back- transmitted). The average @, ¢, IS,
off slots is (beorTeor + bsuceLsuce + bidiec). The random
variablesb,.;, bsuce, bidgie, @and b can be characterized by a . .
multinomial probability distribution. However, it makebet Drotify = Z Z [Dsuce(5,b) X Pauce(d, b)]
analysis extremely complex. Moreover, the error introduce g:;(mz;:o
by the above approximation is very small lifis relatively i
large, which is normally true in IEEE 802.11. Thereforesthi . Z [Darop(b) % Parop(b)]
approximation is reasonable and is used throughout thisrpap ) b=0 ) i

Equations (10) and (11) express the probability mass func-After some simple steps, we get the following expression,

tion of the delayD,,... Therefore, the average @b,,.. is, N N _
) Dnotify = (1 - Pdrop)Dsucc + Pdroderop (18)
m B()max

Do = Z Z Dyuee(4,b) x Ps/ucc(j? b) (12) The above result is qun_e intuitive. The first term expresses
the fact that the packet is successfully transmitted with a

With the probability mass function of the delay express obability (1 - Paro,) and the corresponding average delay is

by equations (10) and (11), we can compute other importane e while the second ter_m expresses the fact that the packet
metrics, such as the standard deviation of the delay. IS dropped W't.h—a probabilityy;o, and the corresponding

2) Derivation of Dg,..p: Similar to the derivation oD, average deliay '@‘”“W't the standard deviati .
we present an example in Figure 2 for the case that a packe e can also compute the standard deviatiomgp,; -

will be dropped. As shown in the figure, in contrast to the ) Derivation of Dintersuce: In contrast t0Dsuce, Darop,
case of a successful transmission, if a packet is to be d(bpp%nd Diotigy discussed above, we are not able to get the
! obability mass function of the delai;,icrsuce. HOWEVET,

X r
the chk_-of_‘f process experienced by the packet must reach@vhe can get the average value ®i.orene. Specifically,
retry limit (i.e., stagem).

we can view the packet transmissions at a given station

m B(j)maz

17)

j=0 b=0

Dy  Dropeed a5 @ bernoulli experiment with the probability of success
|New pkt Idlel Col | Succ | Col |Idle| ------ Succ |Idle| Col |Idle|ldle| Col Anotherl (1 — Pd’r‘op)- Therefore, to observe a successful transmission
By=3 B;=5 B,=2 By=1 at the given station, the number of trials required follows a

geometric distribution. Clearly, the average number dldgri
required is simply17; . Among these trials, a fraction of

d

To compute Dg,,,, We define the following conditional Frop trials fail and théof)ackets are dropped, and each of the

Fig. 2. lllustration of Delay for Dropped Packet

probability as done in the derivation @¥;,.., failing trial lasts on an averag®,,,, duration. Obviously,
/ Parop(b) among the trials the last trial must be successful, and is las
Parop(b) = “Parop = Pr(B(m) =1b) 13) on an averageD,,.. duration. Therefore, the average delay
where Py,0p(b), Parop, and B(m) have been defined in Dintersuce €aN be obtained as,
equations (9), (7), and (5), respectively. D — Pirop Do 4 1-— Pd,.opD_
The corresponding delay, using the same approximation as =~ fersuee. = 1 _ Pirop drop T 77 Pirop 4
in Equation (11), can be expressed as follows, D
_ notify (19)
Ddrop(b) =bx Tavg +m X Teor + Teol (14) 1-— Pdrop
The above two equations express the probability massThe last expression is quite intuitive. To observe a su¢akss
function of the delayD,..,. The average oD ;) is, transmission at a given station, on an average, the staéitsn g
B(m)max 1/(1 — Pyp) notifications and the average duration between
Dgrop = Z D gyrop(b) x Pd'mp(b) (15) two consecutive notifications Byt -
b=0 5) Derivation of D;, finite: NOw we derive the delay under

After some simple steps, we get the following expressiorthe infinite retrials assumption that is adopted in [3], [11gt
- S P.sinite(J, b) be the probability that a packet is successfully
Darop = Teor X (m + 1) + Tavg x B(m) (16) transmitted at stagg (0 < j < oc), and the sum of the back-
where B(m) is the average value aB(m), and is equal to off slots generated up to stagds equal tob. Therefore,
B(m)maz/2.
Based on equations (13) and (14), we can also obtain t&, rinite(7,0) = Pinfinite(j) X Pr(B(j) =b) j € [0,00)
standard deviation 0D ;.. (20)



where P, rinite(j) can be defined as in Equation (6) exceptherefore, in generab;, rinitc Overestimates the delay. In
that the range of is changed td0, co), and B(j) is defined fact, as shown later in Section Ill, the results Bf,, finite
in Equation (5). Clearly, the corresponding delay is, is very misleading whenever (or Py,.,) is large.

From equations (20) and (21), we can also numerically
Dinfinite(§,0) = b X Tapg + 3§ X Teot + Touce  j € [0,00)  obtain the standard deviation @, finite.

(21) . .
The above two formulas form the probability mass functioR- Fairness Analysis
of the delayD;y, finite- Therefore, the average @, sinite is, IEEE 802.11 is fair in thdong-term (e.g., equal average

delay or throughput) in aingle-hop network. However, due
—_— . . to the randomness involved in the binary exponential back-
Dinpinite = Z D [Dinginite(3;8)  Pininite (3, off (BEB) algorithm, substantiahort-term unfairness remains
=0 =0 even in a single-hop scenario as clearly shown in [7].
:i Z [Din pinite (5, 5) % Pin pimite (s )] In general, unfairness can be measured in terms of the
. infinitelJ> infinitelJ, throughput or the packet delay. To measure the short-term
unfairness through the packet delay, an ideal way is to first
et the probability distribution of the delay experiencédla
+ ‘ Z [Din finite (4 b) X Pinfinite(J,0)] (22) '?he statirt))ns, andythen see how variable )t/he gelay is. Clearly
higher variability implies a more unfair system. However, t
After several simple steps, we find that the first term iget such a distribution, we need to model the system state
simply equal to(1 — Pgrop)Dsuce. This is very intuitive as in a way that there is at least one separate parameter used
explained now. Under the infinite retrials assumption, th® represent the state of each station, making the state spac
probability that a packet is successfully transmitted atages very large if the number of stations is large. On the other
later than stagen is equal to the probability that the packehand, if we assume that the probability distribution of tieéagt
is dropped if the retry limit isn. Therefore, the probability experienced at a given station is similar to the distributd
that a packet is transmitted successfully at one of theainiti the delay experienced at all the stations, the problem besom
stages i§1— Pg,0p), and the average delay of such a packet iauch easier as we only need to consider the states at a typical
Dgycc, €xplaining the first term. After some simple steps, thetation. We adopt this approach as it is much simpler but stil
second term of Equation (22) (let us represented iTHy, is, able to reveal the general trend of the unfairness, though it
1 may not give a very precise measurement of the unfairness.
T5 = Parop|Tsuce + (M + 1—)Tcoz + In the previous subsection we have already obtained the
b probability distribution of the delay (e.gD....) experienced

oo B(J)maz

B(]) max

(B (Mmaz  CWinas 1 )T g (23) at a typical station. Therefore, we now only need to de-
2 2 1l-p velop a metric to quantify the variability of the delay and
The above term is also quite intuitive. If a packet experthus reflect the unfairness. The standard deviation is a good
ences more tham stages (with a probability’,.,), it will ~candidate, however, it is not independent of scale (i.e, th
first experiencem collisions. Then, the average number ofinit of measurement) [5] as shown by the following example.
additional collisions experienced is simgly(1—p) due to the Considering there are two different schemes to distribute a
memoryless property of the geometric distribution. The aboveommon resource to three users, the delays experienced by
arguments explain the terfm + ﬁ)Twl in Equation (23). the users under the two schemes are as follows:

Now we explain the term(Z(mmes 4 CWeoo 1y Scheme I$1, 2, 3
ifi T Scheme 1142, 4, 6
Specifically, B(m)mq:/2 represents the average number of 0 ) _
back-off slots in the firstn stages. Then, at every additional Clearly, the two schemes deliver the same fairness as far as

stage, on an averagéW,,../2 slots are involved, and the the delay is concerned. However, the standard deviatioheof t

average number of additional stages is simply1 — p). delay under the two schemes ay@ and 2v/2, respectively.
From equations (22) and (23), we obtain, Therefore, if we use the standard deviation as a metric to
reflect unfairness, we will arrive at a misleading conclosio
Dinfinite = (1 = Pirop) Dauee + T (24) the second scheme is two times more unfair than t_he first one.
Clearly, the standard deviation is not a good metric to reflec
We can also express the average delay as follows, the fairness as it is not scale independent. Now we look at the
coefficient of variation (COV) of the delay, which also refkec
Dinfinite = (1 - Pdrop)Dsucc + Pdroderop + T3 the Varlablllty of the delay. The CQV is defined as,
= Dot T 25 Standard Deviation
tify 743 (28) cov = (26)

CWinaw 1 Average
WhereTS = Pdrop [Tsucc + ﬁTcol + TﬂTavg]- 9

We notice tha_tDinfinite 1S ?"Ways larger thaanvtify as 2Note that in amulti-hop scenario, IEEE 802.11 cannot even maintain the
well as Dgyee (SINCE Dyyoripy i always larger thamg,..). long-term faiess among the contending stations [9].




Clearly, the COV under the above two schemes are the same,
ie., § implying that they deliver the same fairness. In fact,
as mentioned in [5], COV in many senses is a good metric to
reflect fairness. In general, the larger the COV is, the beoad
the delay spreads, and thus the more unfair the scheme is.
Numerically, we can easily find the value of the COV of the
delay from the results in the previous subsection.

Now we discuss how to relate the COV to the well known
Jain’s index [5]. If there are: number of users sharing the
common resource, and usegets a proportion of;, then,

> @i

On the other hand, the square of the COV is as follows,

Jain’s Index= 27)

TABLE |

IEEE 802.11 RRAMETERS USED IN THECALCULATION

Payload of data packet

1024 bytes

Data

1024 bytes + MAC header + PHY header

RTS

20 bytes + PHY header

CTS

14 bytes + PHY header

ACK

14 bytes + PHY header

PHY Header

192 us

MAC Header 28 bytes
Basic rate 1 Mbps
Data rate 2 Mbps
Slot time 20 us

SIFS

10 us

DIFS

50 us

EIFS

364 us

cov

,  Variance 22 — (7)? 29)
~ Averagé  (7)2 the network size and the system parameters, which is cgntrar

Now we can get the relationship between the COV and tff the observation made in [1]. ' . _
Jain’ index as follows, There are two reasons behind the first observation. Firstly,

since the model in [1] has not considered the retry limit.(i.e

Jain's Indexe Dx)? (2@ (@)? it assumes infinite retrials), it overestimates the thrquglas
I - Sz Ly a? T2 mentioned in [13]. In fact, this can also be easily verifieatrr
(7)? 1 1 Figure 5, which shows that the throughput increases with the

— = = — = (29) increase of the retry limitn. The second reason is as follows.
@ +2? - (@) 14 % 1+CoV? As mentioned in the discussion of Equation (4),; in our
Halculation is larger than the one in [1]. On the other hand,
Tsuce 1S smaller than that in [1] as we use a higher transmission
rate for the Data frame. Therefore, in our calculation, threet
I1l. PERFORMANCEEVALUATION OF IEEE 802.11 spent on collisions increases while that spent on the peyloa
In this section, we present the performance results for tH@nsmission decreases. The above arguments explain why th
four-way handshake in IEEE 802.11 DCF under the Dire8froughput obtained here is smaller.
Sequence Spread Spectrum (DSSS) physical layer [4]. Table 0 explain the second observation (i.e., how the throughput
lists the values of the parameters used in the calculatidanges with the system parameters), we first need to look
Rather than using the same transmission rate (i.e., 1 Mops) & the values ofl.o;/Tsucc and o /Ty, as discussed in the
both the Data and control frames as in [1], to closely followontext of Equation (3). In our calculation,/ T, is very
the standards, in our calculation the transmission ratehfer small (i.e., 20/5440) compared to the unity, and thus the
Data frame is 2 Mbps while that for the control frames is throughputS is insensitive to the value oPgc/Poucc. On
Mbps. Using the parameters listed in the above table, we d&¢ contrary,Zco/Tsucc is relatively large (i.e., 716/5440),
calculateE(P), Tyyce, andT,,;, which are 4096.s, 54405, and thusS' is sensitive to the value oo/ Pouc.. Therefore,
and 716us, respectively. to explain the second observation, we only need to look at
As shown in the previous section, the performance deperifi§ value of P,/ Psyucc under different system parameters.
on four parametersn, CWiin, CWinae, and m. In the Clearly, the largerPeo;/ Psucc is, the smaller the throughput
following graphs, we will present the performance by vagyinis. To exemplify this, Figure 6 presents the valugf;/ Psy.c.
the network sizen and the three system parameters (i_eWhen thECWmin is varied. We notice that the ratio increases
CWin, CWinae, andm). Note that in one graph only oneas theCW,,;, decreases or as increases, explaining why
of the three system parameters varies while the remaining tifi€ throughput in Figure 3 decreases in these two cases.
parameters are fixed at their standard values. The standarlow let us explain the third observation. As mentioned,
values [4] areCWin = 31, CWnas = 1023, andm = 6. T.o1/Tsuce 1S quite large in our case, and thus the throughput
S is very sensitive to the system parameters. In contrast,
Teot/Tsuce 1S very small (i.e., 8/191.36) in [1], and thus
Figures 3-5 present the throughput results. From the figuresesented there is insensitive to the system parameters.
we can make three main observations: (i) Compared to theHere, we would like to point out that in the emerging
throughput presented in [1], the throughput obtained herelEEE 802.11 standards (e.g., IEEE 802.11-b, -a and -g), the
much smaller; (ii) In general, the larger th8V,,;r,, CWinas, Teot/Tsuce 1S becoming larger because the transmission rate
and m are, the larger the throughput is. On the other handf the Data frames (which determinés,..) is increasing
when the network size (i.en) increases, the throughput(e.g., can be as high as 54 Mbps) while the transmission rate
normally decreases; (iii) The throughput is quite sensitiv of the control frames (which determin&s,;) remains small.

Clearly, while the COV is boundless, the Jain’s index is i
the range of0, 1].

A. Throughput Results



Therefore, we expect the throughput in the emerging staisdar
to become even more sensitive to the system parameters.

B. Delay Results

In figures 7-11, we first present the five kinds of delay
by varying CW,,.;,. From the results, we find that: (i) In
general, in the first three kinds of delay (i.&succ, Darop,
and Dyoiiry), the larger theCW,,;, is, the larger is the
delay; (i) In contrastD;ptersuce @NdDiy, finite decrease when
CWpin increases; (iii)Dgrop is much higher thaDy,,.. (note
that the vertical axes have different scales), whilg,; s,
stands in between the above two; (W), finite IS much larger
than Dyc. and D,,o1i 54, Showing the error introduced by the
assumption of the infinite retrials.

The first observation is quite intuitive, and can be expldine
by the fact that a large€W,,;, should result in a larger
average number of back-off slots. Also, the trendgf;c.succ
with respect taC'W,,.;,, coincides with the trend of throughput
with respect toCW,,;,. The trend ofD;y, finite With respect
to CW,.:n, IS similar to that obtained in [3], and gives the
same misleading conclusion: a largéiV,,,;, results in a
smaller delay. Now we explain why the trend corresponding
t0 Djp tinite IS cONtrary to that ofD, s, (as well as of
Dgyce and Dyrop). As known from Equation (25), the error
iN Diy finite cOMpared toD,,.; ¢, becomes larger when the
conditional collision probabilityy (or Py,..,) becomes larger.
Clearly, whenCW,,.;,, is smaller,p is larger, resulting in a
larger error in the calculation ab;y, finite. On the contrary,
the error is much smaller whernilv,,,;,, is larger agp becomes
smaller. ThereforeD;, tinite beCcomes larger under smaller
CWhin. In conclusion, whenever the conditional collision
probability p is large, the assumption of infinite retrials will
result in a large error in the calculation of the delay.

Figures 12-14 present the standard deviation of the first
three kinds of delay (i.e.Dguces, Darop, and Dyor,y) Under
variable CW,,;». In general, they follow the similar trend as
the average delay),,..; r, has a larger standard deviation than
the other two since it considers the delay of all the packets (
dropped as well as successfully transmitted), and sinae the
is a large difference between the average delay of the packet
being dropped and those being transmitted successfully.

In the above, we have presented the delay results when
CWnin is variable. Similarly, we have also obtained the
results wherC'W,,... or m varies (see [8] for details).

C. Fairness Results

Figures 15-17 present the Coefficient of Variation (COV) of
Dy, for different values oCW,,,;, CWi,a2, andm, respec-
tively. To recall, a larger COV implies a more unfair system.
From the figures, we can clearly make two observations: (i) In
general, the smaller th€W,,,;,, is and the larger th&€W,,,,..
andm are, the more unfair the system is; (ii) As the network
size (i.e.,n) increases, first the system becomes more unfair,
and then after a certain value ofit becomes more fair.

We now explain the first observation. In IEEE 802.11,
whenever a station transmits a packet successfully, itgétse
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—— CWin=7 new packet. On the contrary, if: is large, the station may
26 TR oS have to schedule the retransmission of a packet more number
1 CWinin=63 of times, which leads to a larger contention window, and
\ B X CWnin=127 in turn, short-term unfairness. From observation (i), weyma

reach an interesting conclusion regarding the back-oftcpol
to achieve better fairness, we should always use a medizen-si
CW without any retrial for the unsuccessful transmissions.
For the second observation, we first explain the reason why
the system becomes more unfair when we begin to increase
(e.g., from 2 to 17). This is due to the randomness involved in
02 the binary exponential back-off (BEB) algorithm. In pautiar,
2 17 32 47 62 77 92 107 122 137 152 167 182 197 : K 7 i i
some stations may experience collisions consecutivelyewhi
other stations can transmit packets without experiencimg a
collision. With the increase of., collisions are more likely
O CWmax=127 to happen, explaining the increasing amount of unfairness.
—— CWmax=255 . . .
26 In fact, we have also observed this phenomena in the sim-

CWmax=511
) f\\\ﬁ ulation results presented in [7]. However, when the calfisi
probability increases beyond a certain value along with the
increase ofn, most of the stations will experience collisions
L before they can transmit any packet successfully, andftivere
M it tends to become more fair for all the stations. In the
! extreme case, when the number of stations becomes infinite,

the collision probability tends to unity, and no station can
transmit any packet successfully. Therefore, every stdiims
02 zero throughput (or infinite delay), implying absolute fess
2 17 32 47 62 77 92 107 122 137 152 167 182 197 . .
among the contending stations!
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Fig. 16. Fairness under variabléWsqz D. Summary of the Performance Evaluation
} s In this subsection, we give a brief summary of the perfor-
26 —®—m=5 mance of IEEE 802.11 in single-hop networks. With respect to

mj the throughput, we find that it is quite sensitive to the chose

—K—m=$ system parameters. This would be particularly true in the
emerging |IEEE 802.11 standards. Therefore, dynamic tuning

of the system parameters is of great interest to achievenapti

"4 performance. We also find that the throughput calculateden t

1 model of [1] is higher than that in our model (which is more

precise). As for the delay, we show that the first four kinds

of delay under the finite retrials condition have very distin

22

COV of Dsucc

0.6

02 values, showing the importance of distinguishing amongithe
R “7N“flber71fsf;0‘n‘jm;22 137 152 167 182 197 We also find that theD;,, inize (i-€., delay under the infinite

, , , o retrials assumption) has a large error, and thus leads to
Fig. 17. Faimess under variable retry limit misleading observations. For the fairness performancegate

contention window t@'W,,,;,,. Clearly, if CW,,.;,, is small, the an interesting conclusion about the back-off policy: toiaeh
station that has just transmitted a packet successfullyoiem better fairness, a medium-sized contention window shosald b
likely to get control of the mediuragain compared to the caseused without any retrial of the unsuccessful transmissions
when CW,,.;,, is large, explaining why the system becomes Table Il summarizes how the system parameters should be
more unfair whenCW,,;,, is smaller. Now we consider selected (in terms of “large” or “small”) to achieve the dedi

the fairness with respect t0€W,,,,. Clearly, the contention performance (i.e., higher throughput, smaller delay, asiteb
window at a station will become&'W,,,,. only when the fairness). By “smaller delay”, we mean a smaller value of the
station has experienced collisions successively. Thezeib average as well as the standard deviatio®@f.., D4;.p. and
CWiae is large, the colliding stations, though they havé,,.:;s,. We do not need to considéy;, +c,succ @aNd Diy, finite
already suffered a lot, will be more unfairly treated, explag as D;,iersuce 1S directly reflected by the throughput while
why the system is more unfair when tiieiV,,, ., is larger. Diyfinite iS misleading.

As for the retry limit m, if it is small, a station that has From the table, we find that a set of system parameters
experienced collision(s) will drop the packet early andetesdelivering a good performance for one metric, may deliver a
its CW to CW,,;», and then schedule the transmission of bad performance in terms of another metric. For example, if



we aim to achieve a higher throughput, the table shows tlsibres the optimum values of the systems parameters for
we should use a large value 6V, andm. However, the different network sizes and for different weights that cbul
table also tells us that we should use a small valu€'vf,,,, be used in defining the function. The table can be prepared
and m if we aim to achieve better fairness. In other wordsff-line. The estimation of the network size can be achieved
a trade-off among the metrics must be made in the dynantig using the methods in [2], [7].

tuning of the system parameters. Another important future work is to extend the analysis by
relaxing the assumptions made at the beginning of Section Il
While the analysis should be easily extended when the as-
sumptions (2)-(4) are relaxed as discussed in [11], [1],dym
not be trivial to extend the model for a multi-hop network.

TABLE I
INTERDEPENDENCE BETWEENPERFORMANCE AND PARAMETERS

Parameter—Metric Higher Throuhgput | Smaller Delay Better Fairness
CWii Large Small Large V. CONCLUSIONS
CWina Large Small Small In this paper, we have proposed a simple analytical model
m Large Small Small to evaluate the throughput, delay, and fairness perforsmanc

single-hop IEEE 802.11 networks. Using the proposed model,
we have carried out an extensive performance evaluation of
IV. RELATED AND FUTURE WORK IEEE 802.11 under three different system parameters (i.e.,
A. Reated work CWininy, CWinae, and retry limitm). Our results show that
éne throughput, delay, and fairness are quite sensitivhdset
system parameters, and thus dynamic tuning of the parame-
ers is of great interest to achieve the optimal performance
&\oreover, the optimal values of the parameters may not be

In the literature, many analytical models have focused
the calculation of the throughput (or capacity) of IEEE 802.
For example, paper [2] derives the theoretical throughput
IEEE 802.11 by relating IEEE 802.11 to a p-persistent CSM

protocol. Paper [10] derives the throughput of IEEE 802':Lclonsistent with each other for different performance rostri

by using average analysis technique. However, the abo'%Dlylng that some tradeoff among the metrics must be made

models have oversimplified the calculation of the transimiss n th_e dynamic tuning. Finally, our results also show that th
probability =, which is determined by the BEB algorithm. Inpubllshed models have overestimated the throughput as well

contrast, papers [1] and [13] derive a more precise value of*® the packet delay.
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