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Abstract—In this paper, we analyse the MAC access delay maximum contention windowsC(Wmin and CWmax), and
of the IEEE 802.11e EDCA mechanism under saturation. We |engths of packet bursts or transmission opportunity limit
develop a detailed analytical model to evaluate the influence (TXOP limit). A fifth parameter representing the backoff

of all EDCA differentiation parameters, namely AIFS, CWmin, . - . -
CWmax and TXOP limit, as well as the backoff multiplier 3. window multiplier (sometimes called the persistence fgc¢to

We derive explicit expressions for the mean, standard deviation Which we denote by, was studied during the standardization
and generating function of the access delay distribution. By process, but was eventually abandoned due to doubts about

applying numerical inversion on the generating function, we are effectiveness [3] and replaced with a fixed multiplier of &. |
able to efficiently compute values of the distribution. Through the present paper, we substantially extend a model [4] that

comparison with simulation, we confirm the accuracy of our d | d . v f delav in the distributed
analytical model over a wide range of operating conditions. Using we developed previously for access delay in the distribute

the model, we derive simple asymptotics and approximations for coordination function (DCF) of the original IEEE 802.11
the mean and standard deviation of the access delay, which reveal MAC, to EDCA. Our model can scale to an arbitrary number

the salient model parameters for performance under different of ACs and accounts for all four standardized differentiati
differentiation mechanisms. We also use the model to study the parameters. We also make our model general enough to cover

characteristics of CWmin, AIFS, TXOP, and g differentiation. . L .
We find that, though rejected during the standardization proces, 0 differentiation, so that we can study the characteristics o

3 differentiation is an effective differentiation mechanism that this mechanism. Note that parts of this work have appeared
has some advantages over the other mechanisms. previously in conference form [5], [6].

Index Terms—Medium access delay, IEEE 802.1le, QoS, Many recent papers have pro_pose_d analytical models for
EDCA, service differentiation, generating function. various subsets of EDCA functionality [7]-[19]. Xiao [7]
modelsCWmin and CWmax differentiation, [8]-[18] model
CWmin, CWmax and AIFS differentiation, and Peng et.
al. [19] develop a simple model foi’ XOP differentiation
only. Compared to previous models, our model is novel for

quality of service (QoS) extension to the original IEEEhe following reasons: (i) it correctly accounts for all 4

802.11 wireless local area network standard [1], knowdifferentiation parameters in the standard; (i) it yielt
as IEEE 802.11e [2], defines a contention-based mediwiandard deviation and distributional values of the acdeksy,
access control (MAC) scheme calleghhanced distributed as well as the commonly obtained mean access delay; (iii) and
channel acces¢EDCA). EDCA provides service differenti- it provides accurate estimates of these metrics. Ge at @J. [2
ation by separating flows into different access classes. TAgemp to explicitly account for all differentiation paratars
differentiation achieved by EDCA is relatively easy to undein their model, but they actually analyse and simulate-a
stand in a qualitative sense; however, quantifying the elegrpersistent version of EDCA, which does not have the same
of differentiation provided is difficult due to the distritad, characteristics as EDCA. In [14], it is stated that a 4-pagiam
contention-based nature of EDCA. Hence, there is a need fabdel can be built by simply inflating the packet length in
accurate performance models to guide the configuration takir 3-parameter model to account fBKOP differentiation.
parameters. In this paper, we develop a detailed analyti¢gbwever, as we will show in our model development, an accu-
model of the packet access delay in a network of 802.11ge model ofTXOP differentiation is a non-trivial extension
EDCA stations operating under saturation. In this contexhat requires careful consideration of all possible coratims
access delay is the time interval between the instant a packetransmission and collision durations of the differentsAC
reaches the head of the transmission queue, and the time wiigjether with their probabilities of occurrence.
the packet is successfully received at the destinatiomoatat ~ Our analytical model is a fully integrated one that can

Service differentiation in EDCA is effected through foukapture joint differentiation by up to four parameters (oefi
parameterized access categories (ACs). Packets belot@ingarameters including). However, for ease of understanding,
different ACs are given different access priorities by @pprwe present the model in terms of three sub-models: a cailisio
priate tuning of four AC-specific parameters. The paransetgsrobability model that estimates the collision probaieiit
define, respectively, the size of AC-dependent guard pegf the different classes; a delay model that accounts for all
ods (arbitrary interframe spacing oXIFS), minimum and phenomena that contribute to the access delay; afiX@P

o . . o model that accounts faf XOP differentiation. The collision
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EDCA analysis. All the aforementioned studies use ejs typically an excellent match with simulation down1o—2,
tensions of Bianchi’'s two-dimensional (2-D) Markov chairand often beyond.
analysis of DCF [21] to derive the collision probabilities, In addition to developing an analytical model, we exploé th
though [12] shows that there are other approaches. To inedel to advance the understanding of EDCA delay perfor-
corporateAIF'S differentiation, [8]-[10] resort to 3-D Markov mance. We use the model to deri@symptoticsor the mean
chains, while [11] uses a 4-D Markov chain. In contrast, [1G]nder the assumptions of unlimited retransmissions and the
and [17] develop less complex models based on separaten@mber of contending stations tending to infinity, and tawder
and 1-D Markov chains. Our collision probability model isapproximationsfor both the mean and standard deviation
based on that of [16], but uses an average value analysisuitder the assumptions of a finite retransmission limit and
place of the 2-D Markov chain. This leads to a more intuitiva large number of contending stations. The asymptotics and
and simple, yet accurate collision probability model. approximations reveal the salient model parameters fdoper
Our delay andTXOP models are novel and yield de-mance under different differentiation mechanisms, andigeo
tailed statistics of the access delay. Most prior studies simpler alternatives to the complete analytical exprassior
EDCA analyse only throughput and/or mean delay. Exceptiosgstem analysis and design. Our approximation methodology
are [10], where the delay distribution is obtained using and results are new. Our asymptotic work is inspired by that o
computational approach based on the transient analysisR#maiyan et al. [22], who obtained asymptotics for throughp
a Markov chain; [18], where the delay distribution is apratios undelCWmin, AIFS and 3 only differentiation. There
proximated by estimating the probabilities of alternatéayle are some parallels between their asymptotic throughpiasrat
outcomes; and Engelstad and @sterbg [15], where point®of #hd our asymptotic mean delay ratios (since under infinite re
distribution are obtained by inverting the generating fiorc transmissions, the mean access delay has a simple retdfions
of the delay distribution. In our study, we present a momsith the throughput). Unlike [22], we also derive asymptoti
direct and accurate method to obtain the delay distributioresults for the individual ACs rather than the ratios, ad asl
Similar to [15], we derive the generating function of the result forTXOP differentiation.
distribution of the access delay and obtain distributiomdlies Finally, we perform a detailed numerical study using the
via numerical transform inversion. However, our geneatiranalytical model to quantify the differentiation in the meand
function is more detailed and accurate than that of [15], @s wtandard deviation afforded b§Wmin, AIFS, TXOP and
illustrate through a numerical comparison. Further, waiobt 3. We find that3 differentiation, though discarded during the
explicit expressions for the mean and standard deviation sthndardization process, is an effective differentiativecha-
the access delay. Our moment expressions are derived nigm that has some advantages over the other mechanisms.
direct probabilistic arguments and not by differentiatamd We also find thatCWmin and AIFS individually provide
limit-taking of the generating function, which is the apach  only coarse-grained differentiation, but that joftVmin and
used in [15]. The direct approach is advantageous becaug@'s can provide access to intermediate differentiation levels
the generating function in question is complicated, making The rest of this paper is organized as follows. In Section II,
differentiation tedious. Perhaps as a result of this coriple we give a summary of the EDCA mechanism. As EDCA has
Engelstad and @sterbg [15] go no further than state theen thoroughly reviewed in many previous papers (e.g),[23]
standard deviation in terms of derivatives of the genegatinve keep our description brief. In Section IlI, we present our
function. As far as we are aware, ours is the first work to @btagnalytical model for the MAC access delay, starting with the
an explicit expression for the standard deviation of theaylel collision probability model. Then we describe our accesayde
(or jitter) in EDCA. The expression enables use to develgpodel that takes into account tt@Wmin, CWmax, AIFS
analytical insights into the relative importance of partgam® and 3 mechanisms, and derive expressions for the associated
and to quantify the jitter performance of the differentiati mean, standard deviation and generating function. At thk en
mechanisms. of this section, we present orXOP model, and derive the
Achieving accuracy in the distributional values clearly demean, standard deviation and generating function when all
mands a more detailed analysis than one that is sufficient fiwe differentiation parameters are included. In Section IV
delivering accuracy in throughput or mean delay. In ourylelave present asymptotics and approximations for the mean and
model, we carefully account for all events that noticeabktandard deviation. The validation of the analytical mawiéh
contribute to the access delay of a packet from a taggamé-2 simulation is carried out in Section V, and then we use th
station. We include the delays due to the backoff process mbdel to assess the nature of the service separation pdovide
the tagged station, interruptions to the countdown ofAES by each differentiation mechanism, and to test the accuracy
guard-time by higher priority stations, collisions invisly of the approximations. Finally, we state our conclusions in
the tagged station, and transmissions and collisionsvim@! Section VI.
other stations. We develop the delay aitlOP models in
terms of random variables, which makes it possible to rgadil
obtain explicit expressions for the mean, standard deviati
and generating function. We confirm that our analytical tssu EDCA is a prioritized carrier sense multiple access with
for the mean, standard deviation and distribution of theessc collision avoidance (CSMA/CA) access mechanism which
delay are accurate through comparison with ns-2 simulatiarses (truncated) binary exponential backoff (BEB). It iz
Significantly, we have found that our analytical tail distriion service differentiation through the use of four ACs in each

Il. OVERVIEW OF EDCA



station. Each AC has its own transmission queue and four ad\We allow for an arbitrary.J distinct ACs in the network.
justable contention parametefsSWmin, CWmax, AIFS and Without loss of generality, we label the ACs with indices
TXOP limit. When a packet arrives at the MAC layer fronk = 1,...,J, in order of non-decreasingIF'S, while plac-
the higher layers, it is assigned to one of the ACs accordingihg no ordering restrictions on the values of the other AC
its user priority. The parameter values of different ACsudtlo parameters. We refer to theth AC as AGk], and denote
differ in at least one parameter to enable differentiation.  the associatedIFS period by AIFS,. The number of Afk]

The CWmin and CWmax parameters define the initialstations is denoted by, R is the maximum number of
and maximum values of the contention windo@W) used attempts (the same for all ACs as specified in [2]), akg
in the backoff process. In this process, a discrete backigfthe minimum contention window for A€]. We generalize
time measured in backoff slots is randomly selected frothe backoff mechanism in this paper to exponential backoff
[0,CW-1]. A backoff entity is maintained by each AC in thewith real multiplier 8, > 1, instead of binary exponential
station. The backoff timer counts down as long as the chanielckoff as in the standard. The maximum backoff stage for
is idle but is frozen when the channel is busy. When th&C[k| is my, so that the maximum contention window is
backoff timer reaches zero, the station starts transmittih CWmax;, = (5, W), where(.) denotes rounding to the
the transmission is successful, the receiving MAC layedsennearest integer. The transmission opportunity limit for[AC
an ACK (acknowledgement) after a short interframe spacing denoted byI'’XOP.
time, SIFS. Upon failure to receive al\CK (indicating an
errored transmission or collision), th@Ws of the senders o -
are doubled, and the packets are scheduled for retransmissf\- Collision Probability Model

Doubling of CW continues in response to further collisions oyr objective is to develop a fixed-point approximation to
until CWmax is reached, after which CW is maintained agompute the collision probabilities and transmission pil-
CWmax until the packet is successfully transmitted, or untiies of all the ACs. Let;, andp;, denote the collision probabil-
the maximum permitted number of attempts is reached. jty and transmission probability, respectively, expecih by
The AIFS parameter defines the guard time that a statigfh AC[k] packet. The fixed-point approximation is established
must observe after a busy channel period before its backgff combining a set of equations for the collision probaieit
timer can be resumed. A smallekIFS means a higher expressed in terms of the transmission probabilities, aith
priority of access. The value ofIFS is always greater than gpposing set of equations for the transmission probagsliti
SIFS to ensure contention-free access for ACKs and othgpressed in terms of the collision probabilities. We abthi
control packets. If anAIFS countdown is interrupted by aformer set of equations by following an approach proposed by
transmission from a higher priority station, the countdowrim and Kim [16], which we summarize below.
is stopped and a newIFS countdown is started when the kim and Kim [16], and also Robinson and Randhawa [17],
channel becomes idle. _ _ _ use the concept oflot classto account for the effect of
The TXOP limit parameter defines the maximum durationrg djfferentiation on the collision probability. Slot class
for which a station can enjoy uninterrupted control of thgap pe understood with the aid of Fig. 1, where we illustrate a
medium after obtaining a transmission opportunity. Uminteparticular configuration oATFS, parameters. Let us number
rupted control is guaranteed by allowing the station to sergk idle slots after a\IFS; with slot numbersstarting from
its next data packet after®F'S time following the receipt of 1 The increase in thaIFS, values withk restricts the slots in
an ACK for the previous packet. A value G&XOP limit =0 \yhjch higher-numbered ACs can compete for channel access.
indicates only a single packet may be transmitted for eagly example, while AQ] stations can begin to compete for the
transmission opportunity. o channel access in slot number 1, [2Cstations can only begin
Like DCF, EDCA can operate in either two-way (DATA-trom slot number 2. In line with this observation, we divide
ACK) or four-way (RTS-CTS-DATA-ACK) handshaking {he siots into numbered groups called slot classes, where th

modes. In our analysis, we cover the two-way handshakiggy class number corresponds to that of the highest numbere
mode only, but the analysis can be readily extended to the that may compete for access.

four-way mode.

lIl. ANALYTICAL MODEL swcws [ |3 | [ | [
In our model, we make the following assumptions:(i) all Slot Number |1 2|3 4|5|6{Busy 1|2|3{Busy 1 |1|2|
stations are saturated (always have a packet to sendhéi) t ATFS
collision probability is constant regardless of the stdtet AIFS, :
may differ with AC; (iii) channel conditions are idea(iv) ATFS,
ACK packets are transmitted at the lowest basic rate and AIFS,

the ACK timeout after a collision matches the guard time

observed by non-colliding nodeand (v) each station only Fig. 1. Slot Number and Slot Class

has traffic belonging to a single AC. The fifstur assumptions

are standard for studies of 802.11 performance and orgginat

from [21]. Assumptions (iv) and (vian be removed at the In slot classj, only stations with access categady< j can
expense of additional modelling complexity. transmit. This gives rise to the notion of a conditional isadin



probability ¢, () for AC[k] in slot classj, given by to wait in the ith backoff stage. These r.v's have densities

i defined by
N § . _
a(j) =1 BT (k <j), (1) P[U(k) = u(0, (B W) — 1) for i =0,...,my — 1,
where we define; = 1 — p;. ! u(0, (B Wy) — 1) for i=my,..,R—1,
The overall collision probability;, is obtained as an average (5)

of the ¢x(j)'s weighted by the stationary probabilitig3(;)
that a randomly selected slot belongs to slot class

Lo PG)
cp = c _— 2

The probabilities P(j) can be found by examining the

(k) _
E[Ui ] - {(g;"gwm—l
2
evolution of the slot number/class. In [16], it is shown that : .
the evolution can be described by a Markov chain. Each stal Knowing the steady state probabilities and average durstio

. ..0f the R backoff stages, it follows that the overall average
of the Markov chain represents a slot number, and a transmg . A
ackoff period of an A(Jk]| station is

is made at each slot according to whether the slot is idle or

where u(a,b) is the discrete uniform density with sup-
port (a,...,b). The corresponding average backoff durations,
E[U*)], are given by

{BiWi)—1 for i=0,....,m; — 1,

(6)

for i =myg,..., R — 1.

marks the beginning of a successful transmission or cofiisi R-1 *) *)
If the slot is idle, the slot number is increased by one; if it v, = Z m E[U;"]
is not idle, the slot number is reset to 1. The probabilities i=0
P(j) can be computed from the steady state probabilities of e ; (Be' W) — 1
the Markov chain as = 2 ma( 2 )
=0
. Q) R-1
PG) = = 3 (B W) — 1
=100 b Y (B )
1— a;}(.7‘+1),h(.7') j—1 ) . i=my
. _ J h't —h'
QU = —F o H ; ; wheren;, = (1 —¢x)(1 — cf)~L.
=1 Equations (1), (2), (3), (4) and (7) constitute a non-linear
where we defind]°_, a?““)—h“) — 1, and system of equations that can be solved iteratively to otiteén
T pr’s and e ’s.
J
o =Tl a0 - A IS,
pale tsiot B. Delay Model

Equations (1), (2) and (3) expressas a non-linear function ~ We consider a selected (tagged) [ACstation and derive
of the transmission probabilities,. To find p, as a function an expression for the access delay as experienced by packets
of the collision probabilities:;,, [16] and [17] use variants of Of this station under saturation conditions. From the molo
the 2-D Markov chain of [21]. In contrast, we invoke a mearflescription in Section II, we can identify several eventast th
value approximation fop, by equating it to the reciprocal contribute to the access delay. The most obvious is simply
of the average backoff periodf an ACk| station. In other the successful transmission of the packet. Preceding tRist e

words, if ¥, is the average backoff period, then we write Will be the first backoff plus a variable number of collisions
1 involving the tagged station and the associated backoff per
=—. (4) ods. Successful transmissions and collisions not invglvire
Vi tagged station also contribute to the access delay, sirgge th
To find the average backoff period, we analyse the dynamignifest as interrupts to the backoff counter.

of the backoff process in a similar way to Kwak et al. [24], The access delapp(*) of the tagged station can be written
who analysed the backoff process for DCF. The evolution gk

Pk

the backoff process of an A& station at transmission instants D®) = ®) 1 A(®) L k) (8)
can be described by a discrete-time Markov chgif) with
non-zero transition probabilities wheree(®) is a r.v. representing a defer period, which includes
the duration ofAIFS; and the interruptions to this duration
P(s(t+1)=ils(t)=i-1)=c,, i=1,...,R-1, from higher priority stationsA%) is a r.v. representing the
P(s(t+1)=0|s(t)=i)=1—¢,, i=0,...,R—2, sum of the durations of backoffs and collisions involving th
P(s(t+1)=0|s(t) =R—-1)=1, i=R—1. tagged station, as well as the durations of successfulrtrians

sions and collisions of non-tagged stations that intertbpt
It is straightforward to show that the steady-state prdhiEsi backoff timer of the tagged station. The last tef¥?), is the

of s(t) are given bwa’“) = (1 —cx)ch(1 —cB)~L, fori = transmission time of the packet by the tagged station.
0,...,R—1. As mentioned previously, we first focus on the case of
Let Ui(k) be a discrete uniform random variable (r.v.)IXOP; =0 (i = 1,...,.J), which means only one packet

representing the backoff duration that an [ACstation has transmission is permitted per channel access. In the case of



fixed length data packets, this means th&t) = t,,.,, where of a successful transmissiomonditional on at least one
taate denotes the transmission time of a single data packetnsmissionin the case when all data packets in the system
Later in Section IlI-E, we will remove this restriction onare uniform and have fixed length, we have
TXOP;.

The defer period*) accounts for the duration ofIFSy,,
as well as any interruptions talF'S; by transmissions from

=C" = tdata + SIFS + tack,

and
higher priority stations, namely Ag stations wherg < k. 0 L rroli) n
Since AIFS; < AIFS;, an ACj] station has the right to Sy et T2
access the channel before the channel has been idM Ky, p(i) = 7 . (15)

In this event, the tagged station resets th@"S; timer and 1- f:(il) "
starts a new countdown once the channel becomes idle agail., . merator in (15) is the probability céxactly one
Therefore, any number of interruptions by fiCstations are y.,mission, while the denominator is the probabilityanf
possible beforeAIF'S;, can be successfully counted down. leastone transmission

_We now obtain an expression felt). C_Iearly,e(l)_ =AIFS1 1pe gefer period(*) can be interpreted as the waiting time
since there is no interruption to the highest priority stagi.

. . . until the first success in a sequence of independent trials,
On the other hand, the defer period for ACstations with where each trial has(*) + 1 possible outcomes corresponding

k > 1 must account for interruptions by any higher p”o”“fo theh(®) types of interrupts plus the successful countdown of

stations in any of thé&(*) slots. As in Section IlI-A, we refer A o
IFS,.. The probability of a successful countdown AIFS
to the successive idle slots followinglF'S; as slotsl to h(k), b P y F

We denotep(i) as the slot class to which slotbelongs. The BB BB (i)
probapll|ty that at least one higher priority station tnaits in sk —1 Z“’J - H H r;”. (16)
slot1 is i=1j=1
©(1)
i =1-— H ri. (9) Putting everything together, we have
‘ ") = ity Fiaty + ...+ ipmtye + AIFS,
The excess time due to an interruption in slot 1 from the nhe 2;) T tnw + §
oint of view of the tagged station is ( i)
P 99 W.p. }Il(kl) M 1l/ 22 U hh(ik> 5<k) (17)
t, = AIFS; + X]. (10) L=y i

The rv. X, represents the duration of the interruption ir}flyhermtl’Z2 """ Ipo = 0,1,...00 aretntcr:n negatl;ve m;eg?rs
slot i; it could be a successful transmission when only ondN€ INtegersiy, iz, ..., i, represent the number of inter-

transmission occurs, or a collision when more than oneostati ruptions to eacé)h typ;e ?f SIO;[ and they et;iten_?htodlrf}gnlty
attempts to transmit. since any number of interruptions is possible e differen

If there is no transmission in sldt, the probability that at interruption types can occur in any order, which is captured
: L . G by the multinomialcoefficient inthe probability mass function
I high
east one higher priority station transmits in stots (pmf) in (17).1t can be confirmed that the probabilities in (17)

#() £(2) sum to one through an application of the multinomial thearem
2 j . .
po =[] riv( =T ). (11)  Next we address the second term in (&*). Since the
i=1 J=1 number of backoff intervals that the tagged station experi-
and the excess time for the tagged station is ences depends on the number of retransmissions, the value of

A®) strongly depends on the number of retransmissions. The
ty = AIFS;) + oo + Xo. (12) number of retransmissions before success takes a truncated

This argument can be continued for af*) slots; the respec- 9eometric distribution with pmij.cj, for i = 0,..., R — 1. We

tive quantities for slot:(*) are can therefore write
B 1 (i) ) AR = AP W k) (18)
= T‘n] 7 . . . .
Hnt) | E E J 1;[ wherei =0, ..., R—1. The r.v.AZ(.k) is comprised ot collisions
_ k) involving the tagged station, + 1 backoff intervals and the
thw = AIFS; +(h Ditstor + Xy (13) interruptions to them. It can be expressed as
The duration of interruptionsY; (i = 1,...,h®) can be
(k) _ (k) (k)
expressed as AR = Z B! Zq i (19)
T w.p. p(7) 3=0
X, =4 . . 14
{ o wp. 1 (i), ()

whereB( ]) represents the backoff intervals and the interrup-

where w.p. stands for ‘with probability’7™ is the channel (g andO ) represents the channel occupancy of a collision
occupancy of a successful transmission from a higher pyiori
station;C™ is the channel occupancy of a callision involving lholds true forC* due to the first part of assumption (iv), and because

higher priority stations. The quantity(i) is the probability EIFS — DIFS = SIFS + ¢, (see [1]).



involving the tagged station. The r.v@f”;) are all i.i.d. and notational convention for a generating functionXifis a non-

B% are iid. in the index. negative, integer-valued random variable, then the géngra
2,7 . .
For uniform and fixed packet lengths, we have function of the pmf ofX is
C®) = tyuta + STES + oo + ™, (20) )/(\'(z) =Y 2o P(X=r) for zeC.

iy J i : .. All the r.vs introduced in 1ll-B are non-negative, but radt
where thei, ;7 subscripts are suppressed for notational clant\y,\}a  inteuervalued. However thev can be sasil transfdrm
The scope ofo';) is defined by a backoff interval that Y 9 : , they y

) J, o to integer-valued r.v’s by defining a lattice with spacinguch

:ﬁkesb a I? L;;fcr'eie unllform %'Str.' b,:Jtlon' tlnd E?CA’ ?aCh slot That the values of all r.v.'s are concentrated on the latimats,
et ac Ob 'E.Ftr.va C.atlr? E interrupte fat tmos _O;;I_CE Wihd then scaling to 1. In the sequel, we abuse the notation

certain probabiliies, either by a Successiul transmrssiom slightly by reusing the r.v. names that appear in SectioB lib

a non-tagggd station, or by a.colllsmn involving the NOMyefer to their integer-valued equivalents. For exampleywrite
tagged stations. Each interruption causes the backoffrtlnng(k) =r),r =01 for the pmf of the integer-valued
t ) - ) ) }\

to be frozen, and after the channel becomes idle again, delap®™  and D) () for th tina functi
backoff process resumes from the next slot. Based on this, figeess de P, an (z) for the generating tunction.

o PO = ADTP(HPE). (@29
B =\"y® 22
J nz::l " (22) In the following, we suppress the superscrit) from the

generating functions for notational clarity. For the cakBxed
whereY, ") is i.i.d.(a)nd represents the interruption to thd  length packets, we have
k) - . .
backoff slot, an'de is the backoff |nt.erval given b()l/c)(S). T(z) = staetals. (26)
In the following, we suppress the index from Y,"’ for R
clarity. If no other station transmitsy’*) is equal to the  Based on (18), we can find(z) as:

duration of a slot timé,;,;. If there is only one transmission, it R_1
is equal to the channel occupancy of a successful transmissi g(z) _ Z leCZfTi(Z)- 27)
denoted asG(*). When more than one non-tagged station =
attempts to transmity (*) equals the channel occupancy of :
a collision involving non-tagged stations, denoted Hy"). From (19), we obtain
Hence we obtain R PRI

tslot w.p. 1 — Ck Al(Z) B C(Z) J];[OBJ (Z) (28)

y® =< Gg®)  wp. () (23)
H®  wp. k) It follows from (20) that
C(z) =a(z)2*, (29)

wherey(®) and v(¥) are the corresponding probabilities for
successful transmissions and collisions, respectiveke c., \wherew is an integer constant defined by= (t44:q +SIFS+
7" and »*) must be determined by averaging over the, /5.

different slot classes: From (22), the generating function (b?J(.k) is given by

J .
P ~ ~ ~
MORNE IO (j)ZJ 0})) = Bj(z) = U;(Y(2)). (30)
i=k =k Equation (5) vields
where~(*)(j) can be obtained as (21yhe first term in (21) 15 for i—0. . me—1
is the probability that exactly one of the non-tagged[AC ﬁj(z) = { {@g};;g j T T
stations transmits and no other station transmits; thergeco o=z for Jj=mk,..,R—-1,

term is the sum of the probabilities that exactly one of the ] y
ACJi] (i # k) stations transmits and no other station transmit&nere /() = (G Wx,).
Given~®, (¥ can be computed from®) = ¢, — ~() |n  From (23) it follows that

the case of uniform, fixed length packets, we have ?(Z) =(1- Ck)ztsm/a 4 ,y@(z) + yﬁ(z) (31)
G®) = H®) = 4410 + SIFS + taer + €. (24) where it is easy to obtain from (24) that
G(z) = H(z) = €(2)2~. (32)

C. Generating Function ] ] ) )
The next step is to find the generating functioned?. For

Now we derive the generating function of the distributioqxne highest priority class, AT], we have that

of the access delay for the ca¥&OP; =0 (: =1,...,J),
using the analysis of the previous section. We use the faligw €(z) = 2AFS/0, (33)



J
W(k) (]) = (nk - 1 p/d"kk 2 H Tnl + TZk ! Z TpiT; T ! H ,rlnz]. (21)
= =i i %

EY®] = (1= e)tor + 1M BIGH] + v ® BIH®), (34)
VIY®] = (1= ) (taor — B W) 47O (VIED] + ©6W] - BY P)?) + 0O (VIHY] + BHY] - By ©)?).

For other classeg|(z) can be derived from (17) by invoking From (18), we can writ&[A(*)] and V[A®*)] as
the multinomial theorem:

AIFS, /5§ R—1
() = ———— 35)  EA®] = 3 B4
L= 20/ i=0
For fixed length packets, we find that R-1
. VIA®) = 3 (VAP + (B[4]] - E[4M))?),
t; = AIFS) + (I — Ditgor + T =

Thus, the generating function of the pmf of the access del
can be derived from equations (25) - (35).
In the numerical experiments reported in Section V-A,

fhere from (19), we have

we deal with the generating function of the complementary E[Az('k)] - ZE[BJ(‘k)] +iE[C™),
cumulative distribution function (ccdf) of the access gela =0
rather than the pmf. The generating function of the ccdf, i
D.(z), can be obtained fronb(z) using v[AM] = ZV[B](k)] +iv[e®).
~ =0
Bue) = 122 (36)
-2z In the case of uniform, fixed packet lengths, it follows from

The analytical distribution results reported in Sectionré a (20) that
obtained by numerically inverting (36). We use the LATTICE-
POISSON numerical inversion algorithm developed by Abate E[C™] = tgara + SIFS + taer + E[e™)],

et. al. [25]. V[C(k)] — V[e(k)}.

D. Mean and Standard Deviation
The mean and variance (B‘( ) can be obtained from (22):
In this section, we derive the mean and standard deviation

of the access delay for the ca¥&XOP; =0 (: =1,...,J).
We denote the mean and the standard deviatiorEgy*)]
and S[D*)], respectively. Referring to (8), sincé*), T(*) VB = EUMviy®]+EY®2vio?).
ande®) are independent, we can write

ED®] = E[®]+E[AP]+E[T®] The mean ofU;k) was given in (6). From (5), it is
straightforward to show that
SD®] = /V[e®)] + V[A®] 4 V[T®)],
whereV|.] denotes the variance. vio®) = LBIW)2—1)  for j=0,..,my— 1,
In the case of fixed length packets, we have / S (B WE)2 = 1) for j=my, .., R—1.

E[T®] = tasta,  V[IT™] =0, (37)

For AC[1], it always holds that It can be seen from (23) that the distribution Bf*) is a
E[¢(V] = AIFS;, VIeW] = 0. simple mixture, so the mean and variance can be written as in

For AC[K] (k > 1), the mean and variance ef?) can be (34). For the case of uniform, fixed length packets we have

found from (17): BGP] = E[H®] =ty + STFS + oo + E[®)],
(k)1 — (k)1 _ (k)
1=1 Ml

O () Based on the equations above, the expressions for the mean
k) _ 1=1 1=1 Y and the variance of the access delaycan be obtained as in
VW] (i mite)? Yooy Hut? d th f th delaycan be obtained

CEED ST LR e g (38) and (39).
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R-1
E[D(k)] = m Z cL{E[Y(k)] ZE[U]@] + iE[C(k)]} + E[T(k)} 4 E[e(k)]7 (38)
i=0

7=0
R—1 i
VIDW] = ey e D (B VY] + By WP VT
i=0 j=0
+iV[CW] + (E[Y W] ST EUM] + i E[C®] — E[A®])2} + VIT®] + V][], (39)
7=0
E. TXOP Model The term A, is the successful transmission time of thg

In this section, we analyse the access delay when diﬁ&c_)nsecutlve packets from an ACstation ( < (7)), and is

entiation byTXOP is configured. Suppos&€XOP;, > 0 and given by
an AClk] station obtains the channel. It will be permitted to A; = taara + (N; — 1)[2SIFS + tack + tdatal.
transmit a sequence of data packets in the time duration de-
fined by TXOP,,, and since successive DATA-ACK exchangeghe probabilitiesp;(i)'s are obtained as
are separated only byIFS intervals, collisions cannot occur 1 1reli) n;
except to the first transmitted packet. mpiry Hj‘:% Tj
Let us assume that the value BXOP}, allows the sending pu(i) = g,(i)#nj )
of N, consecutive packets. We denote the delay experienced L=T6=ry
by the N}, > 1 packets asD{", D{". ..., D{}), respectively. where the probability of exactly one transmission given by
The MAC access delay for AE| can be expressed as the numerator is conditioned by the probability of at least o
transmission in the denominator.
An expression forA*) can be obtained using equations

ng) w.p. 1/Ng

Dk — Dék) w.p. 1/Nj (40) (18) - (22), together with the following modifications to
e Y (%) to separately account for different transmission durations
Dg\',:) w.p. 1/Ny, between classes
where fori = 2,3,..., N, we have that lsiot  w.p. 1—cy

)

H®  wp. v®),

k) y® = Gl(k) w.p. %(k) l=1,...,J
Di = SIFS + tdata» (41)

and ng) can be obtained in a similar way to that describ

. : ) e\g/hereGl(k) represents the channel occupancy of a successful
in Section 111-B, using

transmission from an A station; H*) is the channel
ng-) — W) A g (42) occupancy of a chI|S|on involving non-tagged stationstHa
case of uniform, fixed packet lengths, we have
ith di i o) (k)
b_ut with d|ffere_nces irsome component_s _f andA_ . The Gl(k) — A+ SIFS 4+ tyop + ®)
differences arise because the transmission durationsaave n ) *)
extended and can vary between classtere we demonstrate HY = tdata + SIFS +tack + €.

the constructions for them. The v is obtained fromy®) = ¢, — 22]:1 %(k)’ and %(k)

1) _ i k

Clear!y eV - AIFS;. An expression fore! ),(k > 1), €an  can be determined from the weighted average of conditional
be obtained using equations (9) - (17), but with modification, ., apjjities in a similar fashion to the collision probiiin
to the expressions foK; to separately account for d'ﬁerentSection llI-A, namely

transmission durations between classes

J .
. . ‘ P
x. = I wpe (), 1< 1< (i) W= 75“(1)%-
‘ C* wp. 1-— f:(’l)pl(z')7 j=max (k,l) > iy P(0)

whereT} is the channel occupancy of a successful transmige'e: themax function appears because the tagged[C
sion from an AQJ] station;C* is the channel occupancy ofStation can only decrement its backoff counter in slot class
a collision involving any higher priority stations. The(i) ~ ©F higher, and because ACstations can only transmit in

is the probability of a successful transmission. When alhda!0t ¢lass or higher.The conditional probabilities;"(j) are
packets in the system are of uniform, fixed length, we havé'Ven by

nk—1 n;—1 Jj n;
T = A+ SIFS +tack %(k)(j) D Kl _21_[%1,1'#,#1 i for I #Fk,
c” taata + STFS + tack. (e = Dpery™  [im i i for U=k



From expressions (41) and (42), the mean, standard devial) TXOP = 0: From the expression for the mean delay in
tion and generating function of the pmfﬁék) can be derived. (38), whenR = oo, we obtain

Fori =1, they are obtained in the same way as described in (k) (k)
1— cp)ts .E[C -, E[C
Section II-D; fori = 2,3,..., N, it follows that E[D®] = (L= en)tsior + e B[CTP] | e, BICTT]
pk(]- — Ck) 1— Ck
E[DM] = SIFS + taata, Hdata + B[], (44)
V[Dl(k)] = 0, The following lemmas and theorem summarize asymptotic
ﬁ)(z) L (SIFStga) /5 results for differentiation by individual parameters.

i) CW,,;, differentiation
Lemma 1:For m = R = oo, when the service dif-

Finally, the mean, standard deviation and generating func- ferentiation is provided bYW, with W, W, > 1,

tion of the pmf of D(*) follow from (40) as:

O — %f:gg asn — oo.
L M Proof: It is shown in Ramaiyan et. al. [22] that
ED®] — — N "gp® 43 whenm = R = oo, for k = 1,2, we have
DP) = & Zj D) (43) 1
_N lim ¢ T 7 lim pg | 0. (45)
1 k n—oo n—oo
k) _ (k) (k) E)7\2
S[D( )] = EZ [VID;™]+ (E[D;™] - E[D( )]) ] It can also be shown that whéir;, W5 > 1
“i=1
1-— 6Ck 1
— Ne — = 0< < =, (46)
1 Pk ) S Ck
DB) = 5> D). (1 cr) 8
= Taking the limit ofd,,, using (44) and applying (45) and
(46) leads to the result. [ ]
IV. ASYMPTOTIC ANALYSIS AND APPROXIMATIONS ii) AIFS differentiation o
Lemma 2: For m = R = oo, when the service differ-
The expressions for the delay metrics found in Section Ill  entiation is provided byAIFS,
are accurate (as we demonstrate in Section V-A) but their 1
: . " — Dtsior + E[CM)
complexity obscures the influence of individual paramesexs lim E[DW] = (8 = Dtsior +ﬂ [ H,
may also discourage their use. In this section, we strip away B (6—1)In B-1
less essential details of the model to find simplified expoess and#,, — oo asn — oo.
for the mean and standard deviation that apply under various Proof: In [22], it is shown that forAIFS differ-
conditions. Using asymptotic analysis, we find the meanydela entiation, whenm = R = oo, (45) still holds, and, in
whenm = R = oo under CWmin, AIFS, 5 and TXOP addition,
differentiation. Then, to address the case of finiteand R, 3
we develop approximations for both the mean and standard lim nip1 T In R
deviation. To facilitate the derivations of the asymptetand ";Do ~ o - 47
approximations, we ignore the rounding operations thaeapp noeo 2P2 = U (“7)

in (6) and (37), and we assume that data packets have a
uniform, fixed length.

We consider a network with two classes of ACs, and refer
to the high and low priority ACs as AC| and AQ?2], respec-
tively. Our aim is to find simplified expressions fé{D(*)] ii)
andV[D®] k = 1,2. We also seek simple expressions for the
mean and standard deviation ratioshich we define a8,,, :=
E[D®]/E[DM] and 6, := S[D®)]/S[DW)], respectively.

Taking the limit of E[D())] using (44) and applying
(45) and (47) yields the asymptotic result fBfD1)].
Similarly, it can be shown th@[D®)] — oo asn — oo,
which leads to the result fdt,,. ]
0 differentiation

Lemma 3: For m = R = oo, when the service differ-
entiation is provided by,

These moment ratios are useful metrics for quantifying the lim E[DW)] = n1[(B1 — Ditsior + E[C]]
level of differentiation achieved. n—o0 (Br—Dnghy 7

andé,, — oo asn — oo.
Proof: The proof follows similar lines to that of

A. Asymptotic Analysis Lemma 2, using the following results from [22]:

We study the asymptotic mean delay when— oo. To ] 1 ) 1
obtain meaningful results, we assume = R = co. The Jim e T B and lim c; T B
numbers of ACl] and AC?2] stations are given by, = an . 5
andn, = (1 —«a)n, respectively, wheré < a < 1. Ramaiyan nh_)rr;o nipr 1 In 51
et. al. [22] previously studied asymptotic results for tigbput lim naps = 0. !
ratios under the same conditions, and we make use of some n—oo

of their intermediate results. [ ]
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We see that wherm = R = oo and n is large, the wherel’ = ATFS; + tgatq + SIFS + tock, ¢ =77 @andh =0
asymptotic mean delay ratio und€fW,,;, differentiation for class 1 andh = (AIFS; — AIFS;)/t4.: for class 2. The
approaches the ratio of the AC initial windows if the initiaderivations of (49) and (50) are given in the appendix.
windows are large W, > 25, k = 1,2). For AIFS and Straightforwardly, the moment ratios are given by

0 differentiations, however, the asymptotic mean delayorati pes Ba(Br—1)
does not exist, since the mean delay of [&Cstations can O =~ ! 2h 2 1
be arbitrary large whem — oo. On the other hand, the pac1q” Fr(B2 —1) - ’.
mean delay of AQl] stations does converge and is given ~ BB —1) Wae >imo MN2(Bac2)’ (51)
in Lemmas 2 and 3. Ramaiyan et. al. _[22] obt.ained_similar B1(B2 — 1) ¢hWyeq Zf:—ol m(Brer)t
asymptotic results for the throughput ratio, but did notvute caWaBa(By — 1)
the asymptotit_: result_s for the high priority class. 0s =~ Wb (Ba — D"

2) TXOP differentiation:

Theorem 1:Form = R = oo, 6, — R+ asn — oc. (28, +1)(B1 +1) 2F *0 7,20252 (52)
_ Proof: As all the parameters excefitXOP limit are (281 + 1)(B2 + 1) Z o Lpic i g2
identical for the two classes, when = R = oo we have

For CWmin only differentiation,c; = ¢ for sufficiently large

p=pz=p and lim p|0, n1 andny [5], so both (51) and (52) simplify toV /1.
e =cy—c and lim ¢l = 2) TXOP differentiation: In this section, we present ap-
R nooo (3’ proximations forT XOP only differentiation. From Section Ill-
i | 8 48 A, we observe that for th&XOP differentiation only case,
am oy T e (48) 1 =cy=candp; =p; =p. o
From (43), (44) and (48), we have We obtain the following approximations:
N Ny — 1—p)"|pl
) *n n((B — Dot + E[C]) E[D] [¢ 4+ (1 N1 + naNy — n)p( p)"1B (53)
nh—{goE[D ] = Ne(G— 1) 2 Np(B—1)
4§ S VIDl = [c + (n1 Ny + naNo — n)p(1 — p)*]2W?2D?
Taking the ratio of the asymptotic mean delays leads to the (D] =~ N
result. [ | 28+ 1)8
As stated in Theorem 1, the asymptotic mean delay ratio XW—Q Z nc' 6%, (54)

underTXOP differentiation is very simple and depends only
on the value of thd’XOP limit parameters. Although simple,where the derivations appear in the appendix. It followg tha
this result has not been observed previously in the liteeatu the approximate moment ratios are then given by the simple

relations
B. Approxma’gons_ _ _ 6, ~ Ny 0~ &. (55)
The approximations are derived under the assumption of Ny’ s No
finite m = R. To facilitate simplification, we make the
following additional assumptions: V. RESULTS ANDDISCUSSION
(i) m =ny+mnsis large (high load), so that, co approach This section has three objectives: (i) to compare numer-
1 andp,, ps approach 0, ical results obtained from the analysis of Section Il with
@iy Wi, We>1, simulation in order to confirm the accuracy of the model,
(iil) tdata > tsior @NAtaata > hisior, (ii) to utilize the model to study the effectiveness of the
(iv) R andpy, 3. are sufficiently large. various differentiation mechanisms for service sepanatémd

Assumptions (i) and (iii) will hold for typical settings of (iii) to test the accuracy of the approximations presented i
these parameters. Regarding assumption (iv), our nunheriggction IV-B. The simulations were conducted using the ns-
experience is that foR = 7, 3 > 2 is large enough to make 2 (version 2.28) simulator [26], combined with an EDCA

the approximation suitably accurate (see Section V-B). Fgtodule developed by TU-Berlin [27]. A detailed examination
simplicity, we drop the class indéek from the notation in the Of the simulation code revealed some inconsistencies leetwe

following when there is no risk of ambiguity. the code and the IEEE 802.11e standard [2], and these were
1) TXOP = 0: In this section, we consider differen-fixed. The main discrepancies were:

tiation by some or all ofCWmin, AIFS and 5. Under o after the backoff counter is frozen, the remaining backoff

the assumptions listed previously, we obtain the following time is incorrectly calculated, and

approximations: « a post-backoff is not initiated when a packet is discarded
due to the retry limit being reached.
cpgr
E[D] ~ p(B—1)g"’ (49) The simulated network topology comprised ofsaturated

R, ) stations sending data packets to an access point (AP) under
VD] ~ ccWeT (28+1) ﬂ Z i, (50) ideal channel conditions (i.e., no transmission errors tue
@t 6(B+1)(6 1) the wireless channel). User datagram protocol (UDP) packet
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were used with a fixed size df000 bytes. The MAC and  The results (mean, standard deviation and CCDF) for sce-
physical layer parameters were configured in accordande witarios 1 and 2 are shown together in Figs. 2, 3 and 4. The mean
the default values in IEEE 802.11b, as shown in Table I. and standard deviation results are plotted against differe
total numbers of stations; + ny, while the CCDF results
necessarily pertain to a specifiG andn,. Observe that the
analytical values are an excellent match with the simutatio

TABLE |
MAC AND PHYSPARAMETERS FOR802.11B SYSTEM

Parameter Symbol | Value results. For the CCDF values, accuracy is maintained down to
SIFS SIFS 10 us small tail probabilities.

Slot time tsiot 20 ps . .

PHYS header || fpnys | 192/ In the third scenario, we evaluate the accuracy of the
MAC header || lmac 224 bits model whenTXOP differentiation is enabled. By setting
XCDE/LF;Chkz"’t‘der Ludpip ﬁg E:i TXOP; = 2.906ms, a high priority station is allowed to send
Data rate rﬁa 11 Mbps two consecutive packets once it has obtained access to the
Control rate Tetrl 1 Mbps channel. The corresponding mean delay, standard deviation

and CCDF are plotted in Figs. 5, 6 and 7, respectively. The

Accordingly, the durations for data and acknowledgeme@palytical results are again in excellent agreement wign th
packet transmissions used in our analytical model are giveinulation results.

by In Figs. 8, 9 and 10, we present results for the mean,
Lvae + Lugnin + 1 standard deviation and CCDF for the last scenario of Table Il
tdata = tphys + —— ru &e P, These results demonstrate that our model accurately psedic

data

performance when all four differentiation mechanisms ia th

, standard are activated, name&ljWmin, CWmax, AIFS and

Tetrl TXOP limit. As one would expect, combining differentiation
where l,,,, is the UDP packet payload in bits. Propagatiomechanisms leads to a greater degree of service separation
delays were ignored in the analytical model as they are akvesetween classes than using each mechanism individually.
orders of magnitude smaller than the transmission times.

lack
tack = tphys + ==

To show that our analytical model is not restricted to just
two ACs, we present results in Figs. 11 and 12 for an example
A. Validation with four ACs. The following parameters settings were used:
= {8/8/32/32} and AIFS, = {50/70/70/90} pus.

o corfoborate th.e ellcculracy otf)tth.e a:jne:lyss B Sect(ljor; :ﬁe values of other parameter were common for all classes:
we compare numerical values obtained from our model fory, " %00 oo TvOP — 0.

the mean, standard deviation and CCDF of the access delay

with results obtained from simulation. For the analytical Interms of a method for obtaining values of the distribution
computation of the CCDF, we used a small lattice spacifge generating function analysis of Engelstad and Dsterp |

§ = 10us to make the discretization error negligible, angomes closest in spirit to our approach. In Fig. 13, we plot
used inversion parameters to give an inversion error nagredhe CCDFs obtained by numerically inverting our generating
than 10~8. The simulation results for the mean and standaftinction and inverting the generating function derived 15][
deviation are plotted wit5% confidence intervals derived for the saturation condition. The parameters were the same a
from five runs for each point in the graphs. In accordand@ scenario 2 of Table Il, except that thelF'S of the lower

with the standard [2], all numerical examples in this sectigPriority stations was set t60..s. Our CCDF is a much better
use a retransmission limi = 7. For all but the last example, Match with the simulations compared to the Engelstad CCDF,

the 3 parameter was maintained 2t especially for the lower priority AC. The inaccuracy of the
We start by considering two groups of stations, each witRodel in [15] stems from the fact that the authors use a coarse

traffic belonging to a single AC, and we denote the numb@pPProximation technique to account faiF's differentiation
of stations of the high and low priority ACs by, andn,, based on a simple scaling of the probability of detecting an
respectively. Table Il lists the, : n; ratios and the differenti- idle slot [14], and do not include the additional delay calise
ation parameters of four scenarios that were investigatee. by multiple interruptions to thé\IF'S of low priority stations.
first three scenarios test the differentiation achievedugh
only one parameter at a time, namel{iVmin, AIFS, and  Finally, we present results in Figs. 14 and 15 to confirm that
TXOP limit, respectively. our model correctly predicts performance ungedifferentia-

tion. We used3; = 1.8 and 3, = 2, and all other parameters

TABLEII were the same for both classé& = 32, AIFS = 50 us,
EDCA PARAMETERS USED IN SIMULATION CWmax = 1024 and TXOP = 0.
Scen. | ny :na W CWmax I?IF)S T(XO)P Our numerical experience is that the model maintains ac-
us ms .
i T 635 T ToodT02a 505010 5 curacy over a wide range of pargmeter values. Howeve_r, for
> 1.9 39 32 | 1024 1024 | 50 7010 o~ CWmin < 4, the accuracy sometimes degrades. We attribute
3 1:1 32 32 ][ 1024 1024 | 50 50 [ 2.906 0 this to the multistability phenomenon described in [22]jath
4 | 1:1 8 16 | 512 1024 | 50 70 | 2.906 0

results in multiple solutions to the fixed-point.
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CCDF of access delay: differentiation B XOP, n; = 6 and

through AIFS, CWmin, TXOP and 5. We do not study
CWmax differentiation explicitly, since a consequence of

Having established the validity of our analytical model, wa fixed m is that any adjustment ifCWmin or g leads
now use it to quantify and compare the influence of ead¢b a corresponding adjustment {@Wmax and vice versa.
differentiation mechanism in greater detail. Concurrgntle Therefore, CWmax differentiation occurs as by-product of
investigate the accuracy of the approximations in Sectibn ICWmin differentiation andg differentiation. These joint dif-
B. Since the approximations are derived under the assumptferentiation cases will be referred to as simpiVmin or g
m = R, we fix m = R = 7 for all classes in the numerical differentiation, since the relatively large value nf relegates
examples in this section. We focus on service differemtiati CWmax to secondary importance.
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and low priority ACs as ACl] and AQ?2], respectively. To

Consider a setting with two ACs with equal numbers gheasure the degree of service differentiation, we plot the
stations, and define the following reference set of parametsoment ratiosf,,, and ;. The approximations fo#,, and
values: {W, ATFS, TXOP, 3} = {16,50us,0,2}. In the ex- 6, are computed using (55) faf XOP differentiation, and
amples shown in this section, we impart service differdiotia  (51) and (52) for the other mechanisms.
through one or more parameters by varying the relevantThe analytical and approximate moment ratios under
parameters of one AC away from the above reference setting8Vmin differentiation are illustrated in Figs. 16 and 17. In
while maintaining all other parameters for both ACs at thénis example,W; = 16, while Wy = 32,64, 128, 256. We
reference settings. In each example, we will refer to thé higee tha®),,, andd, initially decrease before becoming largely
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insensitive to load. At high load, both ratios are roughlyaq 60 ‘

—analysis
| |---approximation

to the ratio of the tw@CWmin values, which is consistent with
the asymptotic result in Section IV-A and the observatio
made in Section IV-B. A consequence of a non-increasi
moment ratio is that high priority traffic may not be adeqlyate
protected under congestion. On the other hand, a constant |
delivers predictability, which simplifies network plangiand
design. Figs. 18 and 19 depict moment ratios when increas
levels of ATF'S differentiation are applied. SpecificallfIFS,
is maintained at50us, while ATFS, = 70,90, 110, 130us.
Observe that both the delay and standard deviation ratms g ‘ ‘
as the total number of nodes in the network increases. T > 10 nuaber o stations (niw=ly 0
is, AIF'S differentiation gives protection to high priority traffic
by penalizing lower priority traffic when the contention édv Fig. 18. Mean ratio forAIFS differentiation.
in the network increases. While this is essentially deséabl
negative ramification of this type of service separatiorhat t
it could lead to starvation for lower priority traffic undeigh is similar to CWmin differentiation, though less effective.
load. Figs. 22 and 23 show the moment ratios fbdifferentiation,

Results forTXOP differentiation are presented in Figs. 20vhere 3, is fixed at2 and 5, = 3,3.5,4,4.5. Comparison
and 21, wherél'’XOP,, is fixed at0 and TXOP; is varied to with Figs. 16 and 17 reveals that, contrary to the claims]n [3
permit the transmission df, 3,4 or 5 packets. The shape of 3 differentiation is effectivelt also yields dissimilamperfor-
the TXOP curves are similar to those f6fWmin differentia- mance toCWmin differentiation; the mean ratio curves for
tion, but TXOP yields greater predictability and finer-grainedlifferentiation increase with load, while the standardidgon
control of the level of differentiation. ratio curves are flatter than those f6Wmin differentiation

In [3], it is stated that3 differentiation was abandonedfor small numbers of stations
during the standardization process because its perfonancFigs. 16—23 reveal that the approximations are accurate

mean ratio
N w oy
o o o

=
o
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enough to capture the key trends in the service differeéatiat of a probability distribution is the ratio of the standards/ide
except for the low load regime in some examples. In certa@tion to the mean and is a measure of the dispersion relative
cases, such as the standard deviation ratios & min, to the mean. Ideally, we would like to hawge < wvs; that
AIFS and g differentiation, the agreement is excellent. Thés, the delay of the high priority class should exhibit less
simplicity of the approximations compared to the completispersion than that of the low priority class. In Fig. 24, we
analytical expressions make them an attractive altemdtiv plot analytical curves of the coefficient of variation ratig/ v,
system design and configuration. for examples of each type of differentiation selected frow t

A further way to compare the differentiation mechanisms jzrevious figures (note that,/v; = 6,/6,,). We can see that
to look at thecoefficients of variation; andwv, of the delay for CW,,;, and AIFS differentiation,v, /v, is approximately
distributions of AG1] and AQJ2]. The coefficient of variation 1, while for TXOP differentiation,v, /v, is always less than



16

EDCA network under saturation. Explicit expressions for

[o2]
o

—o-W,=16, h=2 o ° the mean, standard deviation and generating function of the
50 |-o-W,=16, h=3 L © ° 1 distribution of the access delay were obtained. The model
o W,=16, h=4 0 © captures all four tunable parameters defined in the EDCA
o 40 |—w,=32, h=2 o ° standard, namel¢Wmin, CWmax, AIFS and TXOP limit,
§ a0l ---W,=32, h=3 0 © ° | as well as an arbitrary backoff multipli¢t. The accuracy of
g e i the model was verified by comparison with ns-2 simulation.
E I - Our numerical results demonstrate that the model is accu-
rate over a wide range of parameter settings, encompassing
configurations where differentiation is provided by one or
multiple differentiation mechanisms. Not only do the mean
05710 15 20 25 30 35 40 45 50 and standard deviation values match well with simulatiari, b
total number of stations (n1:n2=1:1) the distribution values obtained by numerical inversioa iar

remarkably good agreement down to small tail probabilities
Using the model, we derived asymptotics and approxi-
mations for the mean and standard deviation of the access
i ‘ ‘ ‘ ‘ s delay. The resultant expressions yield insights into thetive
%Wile' h;3 o © importance of different model parameters. Further singalifi
i szls' hea o ° tion is achieved by forming the mean and standard deviation
o ° ratios; in particular, folCWmin differentiation, both the mean
and standard deviation ratios can be approximated by the
ratio of the minimum contention windows, while farXOP
differentiation, the mean and standard deviation ratios lza
) approximated by the ratio of the burst sizes and its squante ro
: P i respectively. We also used the model to study the effeaisen
M of CWmin, AIFS, TXOP, and  differentiation. We found
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ that the AIFS mechanism gives protection to higher priority
5 10 15 20 25 30 35 40 45 50 traffic under congestion. On the other hand, & min
total number of stations (n1:n2=1:1) . . ) . .
and TXOP mechanisms give differentiation that is largely
Fig. 26. Standard deviation ratio for joiAIF'S andCWns, differentiation.  inSensitive to the load (except for low load) which leads to
fairly predictable behavior. Differentiation based gnleads
to greater dispersion in the delay of the low priority class,
1. In contrastwy /vy for @ differentiation is greater than 1, which is desirable.
so in this respectf differentiation is superior to the other
mechanisms. APPENDIX
In [20], it is suggested that to minimize the dimensions of | the following, to simplify the notation, we suppress the
the design problem, single parameter differentiation Bhbe (555 indext when there is no risk of ambiguity.
preferred over joint differentiation by multiple paranrsteBy
way of example, it is shown in [20] that differentiation U$in o perivation of (49)
CWmin, whereCWmin can assume any integer value, gives
a flexible form of differentiation. However, as demonstdate

Fig. 25. Mean ratio for jointAIF'S and CW,;,, differentiation.

501
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standard deviation ratio
N
o

=
o

We approximate the mean delay as follows:

in Figs. 16 and 17, constrainingWmin to powers of 2 as E[D] =~ EI[A] (56)
in the standard limits the differentiation levels that cam b R—1 i
achieved. Differentiation byAIFS is also coarse-grained, as ~ nc Y E[U;]E[Y], (57)
shown in Figs. 18 and 19. To achieve intermediate levels i=0  j=0

of differ_en_tiation_, it may be necessary to resort to joinfpere (56) follows because, whenis large, backoff win-
differentiation. Figs. 25 and 26 show curves for mean anglys hecome large and more interruptions occur, and so
standard deviation ratios foAIF'S only differentiation and E[A] dominates the other terms. Similarly, (57) follows be-
differentiation by AIFS and CWmin in unison. Keeping all causeS™_ E[B;] > iE[C] whenc is large andE[B;] =
other parameters settings at the reference vald&gs,; and ¢ Uj] E[{/T To simplify (57) further, we now derive approxi-
W, are varied as indicated in the legend (the curves witf, R—-1_ i<

> < : ne 'eg ( Hations forE[Y] and "2 ne' Y20 E[U;].
Wy = 16 correspond to differentiation bAIFS only). The The E[Y] can be written as
results confirm that joint differentiation is a useful meanis
creating intermediate differentiation levels. E[Y] = (1 — ¢)tsor + cE[G] = ¢E[G] ~ %7 (58)

q

VI. CONCLUSION wherel' := AIFS; + tgqtq + SIFS + toer, andh := h(F) =
In this paper, we have developed an accurate and ver§AIFS, — AIFS;)/ts.:. Equation (58) follows fronE[G] >
tile model for the MAC access delay in an IEEE 802.11&;,; and¢" < 1 and the assumption thét;.; < tiate-



We also have

R-1 i _ W
done Y E[U)] & Y nd - (59)
i=0 j=0 i=0 j=0
R—1
1w i Qi
~ flgﬁZHCﬁ, (60)

i=0

where (59) follows under the assumptidfi > 1, (60) is
obtained because for sufficiently largandg, it can be shown
that
R—1
B> ndp > 1. (61)

=0

Finally, by substituting (58) and (60) into (57), and usinggn

the approximation

Q

W
5 = s,

ok

(62)

@
Il
=)

S
Il
=)

we obtain (49).

B. Derivation of (50)

We approximate the variance as

VID]

~
~

(63)

Q

(64)

Q

(65)

where (63) follows becaus¥[A] > Vle| (sincec is large),
(64) from 3=, V[B;] > Vel

We then approximat& [Y] and V[U;] as

VY] ~ (1= c)E[G]®+ V] (66)
N e
~ o2 - o) E[GP, 67)
i) = Bt e o, (69

where, (66) is again becaus8G] > t4.+, (67) follows from
q" < 1, and (68) is due tdV >> 1. To further simplify (65),
we note that for largek and sufficiently larges, it can be
shown that

R—1 . . R—1 o

nc'B > >l (69)
=0 =0

nd' B > (Y s (70)
=0 1=0
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Based on (61), (69) and (70), and under the assumption that
W > 1, we obtain

R-1 i R-1
DN WA z S
i=0 j=0 i
2132 —
~ 1212226 Z ne 1521 (71)
S ond QR = Z ?76’(2 3@)2
i=0 j=0 =0 j=0
W262 R-1

2
~~ 2chﬂl
=0

Finally, substituting (57), (58), (60), (67), (68), (71)cka(ir2)
to (65), and using the fact of (69) and (70), we obtain

(72)

w232 R-1
V[D] 12(526 0 A E[G)? Z ne g%
222
+74(Ig/ p ZE Z nct g% (73)
W22 (28 + 1)6 i 2
q2h G(ﬂ—‘rl)( 2 Z ﬂz (74)

C. Derivation of (53) and (54)
The mean delay is given by

Bp] ~ M2 (75)
R-1 ]
o EMIZE LB g
where (75) follows becausB[D;] > (N — 1)(SIFS + tgata)

when ¢ is sufficiently large, and (76) comes from (57). We
approximateE[Y] as follows:

E[Y] (1 = o)tsior + 71 E[G1] + 12 E[G2] + v E[H]

~ [c+ (niNy +naNy —n)p(l —p)"| T, (77)

wherel' := tyqtq + SIFS + tocr + AIFS (note thatAIFS =
ATFS; = AIFS, for TXOP only differentiation).

Substituting (60) and (77) into (76), and making use of (62),
yields (53).

The variance of the access delay can be simplified as:

V(D] + Y=L E[Dy)?

VIpE = N (78)

. volitiol .

~ Zl 0 "° {ZJ 3\[\/[ }"'E[AiP}’ (80)
(26+1)3%2 WZ2E[Y)? R—1 .

6B+1(B—12 N ; ne' 3%, (81)

where (78) is obtained using the fact tHatD1] > t4ata +
SIFS, (79) follows from N (V[D;] + E[D1]?) > E[D;]? for
sufficiently larges, (80) follows from (56) and (64), and (81)
is obtained via similar arguments that led from (64) to (74).
Finally, substituting (77) into (81) leads to (54).
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