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Summary

Providing service differentiation in wireless networks has attracted much attention in recent research. Existing

studies so far have focused on the design of differentiated media access algorithms. Some quality of service (QoS)

metrics, such as queueing delay cannot be completely addressed by these approaches. Moreover, without a

formalized service differentiation goal that quantifies the outcome of differentiation, the performance of most of

the approaches fluctuates, especially in short time-scales.

This paper addresses above problems by introducing the concept of proportional service differentiation, to the

domain of wireless network and focuses on providing proportional delay differentiation in wireless LANs. Due to

the unique characteristic of distributed medium sharing, the scheduling algorithm employed in wireline networks

can not be applied directly to the context of wireless LANs. We argue that delay differentiation in wireless LAN

can only be achieved through a joint packet scheduling at the network layer and distributed coordination at the

media access control (MAC) layer. Therefore, we present a cross-layer waiting time priority (CWTP) scheduling

algorithm. CWTP consists of two tiers: an intra-node waiting time priority (WTP) scheduler at the network layer

and an inter-node distributed coordination function at the MAC layer. These two tiers coordinate via a mapping

function, which maps the normalized waiting time at the network layer to the backoff time at the MAC layer. Two

mapping schemes, namely linear mapping and piecewise linear mapping, are presented and evaluated in this paper.

Extensive simulation results show that the CWTP algorithm can effectively achieve proportional delay

differentiation in wireless LANs. Copyright # 2004 John Wiley & Sons, Ltd.
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1. Introduction

Wireless LAN has been a popular wireless networking

solution due to its low cost and high bandwidth. With

the emergence of diversified multimedia applications

such as voice over IP, there is a growing need to support

service differentiation and quality of service (QoS) for

multimedia real-time traffic in wireless LANs.

Towards this goal, existing studies have focused on

the design of differentiated media access protocols in

wireless LANs to achieve distributed priority schedul-

ing (e.g. [5,23,10,13,15,14,20]) or fair scheduling
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(e.g. [19,24]). These approaches can only achieve

performance differentiation of media access. Some

QoS metrics, such as queueing delay, cannot be com-

pletely addressed by these approaches. Thus these

approaches are insufficient to meet the diversified

performance requirements of multimedia appli-

cations. Moreover, without a formalized service dif-

ferentiation goal that quantifies the outcome of

differentiation, the performance of most approaches

(e.g. [10,5,14,20]) may be inconsistent and fluctuat-

ing, especially for packet delay over a short time-

scale. Though some approaches (e.g. [19,24,13,15])

are based on the analytical model of the throughput,

they still do not consider delay as a service differ-

entiation metric.

Therefore, a quantitative delay differentiation study

is still missing from the existing works on service

differentiation in wireless LANs. This paper conducts

this study in two steps. First, it introduces a service

differentiation model, proportional delay differentia-

tion model [12], to the domain of wireless LAN. In the

proportional delay differentiation model, the delay of

a service class is proportional to another according to

the ratio of their differentiation parameters. Such a

service differentiation model specifies a predictive

and consistent delay differentiation behavior. The

main advantages of this service differentiation model

are: (1) it greatly facilitates service class selection for

applications and (2) it provides flexible class provi-

sioning and management through the tuning of its

differentiation parameters. As a result, an application

that requires an absolute delay bound can select an

appropriate service class to meet its QoS requirement.

Second, this paper studies the problem of providing

proportional delay differentiation in wireless LANs,

which is a much more difficult problem than that in

wireline networks. In a wireless LAN, wireless nodes

share the same wireless channel, and packets waiting

to be transmitted may originate from different nodes.

At any given time, only one node may access the

channel to transmit a packet. Such packet transmis-

sion is usually coordinated in a distributed manner at

the media access control (MAC) layer (e.g. via IEEE

802.11 DCF). As a result of the distributed medium

sharing, packet scheduling needs the cooperation

among all the nodes. This is in contrast to wireline

networks where packets that need to be scheduled

originate from the same router, and hence the packet

scheduling decision can be made by the route itself

only considering its own packets. In this paper, we

argue that delay differentiation in wireless LANs can

only be achieved through a joint packet scheduling at

the network layer and distributed coordination at

the MAC layer. Therefore, we present a cross-layer

waiting time priority (CWTP) scheduling algorithm

that is able to achieve proportional delay differen-

tiation in wireless LANs. CWTP consists of two tiers:

an intra-node waiting time priority scheduling algo-

rithm at the network layer and an inter-node differ-

entiated distributed coordination at the MAC layer.

These two tiers coordinate via a mapping function,

which maps the normalized waiting time at the net-

work layer to the backoff time at the MAC layer. Two

mapping schemes, namely linear mapping and piece-

wise linear mapping, are presented and evaluated in

this paper. Extensive simulation results show that our

CWTP algorithm can effectively achieve proportional

delay differentiation in wireless LANs.

The main contributions of this paper are as follows.

First, to the best of our knowledge, this paper is

among the first works to study delay characteristics

and its differentiation in wireless LANs. Second,

compared with the existing works, our work is not

limited to the study of MAC layer design, instead it

explores the broader problem of how differentiated

MAC can affect the performance of the queueing

systems in wireless LANs. Further it studies how

queueing delay can be controlled via coordination

between the network and the MAC layer. The novelty

of our work is a CWTP scheduling algorithm, which

effectively achieves proportional delay differentiation

in wireless LANs.

The rest of the paper is organized as follows.

Section 2 gives the background of proportional delay

differentiation model and IEEE 802.11 MAC layer

protocol. Section 3 presents the CWTP scheduling

algorithm with two mapping schemes. Section 4

shows the simulation results. Section 5 summarizes

the related works. Section 6 concludes the paper.

2. Preliminaries

In this section, we briefly review the background

knowledge. First, we discuss the proportional delay

differentiation model and present the waiting time

priority (WTP) scheduling algorithm. Second, we

review the architecture of wireless LANs and the

IEEE 802.11 MAC layer protocol.

2.1. Proportional Delay Differentiation
and Waiting Time Priority Scheduling

Proportional service differentiation was first intro-

duced as a per-hop-behavior (PHB) for DiffServ in
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wireline networks [11]. It states that certain class

performance metrics should be proportional to the

differentiation parameters. In particular, if we con-

sider the case of delay differentiation, in a network

with C service classes, the proportional delay differ-

entiation model imposes the following constraints for

all pairs of classes.

�didiðt; t þ �Þ
�djdjðt; t þ �Þ

¼ �j
�i
; for all i 6¼ j and i; j 2 f1; 2; . . . ;Cg

ð1Þ

where, �i is the service differentiation parameter for

class i and �didiðt; t þ �Þ is the average delay for class

i; ði ¼ 1; 2; . . . ;CÞ in the time interval ðt; t þ �Þ,
where � is the monitoring time scale.

The basic idea of proportional differentiation is

that, even though the actual quality level of each class

may vary with traffic loads, the quality ratio between

classes should remain constant in various time-scales.

In addition, such a quality ratio can be controlled by

setting the service differentiation parameters, which

provides flexible class provisioning and management.

Under certain conditions (i.e. the network is well

provisioned), applications with absolute delay re-

quirements can select appropriate service classes to

meet their requirements [6], even though the network

offers only relative differentiation.

One of the packet scheduling algorithms that can

realize the proportional delay differentiation model in

a short time-scale is the WTP scheduler [12]. In this

algorithm, a packet is assigned with a weight, which

increases proportionally to the packet’s waiting time.

Service classes with higher differentiation parameters

have larger weight-increase factors. The packet with

the largest weight is served first in non-preemptive

order. Formally, let wpðtÞ be the waiting time of a

packet p of class i at time t, we define its normalized

waiting time ŵwpðt; iÞ at time t as follows:

ŵwpðt; iÞ ¼ wpðtÞ � �i ð2Þ

The normalized waiting time is then used as the

weight for scheduling. The packet with the largest

weight is then selected by the WTP scheduler for

transmission. Formally, at time t it will transmit the

packet p, which satisfies

p ¼ arg max
p2P

ŵwpðt; iÞ ð3Þ

where, P is the set of backlogged packets. It is shown

that WTP scheduler is able to approximate the pro-

portional delay differentiation model in wireline net-

works under heavy traffic condition [12].

2.2. Wireless LAN and IEEE 802.11

A wireless LAN consists of mobile nodes that are

within the transmission range of each other. It can

operate in a centralized or distributed manner, as

shown in Figure 1. In the centralized model, a base

station coordinates packet transmission and performs

network management tasks. In the distributed model,

every one plays the same role and carries the same

responsibilities in arbitrating channel access and net-

work management.

IEEE 802.11 MAC layer protocol [2] has been a

popular standard for wireless LANs. It has two dif-

ferent access modes, namely distributed coordination

function (DCF) and point coordination function

(PCF).

IEEE 802.11 DCF is the basic access mechanism. It

uses a carrier sense multiple access with collision

avoidance (CSMA/CA) algorithm to coordinate the

medium access. Before a packet is sent, the node

senses the medium. If it is idle for at least a distributed

interframe space (DIFS) period of time, the packet is

transmitted. Otherwise, a backoff time b (in time

slots) is uniformly chosen from the range ½0;CWÞ,
where CW is called the contention window. Initially,

CW is set to the value of minimum contention window

CWmin. After the medium has been detected idle for at

Fig. 1. Models of wireless LANs: (a) Centralized wireless LAN; (b) Distributed wireless LAN.
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least a DIFS, the backoff timer is decremented by one

for each time slot during which the medium remains

idle. If the medium becomes busy during the backoff

process, the backoff timer is paused, and is resumed

when the medium has been sensed idle for a DIFS

again. When the backoff timer reaches zero, the

packet is transmitted. Upon detection of a collision,

the CW is doubled, up to a maximum value CWmax ¼
2BCWmin where, B is the maximum number of backoff

stage. A new backoff time is then chosen and the

backoff procedure starts again. After a successful

transmission, the CW is reset to CWmin. The backoff

mechanism is also used after a successful transmission

before sending the next packet. IEEE 802.11 DCF can

be deployed on both centralized and distributed wire-

less LANs.

IEEE 802.11 PCF is designed for the centralized

wireless LAN model. It provides a contention-free

polling-based medium access method and supports

time-bounded applications. In this paper, we only

consider the problem of providing service differentia-

tion in an IEEE 802.11 DCF-based wireless LAN due

to its wide deployments.

3. Model and Algorithm

3.1. Proportional Delay Differentiation
in Wireless LANs

First, we introduce the proportional service differen-

tiation model into the domain of wireless LAN. As we

have discussed in Section 2, proportional service

differentiation model was first introduced in the con-

text of wireline networks as a per-hop-behavior. In

this scenario, flows from the same router contend for

the same wireline link as shown in Figure 2(a). In

wireless LANs, not only do the flows originating from

the same node contend with each other, the flows from

different nodes also contend for the same wireless

channel, as shown in Figure 2(b). To extend the

concept of proportional service differentiation to the

wireless LAN, the flows among different pairs of

nodes are considered. Specifically, our proportional

delay differentiation model for wireless LANs states

that the relation Equation (1) holds for all flows within

the wireless LAN no matter whether they originate

from the same node or not.

While proportional delay differentiation has been

well studied in wireline networks, it still remains a

challenge in wireless LANs. This is because WTP is a

centralized scheduling scheme. It needs to know the

waiting times of all packets before deciding which

one to transmit. This is trivial in a wireline network,

where all packets waiting to be scheduled originate

from the same router. However, in the wireless LANs,

packets that need to be scheduled originate from

different source nodes. To acquire information of all

packets inside the network, a node has to constantly

receive reports from all other nodes, which is prohibi-

tively expensive. Our effort towards this problem is

one of the highlights of this work.

3.2. Cross-Layer WTP Scheduling Algorithm

To schedule the packets from different nodes in a

uniform and efficient way, we propose to perform

cross-layer packet scheduling, where the network

layer packet scheduler coordinates with the under-

lying MAC.

The CWTP scheduling algorithm divides the sche-

duling task into two parts, which are performed at two

layers in the network stack. At the network layer,

intra-node scheduling at node n selects a packet p�n

Fig. 2. Service differentiation in different types of networks: (a) Wireline networks; (b) Wireless LANs.
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with the longest normalized waiting time, i.e. a packet

p�n, which satisfies

p�n ¼ arg max
p2Pn

ŵwpðt; iÞ ð4Þ

where, Pn is the set of all backlogged packets at node

n. At the MAC layer, inter-node scheduling selects

packet p� among p�n, which satisfies

p� ¼ arg max
p�n n2N

ŵwp�nðt; iÞ ð5Þ

where, N is the set of wireless nodes.

Such an intra- and inter-node scheduling algorithm

can fit well in the environment of wireless LANs. In

particular, the intra-node scheduling can be imple-

mented via network layer packet scheduling at each

individual node and the inter-node scheduling can be

implemented via MAC, which coordinates packet

transmissions among nodes. Figure 3 illustrates such

a cross-layer scheduling architecture. In this architec-

ture, the packet scheduler at the network layer and the

distributed coordination function at the MAC layer are

coordinated using normalized packet waiting time ŵw

as a cross-layer signal.

At MAC layer, in order to transmit the packet with

larger normalized waiting time before the ones with

smaller normalized waiting time, we map the normal-

ized waiting time ŵw to the backoff time b via function

b ¼ �ðŵwÞ. The cross-layer scheduling algorithm is

summarized in Table I. In the following two sub-

sections, we will present two mapping schemes,

namely linear mapping and piecewise linear mapping

schemes.

3.3. Linear Mapping Scheme

In the linear mapping scheme, the normalized waiting

time of a packet is mapped to its MAC layer backoff

time via a linear function. Formally, let us consider a

linear function �ðxÞ : Rþ ! R,

�ðxÞ ¼ � � �� x ð6Þ

where, �, � > 0 are parameters of this linear function.

To ensure it to be a non-negative integer, the backoff

time b (in number of time slot) of a packet with

normalized waiting time ŵw is chosen as follows:

b ¼ �ðŵwÞ ¼ d½�ðŵwÞ�þe ð7Þ

where, ½x�þ ¼ maxð0; xÞ and d�e is the ceiling opera-

tion. These two operations round up the value of �ðŵwÞ
to a non-negative integer.

Fig. 3. Cross-layer architecture.

Table I. Cross-layer waiting time priority scheduling algorithm.

At network layer of node n
1 Select a packet p�n among all backlogged packets Pn, which

satisfies
p�n ¼ arg maxp2Pn

ŵwp

where, ŵwp ¼ wp � �i is the normalized waiting time of packet p
from class i.

2 Send the packet p�n to MAC layer with its normalized waiting
time ŵwp.

At MAC layer of node n
1 Receive the packet p�n and its normalized waiting time ŵwp.
2 Map the normalized waiting time ŵwp to the backoff time b for

packet p�n b ¼ �ðŵwpÞ.
3 Start the backoff procedure of the distributed coordination func-

tion with value b.
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It is obvious that � and � determines the effective-

ness of the mapping function, and thus the perfor-

mance of the cross-layer scheduling algorithm. To

have a better understanding of the impact of these two

parameters, we conduct a simulation study in ns-2 [1].

In the experiments, two service classes with differ-

entiation parameters �1:�2 ¼ 1:2 are provided in the

wireless LAN. In the first experiment, two flows—

each from one service class—are transmitted. In the

second experiment, six flows—each service class

with three flows—are transmitted. Here, we are

interested in two performance metrics: differentiation

index and channel utilization. The differentiation

index (I) is defined as the ratio of the average delay

of the two service classes. Formally,

I ¼
�d1d1

�d2d2

ð8Þ

where, �didi is the expected packet delay of service class

i. This metric shows the effectiveness of the service

differentiation—how close the differentiation result

matches the differentiation goal. Ideally, in these

experiments I ¼ 2. The channel utilization (�) is

defined as the percentage of the packet transmission

time. Formally,

� ¼ ttx

�
ð9Þ

where, � is the measurement time interval and ttx is the

packet transmission time during this interval. This

metric shows the efficiency of the scheduling algo-

rithm—how much channel time is used for packet

transmission. Figure 4 plots the results of these two

performance metrics. To scale the results, we intro-

duce an index I� for �, which is given as follows.

I� ¼ 10 � �

�
ð10Þ

I� normalizes the value of � based on �. It takes a

range of ½0; 10� in the Figure 4, which makes the value

of � to be within the range of ½0; ��.

Fig. 4. Impact of � and � on I and �: (a) Differentiation index (I): 2 flows; (b) Channel utilization (�): 2 flows; (c) Differentiation
index (I): 6 flows; (d) Channel utilization (�): 6 flows.
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From the results, we have the following observa-

tions. First, I� greatly affects the result of differentia-

tion index, i.e. the effectiveness of the scheduling

algorithm. In the case of two flows, large I� leads to

higher differentiation ratio. In the case of six flows,

large I� has higher differentiation ratio when I� < 6.

When I� is increased beyond 6, the differentiation

ratio decreases dramatically. The impact of � is

further illustrated in Figure 5 to explain these obser-

vations. Function �ð�Þ is not strictly decreasing due to

the ceiling operation. Two packets with different

normalized waiting times may be mapped into the

same backoff time slot. When such mapping occurs,

these two packets are not differentiated and the

differentiation index is decreased. 1=� gives the upper

bound to the differences between which the two

normalized waiting times are mapped into the same

backoff time slot. Obviously, a large � lowers the

possibility of such mapping.

On the other hand, when the collision is taken into

consideration as in the case of six flows, too large

value of I� (i.e. �=�) will result in very small b for all

packets, and thus causing severe collision conditions.

This explains the drop of I when I� > 6. Second, �
mainly affects the result of channel utilization. In the

case of two flows, small value of � increases the

channel utilization. In the case of six flows, too small

values of � will cause collision and decrease the

channel utilization. These results show that the values

of � and � must be appropriately selected to balance

the efficiency and the effectiveness of the scheduling

algorithm.

Now the question is, how we can determine the

appropriate values of � and � so that the linear

mapping with these two parameters can lead the

cross-layer scheduling algorithm to the goal of pro-

portional delay differentiation. Here we present a

dynamic tuning algorithm of � and �. Let cw be the

expected value of contention window under IEEE

802.11 DCF without differentiation. The backoff

time b is uniformly chosen from ½0; cwÞ. Let ŵwmax

and ŵwmin be the maximum and minimum normalized

waiting time respectively. Preferably, the maximum

normalized waiting time ŵwmax can be mapped to the

smallest backoff time (0) for efficient channel utiliza-

tion; and ŵwmin can be mapped to cw for similar

contention behavior as IEEE 802.11 without differ-

entiation as shown in Figure 6.

cw ¼ � � �� ŵwmin ð11Þ
0 ¼ � � �� ŵwmax ð12Þ

Solving �, � from Equations (11,12), we have

� ¼ cw

ðŵwmax � ŵwminÞ
� ¼ cw þ �� ŵwmin

ð13Þ

Via Equation (13), � and � can be determined

dynamically based on the knowledge of ŵwmax and

ŵwmin. Table II summarizes the dynamic linear map-

ping scheme.

3.4. Piecewise Linear Mapping Scheme

Linear mapping scheme neglects the fact that the

distribution of the normalized waiting time can be

non-uniform. If there is a higher density over a certain

interval of time, then it will increase the possibility of

packets with different normalized waiting time being

mapped into the same backoff time. It can also

Fig. 5. Impact of � in linear mapping.

Fig. 6. Linear mapping.
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increase the possibility of packet collision at the MAC

layer. Figure 7(a) illustrates these problems of the

linear mapping algorithm.

To address above problems, we present a piecewise

linear mapping algorithm which considers the effect

of normalized waiting time distribution. As illustrated

in Figure 7(b), in the piecewise linear mapping algo-

rithm the normalized waiting times ŵw are divided into

L intervals of equal lengths defined by points

ŵwmin ¼ ŵw0, ŵw1, ŵw2,. . ., ŵwL ¼ ŵwmax. During each inter-

val, function �iðŵwÞ ¼ d½�i � �i � ŵw�þe will be used

for the mapping. Let hi, i ¼ f0; 1; . . . ; L� 1g be

the number of packets whose normalized waiting

time appeared in the interval ½ŵwi; ŵwiþ1Þ. Then, we

have the following relations

�i � �i � wiþ1 ¼ �iþ1 � �iþ1 � wiþ1;

i ¼ 0; . . . ; L� 1 ð14Þ
�i

hi
¼ �j

hj
; i; j ¼ 0; . . . ; L� 1 ð15Þ

cw ¼ �0 � �0 � ŵw0 ð16Þ

0 ¼ �L�1 � �L�1 � ŵwL ð17Þ
ŵwmin ¼ ŵw0 ð18Þ
ŵwmax ¼ ŵwL ð19Þ

ŵwi � ŵwiþ1 ¼ ŵwi�1 � ŵwi ð20Þ

Among these equations, Equations (14,18,19,20)

give the conditions on the interval partition. Equation

(15) is the relation between the interval size and the

density of normalized waiting times. Equations

(16,17) is similar to Equations (11,12) in linear

mapping:

Based on these relations, we can derive �i as

follows:

�i ¼ hi � L� cw

ðŵwmax � ŵwminÞ �
PL�1

i¼0 hi
ð21Þ

and �i can be calculated recursively

�i ¼ �iþ1 þ ð�i � �iþ1Þ � ŵwiþ1 ð22Þ

with initial condition

�L�1 ¼ �L�1 � ŵwmax ð23Þ

The piecewise linear mapping algorithm is sum-

marized in Table III.

To implement the cross-layering scheduling algo-

rithm, the normalized waiting time can be piggy-

backed onto the data packet header so that nodes

can acquire their distribution information. The pre-

sented cross-layering scheduling algorithm can be

Table II. Linear mapping algorithm.

Adjust � and �: every T seconds
� ¼ cw=ðŵwmax � ŵwminÞ
� ¼ cw þ �� ŵwmin

Calculate backoff time b: on receiving a packet with normalized
waiting time ŵw:

b ¼ �ðŵwÞ ¼ d½� � �� ŵw�þe

Fig. 7. Linear mapping and piecewise linear mapping: a comparison: (a) Linear mapping; (b) Piecewise linear mapping.
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deployed on either a centralized wireless LAN with a

base station or a distributed wireless LAN.

� In a centralized wireless LAN, the base station

collects the normalized waiting time and calculates

its distribution. Periodically (with interval T), it

computes the values of � and �, and broadcasts

them to other nodes.

� In a distributed wireless LAN, each node records

the normalized waiting time of its own packets and

listens to the channel in promiscuous mode for the

normalized waiting time of packets from other

nodes. It then computes the values of � and �
independently with interval T .

4. Simulation Study

To evaluate the performance of CWTP, we simulate

the algorithm under both linear mapping and piece-

wise linear mapping schemes on a variety of network

settings in ns-2 [1].

In the simulation, the number of nodes (N) is a

parameter that is used to show the impact of network

size on CWTP. Each node in the wireless LAN sets up

a connection. The transmission rate of each flow is

configured to give the network an aggregated load of

1500 kbps as shown in Table IV. Each packet has a

size of 512 bytes. Each simulation runs for 100 s. The

default algorithm parameters are given as follows:

L ¼ 2, T ¼ 1 s, cw is configured according to the

number of nodes in the network based on the results

from Reference [7], and is also given in Table IV.

In the simulation study, packet delay is measured as

follows. Let t1 be the time instance at which a packet

arrives at the queue in the network layer. Further, let t2
be the time instance at which the IEEE 802.11

acknowledgement of this packet is received at MAC

layer, i.e. the packet departs the MAC layer of its

sending node and is confirmed to be received. Then

the packet delay is d ¼ t1 � t2, which includes both

queueing delay and the service delay at the MAC

layer. Here packet delay d is also called the instanta-

neous packet delay at time instance t2.

4.1. Impact of Network Size

We first show the impact of network size on CWTP

algorithm. In this experiment, two service classes with

�2=�1 ¼ 2 and 4 are supported in the network. Further,

these two service classes are configured to have the

same number of flows. Figure 8 shows the differentia-

tion index I with different number of nodes in the

network. The target differentiation parameter ratios

are 2 and 4 respectively. We observe that both linear

and piecewise linear mapping schemes can provide

delay differentiation, which closely matches the target

differentiation index, when the network size is rela-

tively small (N < 20). When the network size is large

(e.g. N ¼ 50), the piecewise linear mapping scheme

performs much better than the linear mapping scheme.

Then, we show the instantaneous delay behaviors

with N ¼ 10 in Figure 9. From these results, we

observe that the piecewise linear mapping scheme

gives much more consistent and smooth delay beha-

vior than the linear mapping scheme. This is because,

with the consideration of normalized waiting time

distribution, the piecewise linear mapping signifi-

cantly reduces the possibility of packet collision at

the MAC layer.

Table III. Piecewise linear mapping algorithm.

Adjust � and �: every T seconds
l ¼ ðŵwmax � ŵwminÞ=L
for ði ¼ 0; i <¼ L; iþþÞ
ŵwi ¼ ŵwmin þ l� i

d ¼ cw=ððŵwmax � ŵwminÞ �
PL�1

i¼0 hiÞ
for ði ¼ 0; i < L; iþþÞ
�i ¼ hi � L� d

�L�1 ¼ �L�1 � ŵwmax

for ði ¼ L� 2; i >¼ 0; i��Þ
�i ¼ �iþ1 þ ð�i � �iþ1Þ � ŵwiþ1

Calculate backoff time b: on receiving a packet with normalized
waiting time ŵw:
if ðŵw <¼ ŵw0Þ
b ¼ d½�0 � �0 � ŵw�þe

for ði ¼ 0; i < L; iþþÞ
if ððŵw >¼ ŵwiÞ and ðŵw < ŵwiþ1ÞÞf
b ¼ d½�i � �i � ŵw�þe
break

g
if ðŵw >¼ ŵwLÞ
b ¼ d½�L�1 � �L�1 � ŵw�þe

Table IV. Default simulation parameter.

Number of nodes Rate (kbps) cw

2 750 34
6 250 45
10 150 50
20 75 60
50 30 105
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4.2. Impact of Traffic

Now we proceed to show the impact of traffic on the

performance of CWTP algorithm. We conduct two

sets of experiments. In both the sets, the network has

10 nodes. In the first experiment, flows from different

service classes have different transmission rates.

Figure 10(a) shows the differentiation index under

different rate configurations. The x-axis in the figure

gives r1: r2, where ri (i ¼ 1; 2) is the rate of each flow

in service class i. The instantaneous packet delay

for the cases r1:r2 ¼ 700 kbps:140 kbps and r1:r2 ¼
140 kbps:700 kbps are given in Figure 11 and

Figure 12 for different mapping schemes.

From the results, we observe that the piecewise linear

mapping is less sensitive to the load variance compared

with the linear mapping. Further when the rate of

service class 1 increases and is higher than the rate of

service class 2, the differentiation index is closer to the

target value 2. When the rate of service class 2 increases

and is higher than the rate of service class 1, the

differentiation index deviates more from the target value

2, especially for the linear mapping scheme. Moreover,

linear mapping shows less consistent delay behavior

with larger delay jitter when the rate of service class 2

increases. This is because higher sending rate in high

service class leads to higher density of large normalize

waiting time and aggravates the collision.

In the second experiment, different service classes

have different number of flows. Each flow has the

same transmission rate of 140 kbps. Figure 10(b)

shows the differentiation index under different flow

number configurations. The x-axis in the figure gives

n1:n2, where, ni (i ¼ 1; 2) is the number of flows in

service class i. From the results, we observe that the

CWTP algorithm maintains a value of differentiation

Fig. 8. Impact of number of nodes: (a) �2=�1 ¼ 2; (b) �2=�1 ¼ 4.

Fig. 9. Instantaneous delay behavior (N ¼ 10): (a) Linear mapping; (b) Piecewise linear mapping.
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Fig. 10. Impact of traffic: (a) Different rates for different classes; (b) Different numbers of flows in different classes.

Fig. 11. Instantaneous delay behavior with heterogenous rates under linear mapping: (a) 700 kbps:140 kbps;
(b) 140 kbps:700 kbps.

Fig. 12. Instantaneous delay behavior with heterogenous rates under piecewise linear mapping: (a) 700 kbps:140 kbps;
(b) 140 kbps:700 kbps.
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index very close to the target value under both map-

ping schemes, while the piecewise linear mapping

scheme is less sensitive to the flow number variance

compared with the linear mapping scheme.

Now we study the behavior of CWTP algorithm

when flows within the same service class have differ-

ent sending rates. In this experiment, 10 flows are set

up in the network, among which 3 flows from service

class 1 have sending rate of 280 kbps and 2 flows from

service class 1 have sending rate of 140 kbps. On the

other hand, 2 flows from service class 2 have sending

rate of 280 kbps and 3 flows from service class 2 have

sending rate of 140 kbps. The instantaneous packet

delay behavior of each flow is plotted in Figure 13.

From the result, we observe that the instantaneous

packet delay behavior under the piecewise linear

mapping scheme is highly consistent with very small

jitter. Though the flows within the same service class

have different rates, their delay behaviors are the

same. Similar results can also be observed under the

linear mapping scheme. Yet the flows under the linear

mapping scheme experience larger delay jitter.

We also experiment on traffic with different packet

sizes. The results show that the packet size does not

affect the performance of delay differentiation.

4.3. More Service Classes

Now we show the delay behavior of our algorithm

when more service classes are provided in the net-

work. In this experiment, the network has three

service classes with differentiation parameters

�1:�2:�3 ¼ 1:2:4. The number of flows in service class

1, 2 and 3 is 4, 4 and 2 respectively. The instantaneous

packet delay behavior of each flow is shown in

Figure 14. The results validate that the CWTP algo-

rithm can provide proportional delay differentiation

when more service classes are required.

Fig. 13. Instantaneous delay behavior with heterogeneous intra-class traffic: (a) Linear mapping; (b) Piecewise linear mapping.

Fig. 14. Instantaneous delay behavior with three service classes: (a) Linear mapping; (b) Piecewise linear mapping.
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4.4. Traffic Dynamics

We first study the performance of CWTP when traffic

dynamically joins the network at different times.

Figure 15 shows that both linear and piecewise linear

mapping schemes can adapt to dynamic traffic joining

and converge to the desired delay differentiation

quickly.

To further illustrate how CWTP adapts to dynamic

traffic joining, we study the instantaneous values of �
and � under the linear mapping scheme. Figure 16(a)

plots the scenario, where eight flows, all start at the

same time (0 s). While in Figure 16(b), four of them

start at time 60 s. From the results, we observe that �
and � can quickly adapt to the newly joined traffic,

thus support appropriate CW tuning operation.

Then, we study the performance of CWTP under

bursty traffic. In the simulation, 6 out of 20 flows have

exponential on/off traffic with burst time and idle

time both as 0.5 s. Each exponential traffic flow has

a rate of 100 kbps. Among these exponential traffic,

three flows belong to service class 1, and the other

three belong to service class 2. We show the instanta-

neous delay behavior under the piecewise linear

mapping scheme in Figure 17(a), and the instanta-

neous values of �i and �i (i ¼ 1; 2) in Figure 17(b)

and (c) respectively. From the results we observe that

the bursty traffic causes large delay jitter, yet CWTP

can still provide consistent delay differentiation.

4.5. Centralized Implementation Versus
Distributed Implementation

CWTP can be deployed on both centralized wireless

LANs with base stations and distributed wireless

LANs. In the previous experiments, we have shown

the performance of the centralized implementation.

Now we show the performance of CWTP under the

distributed implementation in Figure 18. From the

results, we conclude that the distributed implementa-

tion can achieve approximately the same performance

as the centralized implementation in terms of service

differentiation. Figure 19 further illustrates the in-

stantaneous delay behaviors. Similar to the centra-

lized implementation, the piecewise linear mapping

scheme gives much more consistent and smooth delay

behavior than the linear mapping scheme.

4.6. Choice of Parameter L

Now we show the impact of parameter L, which is the

number of intervals used in the piecewise linear

Fig. 15. Instantaneous delay behavior when flows start at different times: (a) Linear mapping; (b) Piecewise linear mapping.

Fig. 16. Instantaneous values of � and � (linear mapping): (a) All traffic starts at time 0 s; (b) New traffic joins at time 60 s.

DELAY DIFFERENTIATION IN WLAN 861

Copyright # 2004 John Wiley & Sons, Ltd. Wirel. Commun. Mob. Comput. 2004; 4:849–866



mapping scheme. We conduct the experiments with

different values of L. Figure 20 shows two cases with

L ¼ 5 and L ¼ 8. In the experiments, we find that a

small value of L (L � 5) is sufficient for effective

mapping. Moreover, large L (L > 6) will introduce

large delay jitter. This is because the statistics of the

normalized waiting time may vary in different renew

periods. Noise is then introduced when the normalized

waiting time is categorized into different intervals.

The noise will lead to different values of � and �
during each renew period, and thus cause inconsistent

delay differentiation behaviors. A large number of

intervals will increase such noise and lead to large

delay jitter.

4.7. Comparison with IEEE 802.11

Finally, we compare the performance of CWTP with

the IEEE 802.11 standard. Figure 21(a) compares the

average delay of CWTP with IEEE 802.11DCF. Here,

the average delay is defined as the delay average of all

Fig. 17. Exponential on/off traffic under the piecewise linear mapping scheme: (a) Instantaneous delay; (b) Value of �; (c) Value
of � normalized by �.

Fig. 18. Differentiation index under distributed
implementation.

Fig. 19. Instantaneous delay behavior under distributed implementation (N ¼ 10): (a) Linear mapping; (b) Piecewise linear
mapping.
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packets from all service classes. From the results, we

observe that the linear mapping scheme has the best

average delay performance. The piecewise linear

mapping scheme can achieve a comparable average

delay as IEEE 802.11, when the network size is small

(N � 10). When N > 10, the piecewise linear scheme

has a slightly larger delay. We further compare the

average throughput performance under these three

schemes in Figure 21(b). The results show that

when the network size is small (N < 10), IEEE

802.11 has the largest throughput, but only slightly

higher than the linear mapping scheme. When

N > 10, the piecewise linear mapping scheme has a

comparable throughput as IEEE 802.11, while the

linear mapping scheme has the largest throughput.

Above observations can be explained from two

aspects. First, both mapping schemes try to achieve

the same expected CW size as IEEE 802.11. Thus they

have similar throughput performance as IEEE 802.11.

Second, CWTP gives priority to traffic with higher

service differentiation parameter. Thus such traffic

experiences smaller delay and larger throughput. In

the linear mapping scheme, such traffic plays a domi-

nant role in the average operation. On the other hand,

to achieves more consistent and stable differentiation,

the piecewise linear mapping scheme leads to a more

conservative CW size in comparison to the linear

mapping scheme. Thus overall, the linear mapping

scheme has a better average delay and throughput

performance. These observations show the tradeoff

between the effectiveness (i.e. proportional delay

differentiation property) and the efficiency (i.e. aver-

age delay and throughput).

To summarize, the CWTP algorithm can achieve

the goal of proportional delay differentiation in wire-

less LANs with different network sizes and under

Fig. 20. Different choices of L: (a) L ¼ 5; (b) L ¼ 8.

Fig. 21. Comparison with IEEE 802.11: (a) Average delay; (b) Average throughput.
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different traffic patterns. In addition, the piecewise

linear mapping function is able to achieve more

consistent instantaneous delay and smaller delay jitter

with a small penalty in channel resource utilization.

5. Related Work

In this section, we review the existing literatures and

compare our work with the existing works.

A large number of works have focused on differ-

entiated MAC layer scheduling under IEEE 802.11

DCF. In these works, flows with different QoS re-

quirements are assigned with different priorities. The

packets with different priorities are treated differently

at the MAC layer such that high priority packets are

transmitted in priori to low priority ones. In particular,

the work of Reference [5] proposes three service

differentiation schemes for IEEE 802.11. The first

scheme scales the CW according to the priority of

each packet. The second scheme assigns different

inter-frame spacings to packets with different priori-

ties. The third one uses different maximum frame

lengths for packets with different priorities. The work

of Reference [10] proposes that the high priority

packets randomly choose their backoff intervals

from ½0; 2iþ1 � 1�, while low priority packets choose

from ½2iþ1; 2iþ2 � 1�, where i is the number of con-

secutive times that a node attempts to send a packet.

The work of Reference [13] analyzes the throughput

of a p-persistent version of IEEE 802.11 DCF with

multiple QoS traffic classes. Based on the analytical

results, each node tunes its transmission probabilities

for different traffic classes to achieve the targeted

throughput ratio, while at the same time maximizing

the total system capacity. The work of Reference [15]

also presents an analytical model for saturation

throughput of IEEE 802.11 DCF with multiple service

classes and proposes to achieve relative throughput

differentiation by varying the initial contention win-

dow. Moreover, IEEE 802.11 DCF is extended to

incorporate service differentiation. The work of Re-

ference [14] discusses and evaluates enhanced distri-

bution coordination function (EDCF), which is a

distributed medium access scheme adopted in IEEE

802.11e to allow prioritized medium access. Refer-

ence [20] presents an adaptive enhanced distributed

coordination function (AEDCF) based on this new

EDCF in IEEE 802.11e standard, which aims to share

the transmission channel efficiently. Furthermore, the

work of Reference [28] uses a Markov-chain-based

model to analyze the performance of IEEE 802.11e. In

these schemes, packets with different priorities may

have different queueing delays. However, the relation

between a packet’s priority and its delay has not

quantitatively given. Hence it would be difficult for

an application to choose a service class to satisfy its

delay requirement. In light of this observation, our

prior work [26] provides end-to-end delay differentia-

tion via priority mapping based on the support of

existing MAC priority scheduling. And the work of

Reference [25] achieves end-to-end delay assurances

in multihop wireless local area networks via dynamic

service class selection.

The work of Reference [23] makes use of the carrier

sense capabilities of network interfaces. It jams the

channel with pulse of energy of specific duration for

the transmission of high priority packets. The result-

ing scheme guarantees the strict priority and provides

bounded access delay to high priority packets. This

scheme is further extended in References [22,27] for

multi-hop ad hoc network environments. In these

schemes, the low priority packets can be starved and

thus suffer long, unbounded and unpredictable delays.

Besides priority scheduling, fair scheduling in wire-

less LANs has been studied in existing literatures. In

the work of Reference [19], the CW size of each node

is properly selected to reflect the relative weights

among the flows as well as the number of nodes

contending for the wireless channel. Thus it can

achieve both weighted fairness and maximizes the

aggregated throughput. In the work of Reference [24],

a IEEE 802.11 DCF-based fair scheduling algorithm

is proposed to schedule transmission such that the

bandwidth allocated to different flows is proportional

to their weights. Fair scheduling can achieve queueing

delay bound with admission control and traffic regula-

tion. In a wireless LAN, where traffic is highly dynamic

with node mobility, using fair scheduling to achieve

delay differentiation can be expensive. On the other

hand, our CWTP algorithm can provide delay differ-

entiation under different traffic patterns and dynamics.

The work of Reference [9] presents a service

differentiation solution, which supports time bounded,

services within the framework of IEEE 802.11 PCF.

This solution requires the support of a base station,

while our approach can be deployed on both wireless

LANs with base stations and distributed wireless

LANs where base stations are not available. The

work of Reference [3] evaluates four mechanisms

for providing service differentiation in IEEE 802.11

wireless LANs via simulation study. The evaluated

schemes are the point coordination function (PCF) of

IEEE 802.11 [2], the EDCF of the proposed IEEE

864 Y. XUE, K. CHEN AND K. NAHRSTEDT

Copyright # 2004 John Wiley & Sons, Ltd. Wirel. Commun. Mob. Comput. 2004; 4:849–866



802.11e extension to IEEE 802.11 [17], distributed

fair scheduling [24] and blackburst [23].

Service differentiation in wireless LAN has also

been studied under MAC protocols other than IEEE

802.11. For example, the work of Reference [8]

studies the problem of supporting both real-time and

non-real-time services in a wireless LAN with dy-

namic time-division duplexed (D-TDD) transmission.

Further the works of References [4,21,18] present

QoS architectures that support service differentiation

in wireless networks from a system point of view.

There also exist works that achieve better QoS for

wireless LAN without service differentiation. For

example, the fast collision resolution (FCR) algorithm

proposed in Reference [16] reduces the average num-

ber of idle slots and thus can significantly increase

throughput and achieve low latency. The fair schedul-

ing FCR (FS-FCR) algorithm could simultaneously

achieve high throughput and fairness.

6. Conclusion

Service differentiation in wireless networks is a cri-

tical approach to support QoS as well as promote

effective resource allocation. This paper studies the

problem of proportional delay differentiation in the

context of IEEE 802.11 DCF MAC layer protocol. It

presents a CWTP scheduling algorithm, which is

deployed between the network layer and the MAC

layer. Extensive simulation study shows that CWTP

algorithm can effectively and efficiently achieve pro-

portional delay differentiation in wireless LANs.
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