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Abstract. Providing Quality of Service (QoS) is a challenging issue especially
in the heterogeneous wireless network environment. Traffic scheduling is
considered as the key mechanism to support QoS with respect to protection of
flows and fair allocation of the limited link bandwidth. However, scheduling
schemes developed for wired networks can not be directly applied to wireless
networks due to bursty and location-dependent channel errors. In this paper, we
propose a scheduling scheme called Packetized Wireless Scheduler (PWS) for
providing both fairness and protection. The key idea of PWS is to keep track of
the channel state and to compensate the flows which have received less service
due to poor quality of their wireless channel. Since our scheme uses a portion of
the link bandwidth for giving an extra compensation service, our scheme can
achieve fairness guarantees and protection to individual flows. Furthermore,
this bandwidth portion facilities the handoff while making efficient use of the
link bandwidth.

1 Introduction

Next generation wireless networks will have to support a wide range of applications
requiring different Quality of Service (QoS) requirements in term of delay, jitter and
loss rate. Typically, the expected traffic will be a mix of real-time sources such as
multimedia applications and data transfers. Recently, there has been widespread
interest in the delivery of multimedia services over the heterogeneous environment of
wired and wireless networks.
The problem of providing QoS to contending applications involves suitably allocating
networks resources such as buffer and link bandwidth depending on each application.
To solve this problem, a suitable scheduling scheme at the network node is necessary.
Scheduling is seen as the key mechanism for QoS support at the packet level. This
mechanism is responsible for the transmission order of packets from different
competing flows on a output link of a network node.
Several scheduling schemes have been studied in the past in the context of wired
networks (see [1] for references). Fair scheduling schemes have been argued to be a
popular paradigm for achieving bounded delay, throughput and fairness guarantees.
However, these schemes assume error-free conditions. They do not address the cause
of performance impairments due to the link errors. That is why they can not be
applied for the heterogeneous network environment. The transmission over wireless



links may be adversely affected by location-dependent and bursty channel errors. In
the presence of channel errors it is not possible to reach the mobile host temporally as
well as some mobile hosts may not be able to transmit data to the base station. In this
situations, fair scheduling is neither fair nor able to provide service guarantees.
Recently, many efforts have been made in order to adapt fair scheduling schemes to
the wireless network environment. Several new schemes have been proposed such as
Wireless Fair Service (WFS)[2], Channel-Independent Fair Queuing (CIF-Q)[3],
Server-Based Fairness Approach (SBFA)[4], Channel State Dependent Packet
Scheduling (CSDPS)[5]. The common strategy of these schemes is to use
compensation to remedy the fairness guarantees. Various degrees of service
guarantees have been shown in these works. However, most of these schemes assume
a prior knowledge of the channel condition according to a bad or good state.
Moreover, there is remaining a trade-off between efficient use of the link bandwidth
and service guarantees. On the other hand, the compensation of some flows may
disturb the service guarantees of other flows. In case of bursty channel errors, existing
schemes provide neither protection nor bounded delay guarantees to competing flows.
In this paper, we propose a scheduling scheme called Packetized Wireless Scheduler
(PWS) for providing both fairness and protection in the heterogeneous network
environment. The key idea of PWS is to keep track of the channel state and to
compensate the flows which have received less service due to poor quality of their
wireless channel. When a flow experiences channel errors, its lost service will be
credited. This flow will be given an extra compensative service after its channel has
been recovered from the error state. A portion of the link bandwidth is allocated for
this compensation purpose. This portion is not waste since it will be fairly distributed
to all existing flows in case of error-free channel conditions. Furthermore, this portion
will be used for handoff purpose.
The rest of this paper is organized as follows. In section 2, we describe the model of
fair scheduling and its issues. In section 3, we introduce the fluid model that is used as
a formal model for PWS. Section 4 presents the packetized model for PWS and some
analytical results. Simulation results for PWS are shown in section 5. Section 6
concludes the paper.

2 Fair Scheduling and Issues

As the background, we now describe shortly the model of fair scheduling in wired
networks.
Consider an output link that is being shared by N flows. Let Ri denote the reserved
rate (the weight) of a flow i. At each time instant t, a backlogged flow i will be

allocated a fair shared rate of ∑∗ ∈ )(/ tBSj ji RCR , where C is the link bandwidth

and SB(t) is the set of non-empty (backlogged) queues at time t. That is, the fluid
queuing scheme serves backlogged flows in the proportion of their reserved rates. The
fluid model guarantees that for any time interval (t1,t2], during which two flows i and j
are continuously backlogged, the following property is satisfied:
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where Wi(t1,t2) is the service (bits) received by the flow i in the time interval (t1,t2].
That is, each backlogged flow will have the same quotient of its received service
(bits) and its weight regardless of the load of other flows. This quotient is called
normalized service offered by the scheduler to flow i.
The assumption of the fluid flow queuing is that the packets are infinitely divisible
and all flows can be served simultaneously. Since this assumption is not realistic in
packet-switching networks, packetized fair queuing schemes must approximate the
fluid flow model. The goal of a packetized scheme such as Weighted Fair Queuing
(WFQ) [6,7] is to keep the normalized service of all backlogged flows equal to each

other, i.e. to keep the difference jjii RttWRttW ),(),( 2121 − of any two

backlogged flows i and j during their backlogged interval (t1,t2) as small as possible.
In order to achieve this goal, packetized schemes such as WFQ maintain a start tag
and a finish tag for each packet, and a virtual time function V(t). The start tag TSi

k and
finish tag TFi

k are assigned to an arriving packet k of flow i as follows:
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where Li
k is the length of the packet k of flow i. The virtual time function is given by:
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The scheduler then serves the packet with the minimum finish tag in the system.
It has been proved in [7,1] that fair scheduling schemes in wired networks provide:
(1) fairness to all flows sharing a link; (2) protection and service guarantees to each
flow. However, they assume the error-free condition of flows, i.e. all transmitted
packets are received correctly, which is not true in a wireless environment. A straight-
forward application of these schemes to wireless networks can not provide the same
notation of performance guarantees. We illustrate this issue by the following example.

Example: Suppose that there are two backlogged flows f1 and f2. Flow f1 has an error-
free channel while flow f2 has bad channel condition during a time interval [t1,t2]. Due
to the channel errors flow f2 cannot be served in this time interval, but its timestamp is
continuously maintained. When the flow f2 exists from the error upon t2, its timestamp
will be the smallest. The scheduler will serve flow f2 exclusively until its timestamp
catches up with that of flow f1. In the meantime, flow f1 will not be served. Thus, there
is unfairness between the flows and a fair scheduling scheme fails to provide fairness
guarantee. Moreover, the service guarantees of flow f1 are affected. On the other hand,
if flow f2 exists from the error and its timestamp is updated immediately to the virtual
time function V(t), this flow will never re-gain the service it has lost in the past due to
channel errors. The result is again unfairness between flows. The example shows that
a suitable scheduling mechanism is needed for QoS control in the wireless
environment.
As the result, a wireless scheduling scheme needs to deal with the following issues:

• The failure of traditional schemes in the presence of channel errors.
• The issue of detecting the channel state.



• The compensation for flows that perceive channel errors.
• The trade-off between service guarantees and efficient use of the limited

wireless bandwidth.
In the following sections, we propose a simple approach called Packetized Wireless
Scheduler (PWS) which addresses the issues presented above. The development of
PWS consists of two steps: definition of a wireless scheduler based on the ideal fluid
model, emulation of the fluid model to achieve the packetized scheme.

3 The Fluid Wireless Scheduler

We consider a wireless scheduler, which resides at the base station and is responsible
for either uplink or downlink. In a packet cellular network, a base station can serve
one or more cells. Thus, the scheduler at the base station can serve flows from
different mobile hosts. We introduce the following definitions for the description of
the wireless scheduler.
Definition 1: Backlogged flow. A flow is said to be backlogged if there are packets of
this flow in queue waiting for transmission.
Definition 2: Feasible flow. A flow is feasible if it is backlogged and its channel
condition is error-free.
Definition 3: Lagging flow. A flow is said to be lagging if it has received less service
than its error-free service due to the lost service in the time of channel errors. This
flow needs to be compensated.
The fluid model is a work-conserving scheduler that is never idle when there are
packets in queue waiting for transmission. Thus, during a period with channel errors,
error-free flows will receive more service than their fair share, while flows with
channel errors will receive no service. To address the issue of service guarantees, we
need to detect the channel errors, credit the lost service, and to give a compensative
service for flows with channel errors after the flow’s channel has been recovered from
the error state. The scheduling scheme should be designed so that the flow with
channel errors will catch up with other error-free flows, while a fairness between
flows is obtained and service of all flows will be guaranteed. Furthermore, the issues
of fairness, delay guarantees and graceful degradation of service should be re-defined
for the wireless environments.
Most of the existing works such as [2,3,4,5] suggested to compensate lagging flows
by forcing the other flows to give up some bandwidth. However, if the scheduler
offers an extra compensation service to lagging flows, the service guarantees of other
flows may be worse. Furthermore, a static reservation of a bandwidth fraction for
compensation purpose is not efficient, since the unused link bandwidth is waste.
We propose therefore to allocate a portion of the total bandwidth αC for the
compensation purpose, where α is an administrative parameter and 0 ≤ α < 1 (see
Figure 1). Let SL (SL ⊂ SB) the set of lagging flows that need to be compensated, SF the
set of feasible flows and SC the set of flows being compensated. Then the bandwidth
portion αC is allocated to the lagging flows, while the rest of bandwidth, i.e. (1-α)C
is allocated to all backlogged flows. If SL=∅, i.e. no lagging flow, all backlogged
flows will share the total bandwidth C (that is, α=0). In this manner, the service



guarantees of all feasible flows are maintained, even when the whole portion αC is
being used for compensation. This bandwidth portion is not waste since it will be
fairly distributed to all backlogged flows in case of error-free conditions.
Furthermore, this bandwidth portion will be useful for handoff purpose. When a
mobile host moves to a cell belonging to a foreign base station, its flow will be
assigned immediately a fraction of this bandwidth portion. The choice of α depends
on the service requirements of flows sharing the wireless link, the transmission
characteristics of the actual wireless environment and the frequency of the handoffs.
There is a trade-off between compensative capability and the number of flows sharing
the wireless link, since large α means that fewer flows can be concurrently served on
the wireless link.

Figure 1 Comparison of WFQ and PWS by channel error.

In order to maintain the fairness between all backlogged flows, a virtual time function
is maintained as described above. However, an extra service is added for the lagging
flow so that this flow will get the service it has lost in the past due to channel errors.
The wireless scheduler provides this extra service by giving a weight increase ri as
follows:
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The compensation weight increase ri can be chosen according to the need of flow
being compensated. The compensation is faster by large ri, and slower by small ri.
Since the wireless scheduler only uses the bandwidth portion αC for compensation,
the service of other error-free flows will not be influenced. It is obviously that a short-
term unfairness exists when a flow is being compensated. In order to bound this short-
term unfairness, we choose ri according to:
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The principle of compensation is further illustrated with respect to the wireless
scheduler in Figure 2. Suppose that there are two flows with weights R1=R2 that are
continuously served in a system busy period. In the time interval (t1,t2), two flows are
served proportional to their weights according to the virtual time function V(t). During
the interval [t2,t3), flow 2 experiences a channel error, thus it receives no service.
Flow 1 will be exclusively served during this interval. A credit counter CC2(t) is

PWS Scheme
Channel 1 error

ααααC

(1-αααα)C

C Ch1

Ch2
Ch1

Ch2

Ch 1 ok

Ch1 error

Ch1 ok

WFQ and variants

compensationUndesirable Delay of packets from Ch2 spare

Channel Estimation

t



activated for flow 2 to count the service it has lost during this interval. The evolution
of the credit counter of flow i is given by:
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Figure 2 Comparison of WFQ and PWS by channel error.

At time t3, the channel condition of flow 2 has been recovered, and two flows are then
served. Since flow 2 has lost some service in the interval (t2,t3) due to channel error, it
needs to be compensated. The service of flow 2 should increase with a rate that is
proportional to the additional weight R2+r2 during [t3,t4). In this interval [t3,t4), the
credit counter of the corresponding flow i decreases with a rate as follows:
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At time t4, the credit counter reaches zero. The flow 2 has been fully compensated.
Upon t4, the weight of flow 2 returns to the normal value R2, and both flows will be
served proportional to their normal weights R1 and R2 respectively. The time interval
T2

c = t4 - t3 is called the compensation period for flow 2.
Any flow i that is feasible in the interval (t1,t2] will be served proportional to the
virtual time function V(t). Its amount of service Wi(t1,t2) received in this interval
satisfies:
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The fluid scheduler has following properties.
Property 1: The total amount of weight increase given to all compensated flows

satisfies: CrtCSi i α≤∑ ∈ )(
Property 2: Suppose that flow i has channel error in the time interval (tb,tr), and its
channel is recovered at time tr . Let us denote with tc the time at which this flow has
been completely compensated, then tc satisfies:
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Property 3: The fairness of the wireless scheduler is defined as (Ω is also called the

fairness index): jjii RttWRttW ),(),( 2121 −=Ω for any two flows in the

time interval (t1,t2]. The scheduler is ideal fair if Ω is zero, i.e. the difference in
normalized service of any two backlogged flows in the interval (t1,t2] is zero. The
scheduler is considered close to fair if Ω is close to zero. If flow i and flow j are
continuously feasible in the time interval (t1,t2], then:
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where SC(t) is the set of flows being compensated, and t∈ (t1,t2] .

4 The Packetized Wireless Scheduler

The packetized model approximates the fluid model by using the virtual time
functions to define the sending order of packets. The natural way to do this is to
timestamp packets by the virtual finishing time based on the virtual time function V(t)
and the packetized scheduler transmits packets according to the increasing order of
their time-stamps. Intuitively, the scheduler needs only to calculate the timestamp
each time when a packet of this flow becomes the head-of-line (HOL) packet of the
flow’s queue. Let TSi, TFi be the Start Tag and the Finish Tag of flow i, respectively.
We can have:
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where V(tai
k) is the virtual time function at the time, when packet k of flow i becomes

the HOL-packet.
In order to credit the lost service, PWS should keep track of the channel state. We use
our method developed in [8] to monitor and predict the channel state for PWS.
The packetized wireless scheduler has following properties.
Property 4: Let TAFi

k be the actual service finish time of packet k of flow i in the
packetized system, tdi

k be the virtual finish time of that packet in the fluid system, Li,max

be the maximum packet size of flow i. If flow i is feasible, the following unequation
holds:
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Property 5: When flow i is feasible, the extra compensation service given to packet k
of this flow is given by:









+
∗

≥
+
∗

=

otherwisetsCC

rR

rL
tsCCif

rR

rL

Wa
k
ii

ii

i
k
ik

ii
ii

i
k
i

k
i

)(

)(

where Wai
k is the extra compensation service given to packet k of flow i, CCi(tsi

k) is
the credit counter at the virtual start time tsi

k of packet k (see Figure 3).



Figure 3 Compensation service.

Property 6: Let tai
k, tsi

k be the arrival time and the service start time of packet k of
flow i in the fluid system, respectively. When flow i is feasible, the start tag TSi

k and
finish tag TFi

k of packet k in the packetized system are given by:
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The property 6 shows that, if no compensation is required for flow i, i.e. CCi(tsi
k) = 0,

the service tags can be calculated just as in the case of error-free service. During
compensation period, packet k of flow i will have precedence by scheduling, since its
service tags are smaller in comparison to those in error-free service.
Property 7: Suppose that flows i and j are continuously feasible in the time interval
(t1,t2]. If i,j∈ SC(t) or i,j ∉ SC(t) then:
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If i∈ SC(t), ,j ∉ SC(t) or i∉ SC(t), j∈ SC(t) then:
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where jjii RttWRttW ),(),(ˆ
2121 −=Ω is the fairness index of the packetized

scheduler, SC(t) is the set of flows being compensated, Lmax is the maximum packet
size of flows i and j.

5 Simulation Results

We use the network configuration as showed in the Figure 4 for the experiments to
show that the PWS scheme is feasible. In this configuration, the wireless link capacity
is 1.0 Mbps that is shared by three UDP sources. The normalized capacity is 1, and
the weights of sources are set to R1= R2=R3=0.2. All flows start to send at t=0s. Flow
1 will experience channel error in the time interval (0.1s, 0.6s). We choose the weight
increase of flow 1 equal to 0.04 for compensation. Three UDP sources send packets
of length 1000 Bytes at the same rate of 400 Kbps. Under this condition, the scheduler
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is continuing backlogged.

Figure 4 Model for simulation of PWS.

If Weighted Fair Queuing (WFQ) is used, flow 1 will loss its service in the time
interval (0.1s,0.6s) due to its channel error and never receives this service again after
its channel state has been recovered at time t=0.6s (Figure 5). In the PWS scheme,
flow 1 will be compensated after its channel has been recovered. The compensation
period takes as long as its credit counter is positive until t=2.6s (Figure 6). The length
of the compensation period depends on the lost service and the weight increase.

Figure 5 Service of Weighted Fair
Queuing (WFQ)

Figure 6 Service of PWS with error in
(0.1,0.6), weight increase 0.04

As showed in the Figure 6, two flow 2 and 3 receive the same service according to
their weights. From t=2.6s, three flows receive exactly the same service, since they
have the same weights.

Figure 7 Service of PWS with two UDPs
and one FTP. Flow 1 has error in (0.1,0.3).

Figure 8 Fairness index of three UDPs
with different weights.
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Figure 7 shows the result of an experiment with two UDP sources and one FTP
source. The weights of these sources are: 0.1 for flow 1, 0.2 for flow 2 and 0.3 for
flow 3. Since we use the normalized link bandwidth of 1, the sum of weights should
be less or equal to 1. The weight increase of flow 1 is 0.02. The wireless link has a
capacity of 1.5 Mbps. Flow 1 has a rate of 400 Kbps, flow 2 has a rate of 800 Kbps.
As shown in the figure, flow 1 has lost its service in the time interval (0.1s,0.3s) due
to channel error. This service will be distributed to flows 2 and 3. At time t=0.3s,
channel of flow 1 has been recovered and flow 1 will be compensated until t=1.15s.
After that all flows will be served according to their weights. Figure 8 shows the
fairness index of three UDP sources under PWS scheme with different weights (0.1,
0.2 and 0.3) sharing the wireless link of 1.0 Mbps. The rates of flows are 200 Kbps,
400 Kbps and 600 Kbps respectively. The channel of flow 1 has error in the time
interval (0.1s, 0.3s). As shown in the figure, the fairness depends on the weight ratio
of the flows. However, the fairness index stays within the allowed bound (i.e. between
–1 and 1) as shown in Figure 8.

6 Conclusion

In this paper, we have identified the issues of fair scheduling in the heterogeneous
environment of wired and wireless networks. We propose a simple approach which is
based on the prediction of the channel state and a compensation model to remedy the
performance impairments due to channel errors. Since our scheme uses a portion of
the link bandwidth for compensation purpose and since the compensation is
performed by giving an extra compensation service, our scheme can achieve fairness
guarantees and protection to individual flows. Furthermore, the allocated portion of
bandwidth facilities the handoff while making efficient use of the link bandwidth.
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