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An Analytical Approach to Characterize the Service
Process and the Tradeoff between Throughput anc
Service Time Burstiness in IEEE 802.11 DCF

Andrea Baiocchi, Alfredo Todini, and Francesco Vacirca

Abstract—We derive a characterization of the probability We define an analytical model able to describe the service
distributio_n of the service time process in a saturated |IEEE process from both points of view, i.e. the probabi”ty dis-
802.11 wireless LAN under DCF MAC protocol, both from the iy tion of the service times and of the number of frames
point of view of a single station and of the system as a whole..® . - .
service time distribution model is then exploited to highlght the Ser\(ed in between two service completion epochs 9f a tagged
burstiness of service times and its dependence on the maximu Station. The results of the model are shown to be quite ateura
value of the IEEE 802.11 contention window. We discuss a trast  compared with simulations. Simulation results are obthimg
off between throughput efficiency and service time variance means of an ad hoc code, implementing a full fledged version
showing that a minor throughput loss can bring about a major ¢ the |EEE 802.11 DCF for a traffic saturated infra-struetlir
benefit in service time smoothness, at least for practical Vaes of IBSS with a constant number of active stations (i.e. eadkect
the number of simultaneously competing stations (e.g. leghan 2 =
15). station is always backlogged).

By exploiting the model we highlight that, for a given sta-
tion, very large service times and bursts of interposed & &am
from other stations are not negligible. As a matter of exampl

Performance evaluation of a single-hop, Independent Basiervice times larger than 1 second can be achieved with
Service Set (IBSS) IEEE 802.11 Distributed Coordinatioprobability in the order ofl0—3. With a similar probability,
Function (DCF) has been largely focused on average, longith an overall population of 15 statiormindredsof frames
term metrics, like saturation throughput (e.g. see [1], [2bf other stations can be served in between two consecutive
[3], [8]), non saturated average throughput (e.g. [9]),aglel frames belonging to the same station. In other words there
analysis (e.g. [10] and [11]), average throughput of lomgd can be quite long intervals when a given backlogged station
TCP connections (e.g. [12] and [13]) and short-lived TCBoes not receive service at all: hence the burstiness.
connections (e.g. [14]). Itis known that 802.11 DCF gives a preferential treatment to

We aim at characterizing the 802.11 DCF from an externgdations that just transmitted successfully. In [15], tHeOMA
point of view, i.e. as a server of upper layer data units. Tand CSMA/CA protocols are compared from the point of
this end we focus on an IBSS made upno$tations, possibly view of short-term fairness. We make this notion of fairness
including an Access Point (AP), within full visibility of @& quantitative and give analytical tools to evaluate howfieeth
another, so that carrier sense is fully functional. Saiomat the service offered by 802.11 DCF. We can pinpoint that a
traffic is considered, i.e. each station always has a paoketniajor cause of burstiness lies in the very large value of the
send. We characterize the service process of the netwadhk atiaximum contention window as compared to the default value
MAC layer, i.e. the sequence of times between two conseeutiyf the minimum one (typically, 1023 as opposed to 31). We
service completions. In this context, service of a MAC frameefer to the maximum contention window émrge because
is completed when the frame is successfully delivered to it$ a practical (not conceptual or theoretical) remark: aylsin
destination or when it is discarded after the maximum numb@p2.11 IBSS can hardly be conceived to offer service to more
of transmission attempts has been reached, as envisagedhlay a few tens osimultaneougraffic flows. Although there
the IEEE 802.11 DCF standard [17]. Service completion ca no difficulty in evaluating 802.11 analytical models with
be viewed both from an individual side (a tagged statiomp to hundreds of stations, it is very unrealistic to have so
service completion) or from a collective standpoint (seevi many contendingsimultaneouslyactive stations. Once we
completion irrespective of the originator of the served MAGecognize that reasonable valuesrofire under a few tens,
frame). 1023 appears to be an excessive value for the maximum

Many papers have dealt with the analysis of packet servieentention window. By exploiting the model, we evaluate the
times in IEEE 802.11 wireless networks; most of them ([4irade-off between average long term throughput and service
[5], [6]) have followed a Z-transform based approach, legdi time burstiness; we show that the latter can be significantly
to approximate expressions for the generating functiornef treduced by accepting a minor throughput degradation. It is
MAC access delay. It is then possible to compute the mean, thell known that the variability of service times adversely
variance and, with a numerical inversion, the distributtbthe affects queue performance of backlogged traffic insidéostat
service time of MAC frames. An expression for the (globalle.g., mean queue delays are proportional to the coefficient
802.11 service time distribution has been derived in [7], yf variation of the service times). In view of supporting Irea
following an approach based on the system approximatiime and streaming services on WLANS, an excessive service
technique. time jitter is a problem as well. Moreover burstiness in the

_ , , service process can degrade TCP performance due to ACK
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modeling assumptions are stated. The transient Markowshai
of the analytical model are laid out in Section Ill. Sectidh |
applies the discrete time Markov chain to the analysis of the
service times and also presents numerical results. Caankis
are drawn in Section V.

II. 802.11 DCF MARKOV MODEL Fig. 1. 802.11 DCF Markov chain.

The model of 802.11 DCF is derived under the following

assumptions: the interval[0, W; — 1]1. Then, it isT; = 2/(W; + 1).
« Symmetrystations are statistically indistinguishable, i.e. Non null one-step transition probabilities of the Markov
traffic parameters (input frame rate, frame length) arghain X, are given by:
multiple access parameters (e.g. maximum retry limit)

are the same. 00 =1=m+m(l—7)""
« Proximity. every station is within the coverage area of all ¢ii=1-—mfori=1,...,m
others, i.e. there are no hidden nodes. biiv1i=7(1—(1—7)""Hfori=0,....,m—1
« Saturation stations always have packets to send. 1 .
Ti(1—7)" fori=1,...,m—1
Along with these we introduce two simplifying hypotheses: $i0 = for i —
Tm orvs=m

« Independencestates of different stations are realization . . S
. where 7 is the average transmission probability, ie.=
of independent random processes.

« Geometric Back-offback-off counter probability distri- 2_; Timi, Where; are the steady state Markov chain prob-
bution is geometrici-persistent model of the DCF, [19]) abilities. The above expressions come from the indeperdenc
’ "hypothesis. Fotf < m a transition from the stateto the state

The last two hypotheses are useful to keep the analyti¢al 1 represents the event that the tagged station attempts to
model simple, hence practical. The independence hypesthesicess the channel but the transmitted packet collidegelf t

is essential to describe the system dynamics by using a lgygged station does not attempt to access the channelatke st
dimensionality Markov chain; its validity has been dis@ts does not change. If the tagged station accesses the channel
from a theoretical viewpoint in [8][21] and is checked agin successfully, a transition from to 0 occurs. Ifi = m, a
simulations in our numerical results as well as in many othgansition fromm to 0 occurs, when the tagged station attempts
works, all showing that under traffic saturation assumptiofp access the channel (successfully or unsuccessfully).
independence based models work fine for first order metricsThe steady state probability; of the Markov chain are
(e.g. throughput, mean delay). As for the geometric distrib(; = 0,1, ..., m):
tion of the back-off counter, it is only used to obtain a ferth

Pt/ p (Wi +1)

simplified description of the system dynamics in terms of a = =— (1)
Markov chain. j j
P /T (W, +1
Both hypotheses are justified by the more than satisfactory jzz:o /7 jzz:o (W; )

results of the model as compared to simulations. Simulation I )
results are obtained by means of an ad hoc simulation coMBerep = 1 — (1 —7)"~" represents the tagged station
that reproduces the 802.11 DCF protocol underSfmmetry collision probability conditional on transmission attemip is
Proximity and Saturationhypotheses for an IBSS with a fixed®asily verified thatr; above coincides with the steady state
number of active stations. All relevant details from staddaProbability of the tagged station staying in back off stage
are taken into account in the simulator. Its main purpodedS calculated from the two-dimensional Markov chain in
it to check the extent to which Independence assumptibf- AlSO the analytic expressions of the average transomss
and and geometric approximation provide good results whBFPbability 7 and the average throughput are just the same

computing second order metrics (e.g. service time varjand@r the original two-dimensional model and for our simpkfie
or even probability distributions. oné. Further, the fixed point iteration in [20] is immediately

Thanks to theSymmetrnyassumption we focus on a tagged€covered by writingr = 2iZo Timi, With the m;'s as given

. ) . . (2).
station and denote b¥ (¢) its back-off stage at time Letm n eq. ( . .
be the maximum retry(number, i e. the maximum number OfThe average throughput results obtained with the above

transmission attempts before discarding a MAC frame. Thgﬁo.del are .dep|cted n Figure 2, varying the number of com-
X(t) € {0,1,...,m}. Let {t} be the sequence of timepetmg stationse, for different values ofCW,,,.... As far as

instants when the back-off counter of the tagged station rgqgrds other system parameters, we u sed standard 802.11b
decremented. Thanks to the geometric back-off distrilouti ettings, 11 Mbps data rate, 1 Mbps basic rate and a MAC data

hypothesis, X, = X () is a Markov chain. The structure of rame payload of 1500 bytes. It is apparent that throughput
one-step transition is as depicted in Fig. 1 degradation resulting from a smaller than standard value of

Let 7; denote the transmission probability in stat¢i = CWiaz (€.9.CWina2=255) is almost negligible.
0,1,...,m). If B; denotes the number of slots in a back-off 1according to  the IEEE  802.11  standard, W; -

time at stagei, the geometric distribution hypothesis meansin{CWmaz,2!(CWpin +1)—1}, fori = 0,...,m, where usual values

N (1= >0 T iri of CWiin and CWi,a, are 31 and 1023 respectively. The results of this
thatP(BZ 7’) (1 Tl) Tis T_— 0 7 Is found_by requiring paper are independent of the specific values given tdiths, provided they
that the mean back-off at stagée (1W; —1)/2, i.e. the same form an increasing sequence with

value holding in case of a uniformly distributed back-ofeov  2This is even a stronger simplification than the one in [9].
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Fig. 3. 802.11 DCF medium access evolution.

ssol TN ergodic Markov chain in Section Il. The basic remark is that
¢ (S . .
K \%31 the back-off process that rules the transmission attentpts t
¢ t\\ 5\553 the medium, described by the Markov chain in Figure 1, is
. ‘\;\535% R independentf the time spent in a transmission attempt, under
= 500" KN \x\f\‘:}‘:;:\t the traffic saturation hypothesis; ysérvice timesdo depend
2 T T ‘5‘\‘;\3: on the time spent in the transmission attempts, hence on MAC
o N ~ ~ .
=z o N I frame lengths and used bit rate.
o N ~ %
_§1 e \‘(\
£ 4501 S~
= _o_CW =31 Q
max \\
_w-CW =63 o,
—o-CW =127 AN
o
_ »-CW__ =255 .
400 max 5
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n — Number of competing stations

Fig. 2. Throughput varying the number of competing statiarfer m = 7
and different values o€'W,,qz.

I11. 802.11 DCFSERVICE TRANSIENTMARKOV CHAIN

Let ¢, denote thek-th back-off decrement time; it occurs
either after an idle time lasting a slot time or after a trans-
mission attempt followed by a slot time. At each transmissio
attempt, either a frame is successfully delivered, or asioit
occur$. In the former case, a frame has been served, i.e. we
have a frame service completion epoch. In the collision ,case
frame delivery is attempted again after a back off time, pkce
for those frames whose maximum number of attempts has
been exhausted. For those frames service is complete as well
although ending up with a failure. Laﬂ,‘f) be the service

(b)

Fig. 4. Single (a) and All (b) stations transient Markov cisai

completion epochs (either with success or failure) as seerfigure 4 depicts the two transient Markov chains. The state
from the overall system point of view, i.e. irrespectivefytioe  Of the Markov chain i, € {0,1,...,m+ 2}, where the last

specific station that completes its frame service; let glsde

two states denote failuren{+ 1 = KO) and frame delivery

the service completion epochs (either with success orrégilu SUCCeSS 7t + 2 = OK) respectively. We are interested in a

as seen by a tagged single station. The sequénﬁﬁé} is
obtained by sampling the full sequenfe } and the sequence
{t,(f)} turns out as further sampling of the sequer{tg)}.
Figure 3 depicts an example of 802.11 DCF time evolution
the considered sampling points.

The k-th service completion times for the tagged station e
and for the collective ensemble of contending stations are
denoted respectively a®; ; and O, j, respectively. Under e
the traffic saturation assumption we have ; = t,(j) - t,(jfl
and Q. ; = t,(f) — t,(f_)l; at steady state they are distributed
as a common random variabl®; ; ~ O, and©, ; ~ O,,

Vk. In the following we develop a regenerative model of *°
service completions allowing us to compute the statistics o
©, and ©,. Such models are based on a variation of the

SWe assume ideal physical channel, so that no frame loss drecéiver
errors takes place.

transient behavior of the chain where the initial probapili

vector at time 0 isa 0 0], where the(m + 1)-dimensional

row vector o gives the initial probabilities of the states

é{), 1,...,m} and the last two states are absorption 6nes
Let us define some notation.

® = the one step Markov chain transition probability
matrix.

W = the (m + 1) x (m + 1) substochastic submatrix of
the one step Markov chain transition probability matrix
relevant to the firsin + 1 states; it has positive elements
only on the diagonal and super-diagonal.

©m+1 andg,, 12 = (m + 1)-dimensional column vectors
of the transition probability from each of the transient
states into the absorption states+ 1 (i.e. failure of

4We assume initialization cannot take place directly in ofiehe two
absorption states.



160 JOURNAL OF INTERNET ENGINEERING, VOL. 2, NO. 1, JUNE 2008

delivery, packet drop due to maximum retry limit) andafter a successful transmission and after a packet dropalue t

m + 2 (i.e. success of delivery) respectively. the maximum retry limitm.
o D, =diaglom+1], D2 = diaglpm+2] andD = D, 4 Ds.
We have T omi1 Omin B. All stations service transient Markov chain
-1 0 1 0 ) The derivation of the Markov chain transition probabilitie
0 0 1 related to the time serie@té‘l)} is more involved. According

to the independence assumption, the states of the stations

Bther than the tagged one are independent of one another and

they are all distributed according to the ergodic probgpili

distribution in eq. (1).

P(T=tSr = j; A=m+k) = [a®' "Dy _ As for the expressions of the one-step transition probabili
tiesy; ; of the Markov chain describing the state of the tagged

station over time epochfgt;“)}, we have

where St is the transient state from which absorption oc- el

curs, A is the resulting absorption state apd; is the j-th L (1; 171')(1 )T A T) X

element of the vectox. The marginal distribution of each « Z < n—1 > (7 — i) (1 — 7)1

k=2

Let T' be the number of transitions to absorption, given th
the initial probability distribution i« 0 0. Then, it can be
verified that:

t>1,7=0,1,....mk=12 (3)

of these variables can be obtained easily. In particula, th k
probability distribution off is given by fr(t) = a®' 'De =

a,‘I’t_l(.(Pm-&-l +Ymi2),t > 1, wheree is a column vector of P = T nz:l ( n ; 1 ) (7 — Tt ) (1 — 7)1
1's of sizem + 1. Pt

The random variabld” only counts Markov chain transi- i<m
tions until the service completion occurs. Service timerdis n—1 1
bution can be found by de-normalizing time, so accountingp; ,,41 = Z ( n; ) [TF — (7 = Ton7m)F] X
for the actual duration of the transmissions/collisionRisTis k=2
done in Section IV. The rest of this Section is devoted to x(1— 7—)"*1*’6 +7i(n — DT (1 —7)" 72
the complete identification of the transient Markov chahm t i< m
will be exploited in Section IV. To this end there remains to 1
identify the vectora and the values of the entries of the onémm+1 = Tl = (L =7)" ]+ (1 = 7m) X
step transition probability matri®@. Both of these quantities [ K &
depend on the subset of embedded times we consider, namely X Z < k > [T = (7 = Tmmm)™] X
{1} or (£}, =

x(1— 0

A. Tagged station service transient Markov chain pimiz = T(l=7)""+ (1 -7)(n-1)r(l—7)""

The Markov chain related to the time seriésgf')} is where we used the probability th&tof the other stations
depicted in Figure 4(a). The transition probability, is the that attempt transmission out &f do so in their last stage,

probability that the tagged station remains in state namely k (TonTom )7 (7 — T )" 3. All other transition

Pii=1-m probabilities not listed above are null. The overall stouetof
A state transition froni to i + 1 and from the state: to the the matrix® in this case is as given in eq. (4), except the first

statem + 1 (i.e. transmission failure absorption state) occuf entries of the(im +1)-th column are all positive.
when the tagged station attempts to access the channel; byt 4 "€ 100p transition of staté is due to no station attempt-

least one of the other stations collides with it: ing transmission or some other stations being involved in
) _ a collision (but not at their last transmission attempt) and
Piit1 =7(1—(1—-7)"""), i=0,1,....m the tagged one being idle. Transition from statéo i + 1

(¢« < m) is triggered by a collision involving the tagged station

with no other station involved being in the last stage- (

th transmission attempt). A transition from statéo m + 1
Pimiz =7i(l—7)""", i=0,1,...,m corresponds to the end of a service time with (at least one)

All other entries of the matrix® are null, except for MAC frame discar.d:_this occurs when: i) the tggged station

Omitmil = Pmizmis = L. Therefore, the structure of thedttempts a transmission and at least another statitine last

one step transition matrix of the transient Markov chainss étage_trgnsmlts as well; if) the_ tagged station stays idle, but
a collision involving other stations occurs and at least ohe

The transition probability from stateto m + 2 (i.e. transmis-
sion success absorption state) is:

fO”OWS'_ - them is in its last stage. A transition from state statem + 2
¥o.0 o1 0 0 #0.m+2 corresponds to a service termination with successful MAC
0 ¢r1 - 0 0 PL.m+2 frame delivery. This occurs iff either the tagged statiorany
d— : : : : : other station is the only one to transmit. Finally, the sakci
0 0 - Omm | Ommtl  Pmmaz case of a transition from state to statem + 1 is triggered
0 0o --- 0 1 0 by either the tagged station being involved in a collision or
0 0o - 0 0 1 a collision involving other stations taking place, with agst

“(4) one involved station in its last stage.
The initial probability vectora is [1,0,...,0], since the  Also finding « for the Markov chain embedded at times
tagged station always restarts from the backoff stage (& b({lt,(f)} is more involved, essentially because a service time
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completion occurs for a MAC frame belonging either to the 2) Ty, i.e. time required for a successful frame transmission

tagged station or toat leas) one of the other stations. The and acknowledgment, if only one of the other stations
detailed derivation can be found in the Appendix. transmits, hence with probability, = (n — 1)7(1 —
T)n—2;
IV. 802.11 DCFSERVICE TIME CHARACTERIZATION 3) T., i.e. the time it takes for a collision among other

We want to characterize the burstiness in the 802.11 DCF  Stations, in case more than one of the other stations
service time. Two different metrics are defined: i) the tahge  &tt€mpt fransmission, hence with probability = 1 —
station service time distribution, ii) the distribution tiie Pe = Ds:
number of service completions of stations other than tiherefore, the Laplace transform of the probability dgnsit
tagged one between two consecutive tagged station servifethe time required for a loop transition of stafe is
completions. By exploiting previous models, we are able 9(s) = [p.e~*° 4+ pse "> + p.e~*7<] and we havey x(s) =

fully characterize these issues. K($)op ke = k(s)(1—1%), k=0,....,m
Finally, the time required for a transition towards the
A. Service Time Distribution absorbing staten + 2 (success) is always equal ff; the

Up to now, we confined ourselves to the realm of embeddghe of the transition to the absorbing state+ 1 (failure) is
Markov epochs, to obtain the probability distribution o&th instead equal td"; this last transition only occurs from state
absorption timeT’ in terms of number of embedded points’

If each transition takes a different time and we are intedbst The inverse matrix in eq. (6) can be explicitly calculated by
in the overall actual time (not just number of transitionsy, €xploiting the special structure & and hence ofG(s)°. So
need to de-normalize the probability distribution Bf Let We find:

thenf; ;(s) be the Laplace transform of the probability density .

function of the time required to make a transition from state fo.(s) = Z e ) mio + e o) i
i to statej in the transient Markov chains defined in Section *~* — 1—k(s)p;;

Il and let H(s) be the (m + 3) x (m + 3) matrix whose .

. .. Jj—1
entry g; ;(s) is fi;j(s)eij, 3,5 = 0,1,...,m + 2; note that y H
k=0

X

_sT,
e Pk k41

H(1) = ®. Let also: i)G(s) be the(m +1) x (m+ 1) matrix 1 — K(8)Pk.k

obtained fromH(s) by considering only the transient states; m j
i) Di(s) = diaglro,m+x(s) h1,m+k(S) - Bmm+x(s)] for _ o—S(TeHiT) (1 _ )i Tk

k = 1,2. Then, we can extend the result in eq. (3) to the ;0 (1 =pp kl:IO 1—(1—m)k(s)
Laplace transform of the service time probability density

. AT T T
Jo(s:T = 1,50 = j; A= m+ k) = [aG(s)" ' Dy(s)]; (5) e A | S e
fort>1,7=0,1,...,m,k = 1,2. The functionfe(s; T = - - o
t,S7 = j; A =m+ k) is the Laplace transform of the prob-where p = 1 — (1 — 7)"~! is the conditional collision

ability density function of the absorption tin®@ conditional Probability.

on absorption int steps, fromj towardsm + k, i.e. the time ~ Moments of©, can be found by derivinde, (s). A lengthy
required to complete service of a MAC PDU firsteps of the calculation shows that the first moment is recovered asdyjrea
transient Markov chain, ending up with a failure<£ 1) or a found in the literature, i.e- f _(0) = E[0] = (1—p™*1) /A4,
successK = 2) and leaving the state of the tagged station athere A, is the saturation throughput of a tagged station,
stagej. whichisA; = 7(1—p)/T, with T = §(1—7)(1—p)+ Tsnr(1—

The Laplace transform of the probability density functién o) +Tc[p— (n —1)7(1 — p)] being the virtual slot duration [2].
the unconditional absorption time, i.e. the MAC frame seavi fo.(s) can be numerically inverted by using standard methods
time ©, is found by summing up over, j and % in eq. (5). (e.g., see [18]).

Then The Laplace transform of the collective service time random
1 variable®, is very close to eq. (7), except that the expressions
fols) = a[l=G(s)] " [D1(s) + Da(s)] e () derived in Section 11I-B shall be used for and they; ;'s

Let now consider the Markov chain that represents tt@nd that the expressions pf andp. appearing intos(s) are
service completion times of the tagged station, i.e. the fim different, namelyp, = 0 andp. = (1 — 7,m)"* — (1 —
takes for a tagged station frame to be successfully detivere 7)" ! — (n — 1)(7 — 7, ™) (1 — 7)" 2. The major difference
discarded because of exceeding the number of retransmisdiothat a double summation appears, since the entriesave
attempts; this the random variable denotedegs Then, we
havea = [1,0,...,0] and the entries of the matri® are as  SLet C be a matrix whose non-null entries are only the diagonal et
in Section IlI-A. Ckk = ak,k = 0,1,...,m and super-diagonal ones, 11 = by, k =

i ; 0,1,...,m—1. LetalsoD = C~!; D is an upper triangular matrix, whose
The forward transitions, .. those from stateo statek + 1 diagonal elements are the reciprocals of the elements odidigenal ofC. It

(k = O’.l’ cey = 1), require the time to perform a collision, can be verified that, ; = —bxdis1 /g k=0,...,j—1,7=1,...,m
T, which is constant if we assume a same constant dateld;; = 1/a;,j = 0,1,...,m. This yields an explicit expression for
frame payload length for all stations. Therefogg,,,(s) = nonnull entries oi:
cpk7k+1e’5TC,k:0,...,m—1. =Y

The time of the loop transition of each transient state eqqual dj, ; = (-1) 7% — H - k=0,1,...,5;7=0,1,...,m

aj - ar

1) 4, i.e. the count-down slot time of IEEE 802.11 DCF, in

case no other station attempts transmission, hence Wjfkkre the product reduces to 1 in case the lower range indesssthan the
probability p. = (1 — 7)"71; upper one HJT;;. =1).
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in general positive: limit is low, the model is not able to reproduce successfully
m et o the service delay statistics for probability values beldwut

fo.(s) = Z e " Pimi2 e T Pjme % 0.1, since the impact of_the geometric backoff assumption
‘ s 1 — k(s)pj. dominates the delay statistics. Whenincreases, the model

reproduces successfully the CCDF. From the analysis of the
% Z o H %ﬁk k+1 CCDF, we note that the variability of the service time is quit
1 — K(8) @k, k high. E.g, whenn is 7 (standard 802.11 retry limit), 1 packet
over 1000 experiences a delay higher than 1 setmticating

where thep; ;'s are as given in Sec. lII-B. a high level of dispersion of the service delay.

B. Model validation 6 :
We compare service time distribution and variance obtainec oo e
from the model to simulation results. 5| oo sm e i
In the following numerical example we assume a data MAC —x- =15 - Sim ,/3 ’
frame payload of 1500 bytes, data rate = 11 Mbps, basic rat -0~ 'n=15 - Mod ,/’/
(preamble and PLCP header) equal to 1 Mbps20 us; by st o ” ’ |
using the |IEEE 802.11b DCF standard values, it turns ou g
that T.=Ts=1.589ms for 1500 bytes data frame payload; the E 3
contention windows are set according to the standard witt @
CWinae = 1023 and CW,,,;,, = 31. g,
10°
- --m=0 1
—m=1
m=2
T m=3 0 L L L L L L
- -m=4 0 1 2 3 4 5 6 7
B —m=5 m - Max retry limit
10 m=6
3 - -m=7

Fig. 6. Coefficient of variation of the service timg; validation against
simulative results.

Pr{o>t}

Figure 6 depicts the ratip between the variance é, and
the squared mean @, obtained by means of eq. (7) and as
derived from simulation resultg; is a good indication of the
dispersion degree of the service delay with respect to trenme
i service delay. Even in this case, discrepancies betweerlmod
1 and simulation results are due to the geometrical disiobut
assumption that leads to an overestimation of the variafce o
@ the service time. The error vanishes as the maximum retry
10° limit gets closer to realistic values (standard defaultnis?),
except in the extreme case = 2, where the independence
assumption introduces a bias in the model results.

The analytical model is valuable thanks to its very fast
computation times (orders of magnitude less then simulatio
times) and since it is very accurate just in those cases where
is practically useful to carefully engineer the wirelessess,

i.e. for a non negligible number of stations (larger thanwa fe
units) and for retry limit close to the standard value.

’ t (seconds) '

|
1
1
33333333

~NOoO A WNREO

Pr{o>t}

C. Service times burstiness

As a further step, we characterize the burstiness of the
T service process. We exploit the Markov chain related to the
. . 1 time series{t\")} to evaluate the distribution of the number
t (seconds) of service completions of stations other than the tagged one

(b) between two successive time epochs of the sequétigé}

Fig. 5. Analytical (a) and Simulative (b) CCDF of the servigelay for l.e. two successive tagg_ed station serwcg completlonﬂj“ﬁo
1n=15 andCWinas = 1023 varying the maximum retry limitr. end, we use the transient Markov chain that describes all
service completions (see Figure 4(b)). hence the entries of

matrix ® given in Section III B.
Figure 5 depicts the complementary cumulative distributio Let D, = dmg[(pg °) 4 % ] andD, — dmg[sogs) + 9055)]

function (CCDF) of the service delay obtained by invertigg e (z) X
(7) (Figure 5(a)) and the empirical CCDF obtained by meatwo diagonal matrices, with vectors,” as defined in the

of simulations (Flgure 5(b)) as_ a function @i, when the oo pe compared with the average service time of a statiorealequal to
number of competing stations is 15. When the max retry 1.9ms with the assumed parameter values.
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Appendix, withk = 1,2 andz = o, s. Note thatD,e+Dse = n = 15. Moreover the solid bold line depictg, when

e— We. The(i, j)-th entry of(I— ¥)~!D, is the probability using a short term fair random scheduler, i.e. a random

that any station other than the tagged one terminates stsheduler that chooses the next served station indepéyndent

service leaving the tagged station in stateconditional on of previous served stations with the same probability; is th

the tagged station starting out in statethis is just the one- caseg, = (1 —1/n)*1/n. The heavier right tail of the 802.11

step probability transition matrix of the tagged statioragd scheduling distribution with large values 6,,,... highlights

(state) on a service completion by another station. the burstiness of the 802.11 service process. Such busstine
The probability thak services of other stations occur beforean be reduced by choosing a smaller valueCe¥,,,,.; in

the tagged station is served, i.e. between two serviceseof this case the figure highlights that the 802.11 DCF behaves as

tagged station, is given by: a short term fair scheduler.

@ =a[I-0)'DJ*0I-¥) 'De, k>0 (8)

with a = [10... 0].

= n=15
°© n=2-Sim é
S~ o - - -n=2 - Model = -\
e : | = n=8-sim g -
| ——n=8 - Model [= 09 CWma=1023 |
: ¢ n=15-Sim 3 CWmax=255
E B CWmax=127
N --'n=15 - Model %
-2 ° £ 0.85 ; :
10 & RN S CWmax=63
TN z
AY
~ oo 0.8
o \
10°E °
0.7% ‘
° j CWmax=31 | i i i i i i
° 1 15 2 25 3 35 4 45 5 55
107 Normalized var( © g/mean( Q)Z
(@)
0 1 2 3 T T T T T
10 10 10 1-08"%
k \\//—F
107} -5
-1 = =
10 Erees 106" -
P : [ : 5 CWinax = 255 CWmax = 1023
£ 1.05f 1
2 CWmax = 127
o
s £ 1.04f
107 5
g 1.031
S
£ 1.02f
(=}
z
5 107 1.01f
R Al
___Cw =31
cw =63 0.99}F CWmax.= 31
— max 3 L L L L L I I I I
10H cw__ =127 [ S 1 15 2 5 3 35 4 45 5 55
max [ BN Normalized var(® )/mean(® )
_._CW__ =255 G s s
max \
= N\
___Cw_ =1023 N (0)
—— Short Term Fairness ‘,\ N
10° 0" 10'2 Fig. 8. Squared coefficient of variation of the service timetradeoff against
K normalized throughput - Basic access (a) and RTS/CTS (b).

Fig. 7. Probabilityqy that k services of other stations occur between two
c_onsecptive services of the tagged st_ation: (a) compahisbmeen model and The impact of a reduction of?W,,.. on the system
simulations; (b) model results for various values@W,qz. .. . . .
throughput is investigated in Figure 8, where we plot thddra
off between performance penalty and service time jitter, fo
Figure 7(a) depictgy, derived from the analytical modelboth the Basic Access (Figure 8(a)) and RTS/CTS (Figure
against simulation results, for different valuesodndm = 7. 8(b)) access methods. Performance is measured as long term
When the number of competing stationsis large enough, average throughput normalized with respect to throughput
the model is able to reproduce the burstiness level of thelue withn = 1 and CW,,,,=1023. Jitter is measured by
service process. When is 2, the model does not correctlythe squared coefficient of variation of the service time
reproducegy; in this scenario, the independence hypothesimrmalized with respect to the value pfin casen = 1 and
does not hold, since the two competing stations’ evolutames CW,,,,,=1023. The maximum contention windo@W,, ..
correlated. While this does not significantly affect themeate varies from 31 to 1023, and the number of active terminals,
of the throughput, it turns out to be more critical in the case, varies from 2 to 15. Dashed lines through the graphs join
of second order or distribution tail evaluation. Accurasy itogether points wher€W,, .. has the same value, from 31
recovered for larger values of (e.g. in the order of 10). to 1023. The key result is that most of the right portion
Figure 7(b) depictg; obtained by means of the analyticabf the curves is almost flat, pointing out that a substantial
model, for different values olCW,.., for m = 7 and reduction of the service time jitter can be achieved in spite
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TABLE Il

a minor throughput degradation. By decrea , itis
9np 9 y S 0 COEFFICIENT OF VARIATION OF THE SERVICE TIMESn = 15; m = 7)

possible to limit the dispersion of the service delay around
the mean service delay, without significantly reducing the

Basic A
mean throughput. As a matter of example, usifiy;,..=127 (a) Basic Access

instead of 1023 whem is 15, the delay dispersion is more E;i‘,?;‘;d Data rate (Mbps)
than halved against a throughput reduction of about 4% for th (bytes) 2 11 54
basic access method, and of less than 1% for the RTS/CTS 100 2.439| 2.442] 2.458
access method. 500 2.436 | 2.440 | 2.452

Until now we have only shown results obtained for a data iggg 3322 g-jgg g-ﬁg
rate of 11 Mbps and a MAC frame payload of 1500 bytes. We - - -
also evaluated the performance of the system and the service (b) RTS/CTS
time jitter for different payload sizes, and for some of the Frame Data rate (Mbps)
data rates specified by the 802.11b and 802.11g starldards E)Syload

ytes) 2 11 54

Table | shows the values of the long term average throughput, 100 5437 | 2.439 | 2.452
normalized to the data rate, for both the Basic Access (Table 500 2.435]| 2.438 | 2.449
I(@)) and the RTS/CTS (Table I(b)) access methods. We set 1500 2.434| 2.436 | 2.444
n=15andm = 7. 4000 2433 | 2.434 | 2.440

Results show that RTS/CTS performs better than the basic
access only for very large payloads and low data rates. The

coefficient of variation of the (individual) service times i _ o _
tabulated in Table II; the access delay jitter appears to Mariable data frame sizes and transmission rateslj.and7;

almost independent of the data rate and packet size. can be modeled as random variables. Asymptotic tail arslysi
for the service time survivor function can be done based on
TABLE | the analytical expression of the Laplace-Stiltjes tramafcso
NORMALIZED THROUGHPUT(n = 15; m = T7) as to derive a simple exponential-like approximation of the
service times; also an estimation of the error introduced by
(a) Basic Access the geometric back-off distribution assumption we made as
Fra:ned Data rate (Mbps) opposed to uniform distribution would be useful (work is in
ayloal H
?b;%es) > T = progress on these last two topics). .
100 0292 T 0.096 T 0.059 M_ore eIabor_ate extensions should aim to reIa_x saturated
500 0.591 1 0.323 | 0.228 traffic assumption or equivalently to model a changing numbe
1500 0.712 | 0.534 | 0.434 n of backlogged stations over time; we also aim to develop a
4000 0.761 | 0.671 | 0.606 full-fledged model of the 802.11 DCF as a packet scheduler,
(b) RTSICTS to be used for studying performance of upper layer protocols
Frame Data rate (Mbps) (e.g. TCP).
payload A different line of application of this result (and analo-
(bytes) 2 11 o4 gous ones in the literature) is in fine tuning of contention
100 0.223 | 0.062 | 0.044 - : :
500 0590 10249 T 0.183 window values, so as to control not only first order metrics
1500 0812 1 0.499 | 0.410 (e.g. throughput) but also second order ones (e.g. variance
2000 0920 | 0.726 | 0.649 of the service times) or even quantiles or tails of relevant

performance metrics.

APPENDIX

V. FINAL REMARKS . :
In the following we show how to derive: for the Markov

A new approach for the derivation of the service time distrthain embedded at time{sﬁ;ﬁ“)}- The vectory,,., can be
bution is defined in this work. It allows a full characteribat gpjit into two arrays, each containing the transition pauility
of service times of a tagged station and of the system ago@vards the absorbing state + k corresponding to service
whole, i.e. inter-departure times between packets belngicompletions of the tagged station or of any other station
to a same station or to any station. The model is exploit?g —1,2). Let the two components b@S) and <P1(co) for the
to highlight burstiness of service times and the key syst§nsition probabilities corresponding to service cortiptes
parameters it depends upon, in particular the maximum valyehe tagged station and of any other station, respectively
of the contention window of IEEE 802.11 DCEWnas- SO, Yimik = %05813 + %(Ok)vl —0,1,...,m:k=1,2. It can be
A trade-off between throughput efficiency and service timg 4 by starting from the expression for the,,+'s that
variance is quantified and discussed, showing that a minor '
loss on throughput can bring about a major benefit on service %(,81) -0 i=0,1,...,m—1
time smoothness, at least for practical values of the number ’
of simultaneously competing station (e.g. less than 15).

A number of extension of this work can be envisaged. () —(n-1 n—1—k
The new analytical approach lends itself to dealing alsdwit Pm.1 = Tm 1; < k > (1=7) x

"For the data rates of 2 Mbps and 11 Mbps the basic bit rate (fe.bit
rate for the preamble and PLCP header) was set to 1 Mbps, fahitae data X
rate of 54 Mbps the basic rate was set to 6 Mbps. j

)=

( ; ) 1 (T T ) (T = Ty o)

J 14+

Il
=]
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o)

= 1-7)[1 -1 —=71pmn)" !
—(n— D1pmm(l — 7')"_2]

i=0,1,...,m—1

(o)

Pm1 = (1 - Tm)[l - (1 - mem)n_l
—(n = V)7 (1 = 7)" 7% +
n—1
n—1 n—1—k
k=1
"k | _
g Z ( J > 1 (Tmom)? (7 = Tt )
7=0
%0582) = n(1-7)"" i=0,1,...,m
) = A-m)n-Drl-1"?  i=0,1,...,m

The case of joint service completion (with failure) has been

arbitrarily split among the tagged station and other stetio
ending their packet service time, by assigning the servi
completion event to any of thigt+1 stations completing service
simultaneously with uniform probability.

We defineD(®) = diagp!” + %] andD(®) = diag!* +
©5¥)]. By definition we havéD(©e + D(¥)e + We = e.

Let 3(°) = o(I— ®)"'De andf®) =1 - 3(°) = (I -
¥)-'D®)e be the probabilities of a service completion o
other stations and of the tagged station, respectidehging
the identity matrix of sizgm + 1) x (m + 1).

The probability distribution of the exit state into absdopt
conditional on other than tagged station performing a servi
completion isq(®) = a(I — ¥)~'D() /().

To define a regenerative process, we require that

a=B0q® 4+ g0e,

=a(I—-0)"'D + (1 —-aI-¥)'De)e; (9)
wheree; = [1,0,...,0]. By the change of variabte = o(I—
)1, we obtainu(I— ¥) = uD + (1 —uDe)e;. From
this it can be found that = (1 —uD@e)e, (I— ¥ —D()~1
and hence

uDlolg — €1~ ¥ - D7) IDe
1+e(I—¥—DO)-1D0Oe

hence
e;(I-¥ —-DO)"1(I- W)

T 1ie(I-¥ _DO)DOe

(10)

Equation (10J gives the expression of the initial state
distribution to be used with the Markov chain of servict
completion of any station (either the tagged or not).
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