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Abstract. To satisfy various needs and priorities of different users and
applications, Wireless LANs are currently evolving to support service
differentiation. Work is in progress to define a standard enhanced version of the
IEEE 802.11 Distributed Coordination Function (DCF), capable of supporting
QoS for multimedia traffic at the MAC layer. This paper focuses onto one of
the building blocks of this enhancement, i.e., differentiating the minimum
contention window size according to the priority of different traffic categories.
The novel contribution is the analysis of the optimal operation point where the
maximum throughput can be achieved. The second contribution is the proposal
of simple adaptive schemes which can lead the system to operate under the
optimal operation point and, at the same time, achieve the target service
differentiation between different traffic flows. Results obtained in the paper are
relevant for both theoretical research and implementations of real systems.

1 Introduction

To provide seamless multimedia services to nomadic users and to use the spectrum in
an efficient way, the “wireless mobile Internet” based on the 802.11 protocol has to
provide suitable levels of Quality of Service [1]-[3]. The starting point of the paper is
the IEEE 802.11 Distributed Coordination Function (DCF) standard [4], which is
compatible with the current best-effort service model of the Internet, see [5]-[11] for
seminal works on related models and simulations.

In order to support different QoS requirements for various types of service, a
possibility is to support differentiation at the IEEE 802.11 MAC layer, as proposed in
[12]-[15]. In these papers, service differentiation is achieved by assigning different
minimum contention windows, different inter-frame spacing, or different maximum
frame lengths to different types of traffic flows. In [16], both the Enhanced
Distributed Coordination Function (EDCF) and the Hybrid Coordination Function
(HCF), defined in the IEEE 802.11¢ draft, are extensively evaluated through
simulation. In [17], the performance of the IEEE 802.11 MAC protocol with service
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differentiation is analyzed. However, the model is complex, which makes it difficult
to obtain deeper insight into the system performance. In [18], we propose a simple
analysis model to compute the throughput in a WLAN with Enhanced IEEE 802.11
DCF.

Some more practical adaptive schemes are proposed to make the system cope with
the dynamic traffic. In [19], a scheme to dynamically tune the IEEE 802.11 protocol
parameters has been proposed to achieve maximum throughput. However, multiple
service types are not considered. In [20], an adaptive EDCF scheme is proposed. The
method uses the idea of slowly decreasing the contention window size to improve the
system utilization. Service differentiation is also considered but without a rigorous
analysis model to achieve maximum throughput and target service differentiation at
the same time. The problem of fairly sharing channel resources is considered for
example in [21]-[22] for the case of non-fully connected or ad-hoc networks.
Achieving efficient utilization and weighted fairness for a fully connected network is
considered in [23], where a simplified uniform backoff scheme is assumed.

In the paper, we consider the more complex standard backoff scheme with the aim
of minimizing changes of the existing and widely adopted protocol.

2 1EEE 802.11 DCF: Basic Principles and Enhancements

The basic 802.11 MAC protocol, the Distributed Coordination Function (DCF), works
as listen-before-talk scheme based on Carrier Sense Multiple Access (CSMA), with a
Collision Avoidance (CA) mechanism to avoid collisions that can be anticipated if
terminals are aware of the duration of ongoing transmissions (“virtual carrier sense”™).
When the MAC receives a request to transmit a frame, a check is made of the physical
and virtual carrier sense mechanisms. If the medium is not in use for an interval of
DIFS, the MAC may begin transmission of the frame. If the medium is in use during
the DIFS interval, the MAC selects a backoff time and increments the retry counter.
The backoff time is randomly and uniformly chosen in the range (0,// —1), ¥ being

the contention window. The MAC decrements the backoff value each time the
medium are detected to be idle for an interval of one slot time. The terminal starts
transmitting a packet when the backoff value reaches zero. When a station transmits a
packet, it must receive an ACK frame from the receiver after SIFS (plus the
propagation delay) or it will consider the transmission as failed. If a failure happens,
the station reschedules the packet transmission according to the given backoff rules.
At the first transmission attempt, ¥ is set equal to a value CW_; called minimum

n

contention window. After each unsuccessful transmission, /' is doubled, up to a
maximum value CW,, =2"-CW,_, .

The basic DCF method is not appropriate for handling multimedia traffic requiring
guarantees about throughput and delay. Because of this weakness, task group E of the
IEEE 802.11 working group is currently working on an enhanced version of the
standard called IEEE 802.11e. The goal of the extension is to provide a distributed
access mechanism capable of service differentiation [24]-[25]. In the interest of
conciseness, we are interested in gaining insight into one of the building block used to



achieve differentiation, i.e. differentiating the minimum contention window sizes
according to the priority of each traffic category.

2.1 System Modeling

We assume that the channel conditions are ideal (i.e., no hidden terminals and

capture) and that the system operates in saturation: a fixed number of traffic flows
always have a packet available for transmission.
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Fig. 1. Markov model of backoff process for type-i traffic

Because our analysis can be easily extended and for the sake of simplicity, only
two different types of traffic are considered with »; traffic flows for traffic of type i
(i =1,2) . Moreover, it is assumed that each mobile terminal has only one traffic flow.
Let b;(¢) be the stochastic process representing the backoff time counter for a given

traffic flow with type i/ . Moreover, let us define for convenience W, = CW,_;,; as the

min,i

minimum contention window for traffic type i . Let m;, “maximum backoff stage” be

the value such that CW, ,=2" W, Let s,(f) be the stochastic process

representing the backoff stage (0.L,...,m;) for a given traffic flow with type i .

We use a two-dimensional discrete-time Markov chain to model the behavior of a
traffic flow with type i. The states are defined as the combinations of two
integers {s; (t),b; (t)} . The Markov chain for type-i traffic flows are shown in Fig.1.
All details about the analysis can be found in [10], [18] and [29].



2.2 Throughput Analysis

Let g;(j,k), je[0,m;] and ke [0,27 -W; —1] , be the stationary distribution of the
chain. It is easy to find that

4,0.0) = 21 -2p)0A- p))/ ((1 =2p)W; + D+ pW;[1-(2p)™ ]) M
7; is defined as the probability that a station carrying type-i traffic transmits in a
randomly chosen slot time. We have

mz-
7= 0,0 = a-2p))/(1-2p) 0, + 1+ p 1~ 2p)™) @)
J1
With the above probabilities defined, we can express packet collision probabilities p,
as:

L
p=1-(-7)"" [Ta-7)" 3)
j-1, i
After combining equations (2) and (3) and by using Successive Over-Relaxation
(SOR) numerical method [26], we can get all the values for p, and ;.

Moreover, we define O(i, j) as the probability that there are a number i of type-1
stations and a number ; of type-2 stations transmitting within a randomly selected
slot. Then, we have

CRNE ["l]wﬁ (1-7)" ~["2j (g, @
aq )

The normalized system throughputs S can be expressed as:

S= Average payload transmitted in a slot time

Averagelength of a slot time

_ Q(LO) ) E[PLen,l] +Q(071) ) E[PLen,Z] )

{Q(O,O) o +01,0)- T, +QO.D) T, + ZQ(CuCz) I, (01702)}

_ Q0 - E[Prop1 1+ Q0. - E[Pr,p5]

- 000.0)- 0 +0(1.0)- Ty, +0O.1)- T, , +[1-0(0.0)-0(1.0) - QO.D] - T,
where S) and S, denote the throughputs contributed by type-1 and type-2 traffic
flows, respectively. E[F,, ;] is the average duration to transmit the payload for type-

i traffic (the payload size is measured with the time required to transmit it). For
simplicity, with the assumption that all packets of type-i traffic have the same fixed
size, we have E[F,,;1=F,,;. o is the duration of an empty time slot. 7, ; is the
average time of a slot because of a successful transmission of a packet of a type-i
traffic flow. 7 ; can be expressed as

T, ; = PHY 0y + MACyp 0 + El Py, i1+ SIF +6 + ACK + DIFS + 6 ©)



where & is the propagation delay. 7,(c,,c,) is the average time the channel is sensed
busy by each station during a collision caused by simultaneous transmissions of ¢,
type-1 stations and ¢, type-2 stations. It can be expressed as

T,(€1,¢5) = PHY pouer + MAGy 00 +MaX[O())Prony, 01 )Proy 2|+ DIFS +8 (7)
where
1 x>0

H(x)E{o x=0

Moreover, from equation (3), we can easily derive

2
A-p)-7)=1-p)l-r) =] [a-zp" @®)
j-1
When the minimum contention window size #; >>1 and W, >>1, the transmission
probabilities 7; and 7, are small, that is, 7; <<1 andz, <<1. Therefore, from
equation (8), we have the following approximation
P =P ®)
When W, >>1, W, >>1 and m; = m,, we have the following approximation based
on equation (2)

(@1/72)= (7, /) (10)
From equations (4), (5) and (10), we finally have
3
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3 Maximum Throughput Analysis

We are interested in maximizing throughput, while af the same time ensuring service
differentiation, and the hypothesis in this section is that differentiation is achieved by
allocating bandwidth to the individual traffic flow to satisfy a given target ratio
a=s,/s,. For convenience, it is useful to define an additional differentiation

parameter o E[TZJ / [TIJ According to equation (11), we have

1-7, 1-7
n E[PLen,Z] . e
a:a-m. In the following we always assume that the probabilities of
Len,
transmission in a randomly selected slot time satisfy the constraints 0<7, <1,
0<7,<l.

Theorem 1: Assume that two types of traffic coexist in the system, with », and n,
numbers of traffic flows, respectively. If one fixes the desired differentiation:



T
2 _g.
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(a>0), the throughput function S(z;,7,) defined in equation (5)

has one and only one optimal operation point Tl* () where the maximum throughput

is achieved.
Proof:
From equation (5), we have

m——E[P,,, 1+an,——F[P,,,]

1-7 i 1-7
S(Tl,Tz): ( 1) ( 1)
o+n Ty +omy —— T,
! !
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amn, 1- ] o\ 1V 1—’2'1 c\“s (12)
ny+ny
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2 4 1 tey>3,005n,00<n,
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o 26 -
Gy
where y = O<y<+w), i, and G; (i=12,..,n +n,) are constants larger

1
than zero. To determine the optimal operation point, we study the function:

[F(z)] FGGG) - FonGG [Fla RS -6 Z] /G(Z)z o)

G(x) G(y)* i—2

The optimal solution Z* satisfies the following equation:

nyt+ny

S (-G () e (14)
i—2

ny+ny
Because o >0 and Z(i -1G,;y' is a monotone increasing function with values
i—-2

ranging from 0 to +o when y varies from 0 to +oo, the optimal »”* must exist and
be unique. From equation (13), it can be seen that (F (0] G( Z))’ >0 when y < Z*
and (F (0] G( ;())’ <0 when y > ;(* . Therefore, the throughput function reaches the

&

T, . . . .
I L= ,1'*. Of course the optimal solution varies with the

maximum value when



variation of the differentiation constant « . Therefore, we denote the optimal solution
as 11* (). O

By using equation (14), the optimal operation point can be obtained by using a
numerical method. However, in order to obtain a much deeper insight into the system
performance, it is useful to derive more meaningful and concise approximations of the
exact formulas. From equations (12) and (14), we have

@ _|o _ o
1-7 (@) \G, amn,T,(L1) +n, (m = DT,(2.0)+ac*ny (n, —1)T,(0,2)
It can be seen that, if n, n,, E[P,,,]| and E[F,,,,] are sufficiently large, the

(15

optimal operation point ’Z'l* () is far less than one (it is also true for T; (@)).
Therefore, it is reasonable to limit the discussions to the case that 7; <<1 and
7, <<1.

Theorem 2: Assume that two types of traffic coexist in the system with »; and n,

T T
2 _g4.0

-7, 1-7

flows, respectively. Moreover, assume that (@>0). If n, n,,

ElP,,,] and E[F,,,] are sufficiently large so that the optimal operation point

11* (o) <<1, T; (a) <<1, than the optimal operation point can be approximated as

Tl* ()= 1/((111 +onm, )wlT: /2) e riap (o) (16)

where T: =T,/o. Moreover, if ElP i1 = ElP,,01= B, . the corresponding
achieved maximum throughput can be approximated as

S = P/, + 0K +T,[K (¥ =1)-1]) an
where K =47, /2 .

Proof:
According to Theorem 1, because at the optimal operation point 71* (o) <<1,

T; () <<1, we can limit our discussion only to the range of 7; <<1, 7, <<1. In this

T T .
I =q- 1—1 (a>0) can be approximated as 7, & - 7.
) -n

case, the relationship

First, if we neglect the case that three or more packets collide with each other at the
same time, we have

7~ 2UD T.AD+O2.0) T, (2.0 +0(0.2)- T,(0.2)
‘ QADH+0(2.0)+0(0.2)
_omny T (LD +m @y -1 T,(2,0)+ a2n2 (ny, -1)-7,(0,2)
h omn, +ny () —1)+0z2r12(n2 -1

(18)

From the above approximation, it can be seen that once E[F,,,1. E[F,,»]1, m, n,

and ¢ are given, 7, can be regarded as a constant.



Based on the assumption that 7; <<1, 7, <<1 and on equation (8), equation (5)
can be approximated as follows:
mt (1= p)E[ Py, 1+ man(1- p)E[ P, ]

S(r, 1) » ” ”
(A=7)A-ppo+mr(1- p)T;, + man (- p)I;,
{‘*‘ [1-A=-7)A-p)—-mr(- p) -man (- pl)]Tc} (19)
N MO E| P |+ maniE[ P, 5] _JS@)
Er ml, +manT, + [(1 - h )_1 —1-m7 —man]T, g@)
Approximately, the optimal solution must satisfy the following condition
J@ @) =@/ @) 20)

That is,

* * 1 * *
o+mT Ts)1 +n,01; Ts,z +[71 —l-m1 —-nyor 17,

* 1
o= - @1
mT, +n,dl +[d(1—p1) /drl‘ -m —nya)-T,

N
nn

After some simplifications of the above equation, one obtains
(m+an)n T, =(A-p)| - A=-TH+T, xA-7)"A-a)* A-T,)+T, (22)
nn

Because (1—ar,)™ ~1-omyr, ~(1-1,)™™

, the above equation can be further
approximated as
(m +am)r Ty =(1—1))"" ™2 . (1=T))+T, (23)
When there is only one type of traffic, equation (23) is actually the same as equation
(27) in [10]. By referring to equation (28) in [10], equation (16) can be obtained.
Next, we evaluate the maximum throughput by substituting the approximate

optimal solution 1'1* (@) into equation (5).
* * * *
N - mn g (1 T _ap )ﬂ1 rn E[PLen,l] +om,T _ap (1 -7 ap)nl em E[PLen,Z]

max ™ * ny+an * * ny +an,
(=7 )" o+mrn (-1 ) T,

24

tomyty (=17 )" T, + = (=1 )"
—mT (=1 )" ey, (=7 ) )
Because n; and n, are assumed sufficiently large, we have the following
approximation:
(1 —((m +any)K)™ ) MR L VK (25)
Moreover, we assume E[F,, 1= E[FP,,,]1=F;,, and therefore 7, =7, , =T, then
equation (24) can be further approximated as equation (17). a

Deduction 1: Assume that L >1 types of traffic coexist in the system, with numbers

. Tl
1-7

(@;>0,i=12,....Ley=D). If n; (i=12,..,L) and E[F,,;] (i=12,.,L) are

T
of type-i traffic flows n; (i=L12,...,L). Moreover, assume that — =g
1

_Ti



sufficiently large so that the optimal operation point r: (a,...0)<<1 (i=12,..L),
then the optimal operation point can be approximated as

L *
I,
rl*(az,,.,,aL)zl Zajnj 70 Eriap(az,,..,aL) (26)

j-1
where T: =T,/c. Moreover, if E[P,,]=..=FE[P,,]=P,,. the corresponding
achieved maximum throughput can be approximated as
Smax & Poon /[T, + oK +T,[K ("% =1)-11) @7

where K =47, /2 . O

Compared with the equation (31) in [10], we find that the maximum throughput
achieved is exactly the same no matter how many different types of traffic flows
coexisting in the system.

Deduction 2: Assume that there are L >1 types of traffic coexisting in the system
. _ T T
with »n; (i=L2,..,L)traffic flows. Moreover, assume that ——=g¢;- ] L
-7 -0

(@, >0,i=12,.... Loy =l). If n, (i=12,..L) and E[P,,;] (i=12,.,L) are

sufficiently large so that the optimal operation point T: (aq,...0;)<<1 (i=12,..L),
then the system operates close to the optimal operation point if and only if the packet
collision rate is approximately equal to 1-e /X (K = T: /12). a

The above equation can be used to check if the system works close to the optimal

operation point.
4 Validation of Approximations

In this section, we validate the approximated results obtained in the former section by
using a numerical method. The parameters for the system are summarized in Table 1,
based on IEEE 802.11b.

Table 1. System Parameters

MAC Header 272 bits
PHY Header 192 ps
ACK 112 bits +PHY header
Channel Bit Rate 11Mbps
Propagation Delay 1ps
Slot Time 20 ps
SIFS 10 ps
DIFS 50 ps




In the first example, we compare the exact optimal operation points Tl*
numerically obtained from equation (5) with the approximated optimal operation

points 7, 4 Obtained from equation (16). In the example, we set other parameters as:
72 31

=g "2_p p_ =P, ,=2000 bytes, and m, =m, =8. In Fig. 2,
1-7, 1-7,  n ’ ’

the comparison results of optimal operation points are shown versus the number of
type-1 traffic flows n,. Two cases are shown in the figure: one is for the case that
a =0.1 and the other is o =10. From the figure, it can be seen that good agreements
between exact and approximate optimal operation points can be achieved if the
number of traffic flows n, is not so small. Furthermore, comparisons between the
case of o¢=0.1 and that of ¢ =10 show that good estimation accuracy can be
obtained as long as the estimated optimal operation point are far less than one.

0.14 —— Thoeretical optimal point rl' 401
--A-- Estimated optimal point‘tw1 .

P

Py =PLun,=2000 bytes

Len,1

o=0.1 n/n=2

0.01+

o=10
1E-3 4 1E3

7, Transmission probability of type-1 traffic flows

0o 2 4 6 8 10 122 14 1B 188 20 22
n,: Number of type-1 traffic flows

Fig. 2 Comparisons between theoretical optimal operation points and estimated ones

After verifying the accuracy of the estimation for the optimal operation point, we
illustrate the accuracy of the evaluated maximum throughput by using the estimated
optimal operation point. In order to obtain the exact maximum throughput and its
evaluated value, we substitute exact optimal operational point and its corresponding
approximated one into equation (5) respectively. The comparison results are given in
Table 2. From the Table, it can be seen that the estimated maximum throughput

S, accord with the corresponding theoretical value S,

max_ap . very well. Moreover,

in the Table, we show the evaluated maximum throughput obtained from equation
(17). It can be regarded as the limiting value for the maximum throughput when
n —>w.



Table 2. Comparisons between theoretical maximum
throughput and estimated ones

a—0.1 o—10

n Smax Simax_ap Smax Stnax_ap
6 0.66521 0.66518 0.66323 0.66322
8 0.66383 0.66381 0.66237 0.66235
10 0.66301 0.66299 0.66187 0.66183
12 0.66248 0.66245 0.66153 0.66148
14 0.66210 0.66206 0.66129 0.66123
16 0.66181 0.66177 0.66111 0.66105
18 0.66159 0.66155 0.66097 0.66091
20 0.66142 0.66137 0.66086 0.66079
0 0.65976

System parameters: Pren; = Prena — 2000 bytes, np — 2n;, m;—m,—8

S An Adaptive Scheme to Achieve Maximum Throughput and
Service Differentiation

For the implementation of real-world systems, in addition to the existence of an
optimal operation point, one is interested in methods to reach the point and to
maintain a dynamic system close to the optimal point. In the following part, we
present two schemes for this purpose.

5.1 Basic Adaptive Scheme

Based on equation (11), to achieve a certain target service differentiation & =s,/s, ,

. ElP,, . .
we can adjust the ratio [ L2 J / [ h J tobe a=a M In this case, if the
—7 1-7 ElPron5]

optimal operation point 'rl* <<1 and T; <<1, from Theorem 2, they can be

* *
approximated as 7, ~1/ | (n, +m2)-,fT% and 7, ~ (ﬁ +n2)-,}T% ,
o

. . n E
respectively. Therefore, if E, =n, +an, and E, =—L1+n, ==L are known and the
o

[2

£
packet transmission probabilities of traffic flows are equal to 'rl* ~1/ | E - T%

5
and rz* 1| E,- T% respectively, the system operates almost at the optimal



point and the service differentiation achieved can be approximated as
Sy n E[P Len,z]
—“ro=0 ———.
§ E[P Len,l]
Assuming that #»;, n, and a are known, the problem is how to make packet
transmission probabilities 7; and 7, reach their corresponding approximate optimal

values Tl* 4 and T; ~ap - First, each station can evaluate the average frame collision
length T: at run-time. Next, it calculates the target optimal packet transmission
probabilities rliap* or 727ap* based on Theorem 2, and the approximate packet
collision rate pi ap corresponding to the optimal operation point by using Deduction
2. Then, by substituting rliap*, Tziap* and pf ap 1010 equation (2), one can obtain
the approximate optimal minimum contention window size Wlﬂ:ap and Wz*iap.

Finally, Wliap and W;ﬁap are used to adjust the current minimum contention
window size Current _W, and Current _W, as follows:

Current W; = p-Current W, +(1-f)- W,i ap (28)
where i =12, and S €[0,1] is a smoothing factor, which determines the convergence

speed of the scheme.
We simulated the above scheme to verify its performance. In the simulation, it is
assumed that », =10, »n, =20 are known. In this case, no central controller is

needed. Parameter ¢ is set as 0.2. The frame lengths of both traffic types are equal.
Both traffic flows begin their minimum contention window size from 512.

Table 3 shows the comparison between the theoretical maximum throughput S,
and the actual throughput S and the service differentiation s, /s, achieved by using

the basic adaptive scheme. It can be seen that the proposed adaptive scheme can
achieve the maximum throughput and at the same time the target service

Table 3. Comparisons between theoretical
maximum throughput and simulated ones

Pren (bytes) Smax S $1/82
500 0.36199 0.36235 5.01728
700 0.43628 0.43588 5.02386
900 0.49298 0.49316 5.07283
1100 0.53786 0.53677 498651
1300 0.57437 0.57460 5.05422
1500 0.60471 0.60646 5.02912
1700 0.63038 0.63139 4.97099
1900 0.65241 0.65302 5.10741
2100 0.67155 0.67105 5.11010

n;—10, n; — 20, 1/o. — 5.0, B — 0.8, m;—m,—8



differentiation performance.
In the basic adaptive scheme, it is assumed that »,, n, and « are known (hence

E, and E, are known). The optimal operation point rliap*, 727ap* are mainly
determined by the value of £, and E,. However, extensive simulations show that the

sensitivity of the achieved throughput to changes of £, is small, when the

differentiation parameter ¢« is fixed. To some extent, the system can achieve optimal
performance by using the basic adaptive scheme even the actual number of traffic
flows are different from the assumed ones. This is because the throughput function in
equation (5) is very smooth with the variation of 7, . However, for large deviations of

E, from the assumed value, the achieved throughput deteriorates.

5.2 A Centralized Adaptive Scheme

A centralized version of the adaptive scheme uses a central controller (CC) is
proposed in this section. Let us note that a centralized network control can be
assumed in a /ot spot scenario, with the need of identifying users, accounting and
billing, managing and supporting QoS, possibly also through pricing and call
admission control (CAC) [27]. In our scheme, the CC itself carries traffic flows for
transmission (we assume of type-1) and, in addition, it serves as a coordinator to
guarantee that the centralized knowledge can be used to achieve the maximum
throughput and target service differentiation even in a dynamic context, when the
number of active mobile stations changes. The functions of a CC in the improved
scheme can be explained as follows: It detects the value of £, and F, at run time. If

the detected value of £, and E, are sufficiently far from the current estimates, the

CC broadcasts the new estimates. In order to maintain the target service
differentiation between different traffic flows, the CC also broadcasts the target
differentiation ratio. After receiving the new values, all mobile terminals in the

current basic service set (BSS) modify their memorized values of £, and £, and use

the adaptive scheme described previously.
To keep track of the number of active mobile stations, the CC monitors the traffic

and evaluates the real-time values of E; and FE, as follows. In the case that 7; <<1,
7, <<1, 7, = ar; and by using equation (8), one has

A=p)~ A=) =(1-7)" 29)
From above equation, one estimates E| as
E; =log( - py)/log(l-1,) (30)

where the packet collision rate p; can be easily evaluated at run-time. An efficient
way to evaluate the run-time packet collision rate is proposed in [28]. 7; is obtained

by substituting the estimated p, and the current minimum contention window size

Current _W, into equation (2). After obtaining E , it is averaged as E and



Table 4. Performance of the modified adaptive

scheme

n;.n; Smax S Sl/Sz

2.4 0.67338 0.66721 5.67252
5,10 0.66486 0.66508 5.35558
10,20 0.66230 0.66184 4.96943
20,40 0.66107 0.66238 5.00814
30,60 0.66066 0.65910 493129
50,100 0.66035 0.65292 4.83726

PLe 2000 bytes, 1/a— 5.0, B — 0.8, m;—m,—8
compared with the Current _E,, which is the current memorized value for E,. E,
can be expressed as
E=p-E+1-§)k (31)
If E, is less than Current E, -y (0<y <1) during the past k, >1 comparisons, the
Current _E, will be set as E If Fl is larger than Current E,/y (0<y<l1)

during the past k, >1 comparisons, the Current _E; will be set as E Current _E,
is simply obtained as Current _E,/c . In the scheme, if y is set to be 0, the
improved scheme is actually the same as the basic scheme. On the other hand, if ¥ is
very close to 1, the CC will modify £, and £, too often, which proves to be
unnecessary according to the former discussions about the sensitivities of achieved
throughput to the number of traffic flows. Therefore, parameters ¥ and k, should be
carefully chosen to improve the performance of the system and to minimize the
control overhead.

The performance of the improved scheme is verified by simulation. In the
simulation, a station carrying type-1 traffic flow serves as the CC. y and %, are set to
be 0.5 and 10, respectively. If the CC decides to broadcast new values for £, and £, ,

it generates a special management frame and gains access to the channel by using the
highest medium access priority (PIFS) to ensure the new values can be received as
soon as possible. Table 4 shows the performance of the centralized adaptive scheme.
We can see that the achieved throughput S is now close to the corresponding

maximum throughput S, . for all the cases, which is caused by the ability to adapt to
dynamically changing values of £, and £,. Moreover, that service differentiation
ratio s, /s, is kept approximately constant.

6 Conclusions

In this paper, we use a model of a wireless LAN based on the standard IEEE 802.11
MAC with a simple extension for service differentiation and derive approximations to
get simpler but more meaningful relationships among the different parameters. We



successfully derive the best operation point where the maximum throughput can be
achieved and demonstrate its uniqueness. In addition we propose simple rules to
decide if the system works under the optimal state. The other contribution of the paper
is the proposal of two adaptive schemes (one distributed and the other one
centralized) to lead and maintain the system close to the optimal operation point while
at the same time guarantecing target service differentiation between different traffic

types.
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