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ABSTRACT

In current cellular networks, schedulers allocate wireless channel resources to users based on instantaneous channel gains
and short-term moving averages of user rates and queue lengths. By using only such short-term information, schedulers
ignore the users’ service history in previous cells and, thus, cannot guarantee long-term quality of service (QoS) when
users traverse multiple cells with varying load and capacity. In this paper, we propose a new long-term lookback scheduling
(LLS) framework, which extends conventional short-term scheduling with long-term (QoS) information from previously
traversed cells. We demonstrate the application of (LLS) for common channel aware, as well as channel and queue-aware
schedulers. The developed long-term schedulers also provide a controllable trade-off between emphasizing the immediate
user (QoS) or the long-term measures. Our simulation results show high gains in long-term (QoS) without sacrificing
short-term user requirements. Therefore, the proposed scheduling approach improves subscriber satisfaction and increases
operational efficiency. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Mobile traffic is experiencing unprecedented growth rates,
driven by the large screens of smartphones and tablets cou-
pled with online media streaming [2]. At the same time,
traffic is becoming more unevenly distributed in space and
time [3] with demand peaks moving across different cells
throughout the day. Depending on the current traffic sit-
uation, users experience a mix of good and bad service
while traversing the network. Such varying quality of ser-
vice (QoS) is expected to increase with upcoming small
cell deployments [4], which will result in users traversing
a larger number of cells per session. Furthermore, user
session times are also becoming longer, with the growing
popularity of social media, video, and online gaming.
When users spend only a small fraction of their session
time in each cell and move across a network with unbal-
anced load, this will lead to new challenges in long-term

†This is an extended version of the paper that appeared in [1].

(QoS) provisioning. Coping with this spatially varying
service quality for mobile users is targeted in this paper.

A closer look at current cellular networks reveals
three important characteristics of current schedulers. First,
the accurate computation of scheduling weights plays a
key role in providing (QoS) guarantees to mobile users.
Second, current schedulers compute weights by averaging
physical layer (PHY) data rate and queue length over
time intervals in the order of seconds [5, Ch. 6]. Third,
this weight computation excludes the user’s long-term ser-
vice experience in previously traversed cells. However,
focusing only the current cell and ignoring most of the
user’s service history will provide unsatisfactory (QoS) to
mobile users in the long run.

In this paper, we propose long-term lookback scheduling
(LLS). This new scheduling framework is based on two
components. First, base stations (BSs) aggregate (QoS)
indicators, such as a user’s (PHY) data rate and queuing
state, over tens or hundreds of seconds. Then, the (BSs)
exchange these values as the users traverse the cellular
network. In the second component, the final scheduling
weight is computed by combining these long-term
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measures with the conventional short-term moving aver-
age (QoS) indicators of the current cell. By doing so, the
scheduler can now account for the users’ (QoS) indicators
over multiple time scales and multiple cells. In the pre-
sented (LLS) framework, different (QoS) indicators can be
used for different applications. For example, the long-term
average user rate can serve as an indicator of user satisfac-
tion for best effort applications. On the other hand, an esti-
mate of the total amount of re-buffering delays for video
streaming gives an indication of the long-term quality of
streaming. Therefore, the historical long-term experience
from prior cells is incorporated in the scheduling decision.

By enabling resource allocation over multiple cells, LLS
reduces the negative effects of uneven traffic distribution
without sacrificing spectral efficiency and immediate short-
term (QoS) needs of the users. For example, if a user
with a poor service history enters a new cell, the proposed
scheduler will prioritize this user over another incoming
user who previously received good service. However, if a
user with a poor scheduling history has a bad channel state,
other users will be scheduled to efficiently use wireless
channel resources.

LLS is a general multi-cell scheduling approach that
can be applied to various application specific schedulers.
We demonstrate this framework for two practical exam-
ples. First, we modify the proportional fair (PF) scheduler
[6] to include two measures of user average rates: (i)
the short-term average computed over a few seconds and
(ii) the long-term average computed over multiple cells.
While this shows the positive effect of LLS on channel-
aware scheduling, we also investigate the potential for
channel and queue-aware schedulers. Here, we choose
the exponential (EXP) scheduler as it was shown to have
good performance with delay-sensitive traffic, by keeping
queues stable if it is possible to do so [7]. Both sched-
uler extensions trade-off QoS indicators at different time
scales, without requiring central coordination or exces-
sive signaling. This indicates that LLS can be practically
applied in existing cellular networks.

The rest of the paper is organized as follows. Section 2
reviews the pertinent literature, while Section 3 outlines
the system description and provides a background on chan-
nel scheduling. In Section 4, we discuss the limitations of
single-cell scheduling and then present the details of the
proposed LLS scheme in Section 5. The resulting perfor-
mance analysis is conducted in Section 6, followed by our
conclusions in Section 7.

2. RELATED WORK

Prior work in (BS) coordination for scheduling has mainly
focused on instantaneous cooperation to achieve short-
term objectives, that is, BSs coordinate their transmissions
periodically to minimize interference, balance load, or per-
form joint transmissions to a user such as in coordinated
multi-point (CoMP) [8].

In [9], Frank et al. propose a scheduling scheme for the
3GPP Long-Term Evolution (LTE) uplink that accounts

for inter-cell interference, and by avoiding high interfer-
ence situations for users at the cell edge, they improve
the average spectral efficiency. Bu et al. propose a load
balancing scheme that improves proportional fairness over
the network by controlling the association of users among
neighboring BSs [10]. In this work, users are associated to
BSs according to a network-wide proportional fairness cri-
terion instead of the simple strongest BS signal approach.
This scheme is extended in [11] where partial frequency
reuse (an inter-cell interference mitigation mechanism) is
jointly optimized with the load balancing in a multi-cell
network. More recently, in [12], the authors consider the
case where a user is served by multiple BSs simultaneously
and propose a scheme that provides instantaneous fairness
over the network.

LLS differs fundamentally from the aforementioned
multi-cell coordination approaches. Instead of adjusting
scheduling based solely on current user conditions and
needs, we propose incorporating the long-term service
history of the users in prior cells into the scheduling frame-
work. We do so to improve the long-term QoS for users as
they traverse the network.

In a related but different approach to providing long-
term QoS, predictions of the user future rates are incor-
porated to optimize current resource scheduling [13]. This
enables the BS to provide long-term QoS by prioritizing
users heading to poor coverage [13,14] and prebuffering
video content opportunistically [15]. However, in this
paper, we do not make assumptions on the predictability
of the future rates but rather leverage information of the
previous rates allocated to provide long-term service.

3. SYSTEM MODEL AND
BACKGROUND

In this section, we introduce our system model, perfor-
mance metrics, and the traditional schedulers that we use
in the proposed LLS framework.

3.1. Network and mobility models

We study a network with a BS set M and a user equipment
set N . An arbitrary user is denoted by i 2 N and an arbi-
trary BS by m 2M, where the number of BS is jMj D M
and the number of users jN j D N.

Each BS covers a hexagonal cell. All the users traverse
the network according to the random way point (RWP)
mobility model with a constant speed S, zero pause time
between the waypoints, and no wrap-around. Omitting the
wrap-around creates a traffic hotspot in the center of the
network, which allows us to study an uneven network load
distribution. Figure 1 shows the 19 cell network modeled
in this paper along with three exemplary user motion paths
generated using the RWP model.
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Figure 1. The considered network with 19 cells and three
sample motion paths.

3.2. Channel and traffic models

We model the wireless downlink as typical for studies
on macro-cell LTE systems. The path loss is calculated
according to [16] as PL.d/ D 128.1C 37.6 log10 d, where
d is the user-BS distance in km. The BSs have omnidi-
rectional antennas and a log-normal distribution with a
variance of 8 dB accounts for slow fading. Fast fading
is modeled as i.i.d. Rayleigh fading, and link adaptation
is modeled using Shannon’s equation where the SNR is
clipped at 20 dB to account for a maximum modulation
order of 64 quadrature amplitude modulation.

Two traffic models are considered in this paper. The first
is full buffer, meaning that each user has download traf-
fic at any point in time. This model is used to compare the
performance bounds for schedulers that are unaware of BS
queues. The second traffic model includes user queues at
the BS as shown in Figure 2. For each of these queues,
packets arrive at a constant rate �i. This model is used
to evaluate queue-aware schedulers and represents non-
real time video streaming traffic arriving at the BS with a
constant bit rate.

To account for the buffering of such traffic, we also
consider playback buffers at the user terminals. Here, the
video stream will play at a constant rate RStream when the
buffer is sufficiently filled. The video stream will freeze (or
stall) when the buffer becomes empty if the user has not
been scheduled sufficiently. The stream will remain frozen
until the playback buffer is re-filled to the playback thresh-
old, which corresponds to the behavior of modern stream
protocols such as HTTP Live Streaming [17].

3.3. Channel schedulers

In this paper, we focus on downlink scheduling where the
BS makes user scheduling decisions every time slot. We
model a discrete time slotted channel where each slot is
referred to as a time transmission interval (TTI). Channel
quality information (CQI) (represented as the instanta-
neous achievable rate ri.t/) every TTI, which BSs use to
make scheduling decisions in the upcoming TTI. In the
following, we review the considered downlink schedulers.

3.3.1. Max-rate scheduling.

The maximum rate (MR) rule schedules the user with the
highest instantaneous CQI, as observed from the previous
TTI [6]. This maximizes the sum throughput of the network
but makes no effort to serve users fairly.

3.3.2. Proportional fair scheduling.

The PF scheduling rule [18] aims for high throughput
while maintaining fairness among the users. The intuition
of the algorithm is to schedule users when they are at their
peak rates relative to their own average rates. At any TTI t,
PF schedules the user i� D arg max8i2N wi.t/, where the
user weights are calculated 8i 2 N : wi.t/ D ri.t/=Ri.t/.
Here, ri.t/ refers to the instantaneous data rate in the last
time slot, while Ri.t/ is the moving average of the data rate,
computed as [6]

Ri.tC 1/ D
1

W
ri.t/pi.t/C

�
1 �

1

W

�
Ri.t/ (1)

Here, pi.t/ is a binary variable, which is equal to 1 when
user i is scheduled at slot t and equal to 0 otherwise. The

Figure 2. Studied system with the traffic model for buffered media streaming.
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parameter W denotes the time window, over which the
moving average is computed. If a user remains in good
channel conditions, its average rate Ri.t/ will also be high.
Therefore, by scheduling according to ri.t/=Ri.t/, the BS
in effect compares the current user achievable rate with the
user allocation history and selects the user with the high-
est relative measure. This is equivalent to scheduling users
when they are at their own channel peaks. Note that the
size of W defines the duration over which the user alloca-
tion history is computed and is therefore tied to the latency
of the application. A smaller value of W will direct the
scheduler to make frequent user allocations to ensure that
their average rate Ri.t/ does not fall to zero during W.
Conversely, a large W enables the scheduler to wait longer
before scheduling a user when its channel hits a very high
peak. Such a delay tolerance will result in an increased
system throughput.

3.3.3. Exponential scheduler.

The exponential (EXP) [7] scheduler is queue aware
in addition to being channel aware. By incorporating
information of the user queue lengths, it can reduce
the delay of buffered data in user queues. In the EXP
scheduling rule, when a user queue becomes large rela-
tive to the other users’ queues, its scheduling priority is
increased exponentially. Put formally, this scheduling rule
chooses user

i� D arg max
8i2N

ri.t/

Ri.t/
exp

aiqi.t/ �
1
N

PN
iD1 aiqi.t/

1C
q

1
N

PN
iD1 aiqi.t/

(2)

where qi.t/ is the queue length for user i at time slot t.
The parameter ai allows the scheduler to prioritize cer-
tain user queues over others. It controls the strictness of
the scheduler in responding to growing queue lengths of
each user.

3.4. Performance metrics

We study the following performance metrics:

� TNet: the average network throughput, which is mea-
sured during the downlink as the sum of the average
data rate taken over all users of the network.

� JNet: Jain’s fairness index for user throughput and
is computed as .

PN
iD1 Ti/

2=N
PN

iD1 T2
i , where Ti is

the average throughput for user i over the time of
interest. We use this metric to compute the long-term
throughput fairness of the network.

� T10%
Slot : the average 10th percentile user throughput

w.r.t. time. We developed this metric to quantify the
users’ rate starvation. For each user, we first com-
pute the received average throughput during a ‘bin’ of
1 s. For a time duration of several hundred seconds,
this results in a vector of values. Then, we com-
pute the 10th percentile throughput of this vector. If
the value is low, this indicates that several time bins

had poor throughput, and thus, that user was starved.
T10%

Slot gives the average 10th percentile vector values
obtained from all the users.

� FLT: the average long-term amount of video freezing
experienced by all users in the network expressed as
a percentage of the playback duration.

� JF
Net: Jain’s fairness index of user video freezing.

4. LIMITATIONS OF SINGLE-CELL
SCHEDULING

In current networks, the average user rate Ri.t/ in (1) is
computed at each BS independently. This works well if W
is small. However, in the case of a large W, when a user
with an ongoing session moves from one cell to another,
Ri.t � 1/ from the previous cell is unknown to the cur-
rent cell. This means that the current cell will restart the
computation of (1) without the users’ past history, hence
introducing errors in the calculation of Ri.t/. This poses a
limitation for any scheduling rule that relies on the histori-
cal average user rate (or in general, any user quality metric
computed over a time duration). For example, in PF, this
results in throughput and fairness losses for large window
sizes, which we discuss in the following.

A scheduler is said to be proportionally fair if it
maximizes the sum of the logarithmic rate of all the users
[6, App. A]

Rnet
log D

NX
iD1

log NRi (3)

for an asymptotically large W. Here, NRi is the exact average
user rate during W

NRi D
1

W

WX
tD1

ri.t/pi.t/ (4)

In Figure 3, we show the effect of increasing W on Rnet
log

based on a simulation of the network in Figure 1. The
single-cell PF scheduler is one where the scheduler com-
putes (1) without knowledge from previous BSs, whereas
in the multi-cell PF, BSs have complete user rate informa-
tion. While the multi-cell PF maintains a rate increase with
W, the Rnet

log of the single-cell PF starts decreasing after a W
of 20 s. At W > 20 s the rate information in one cell can-
not accurately represent the real average rate that a user has
experienced. Single-cell PF clearly does not maximize Rnet

log
for increasing W and therefore violates the PF property
[6, App. A]. This means that it cannot provide proportional
fairness over multiple cells.

From an implementation point of view, multi-cell PF can
be achieved in two ways as shown in Figure 4. First, BSX

can signal the average user rate ORi,x.t/ to BSY via interfaces
such as the X2-interface in LTE [5]. If such signaling is not
supported, the user handheld can receive the average rate
from BSX (or compute it itself) and signal it to BSY during
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handover via the air link. Note that either of these options
requires only an exchange of one average rate value per
user, per handover. As a typical CQI resolution is 4 bits in
LTE [19], this adds only an insignificant signaling effort.

Figure 3. Effect of the averaging window size W on Rnet
log for

single-cell and multi-cell PF. N D 250 users, S D 40 km/h.

Figure 4. As user i enters cell Y , NRi,x.t/ is transmitted to BSY

from either BSX or the user terminal. NRi,x.t/ represents the
average rate the user received in cell X .

5. LONG-TERM LOOKBACK
SCHEDULING

Conventional single-cell schedulers are based on metrics
computed at the scheduling BS with no regard to the
users’ scheduling history in previously traversed cells. In
Section 4, we discussed how scheduling can be extended
to the multi-cell case by signaling historical rates received
(or any other QoS indicator used in scheduling) during
handover. However, basing the scheduling on these long-
term rates computed over multiple cells will not guarantee
that the short-term user requirements are satisfied. There-
fore, we argue that both the long-term and short-term user
rates and QoS indicators should be combined in a single
scheduling framework.

5.1. Scheduling framework

The proposed LLS framework is shown in Figure 5. Like
existing schedulers, it uses short-term QoS indicators such
as instantaneous channel gain and user queue lengths,
which are evaluated at each BS. Our framework introduces
a module to compute long-term user satisfaction, which
is based on the average rate a user received over mul-
tiple cells, or more application specific QoS satisfaction
indicators that may be fed back directly from user termi-
nals. These long-term measures are computed over tens or
hundreds of seconds and exchanged between BSs when
users are handed over as shown in Figure 5. As previously
discussed, such an exchange may be possible via the X2-
interface in LTE [5] and will not add significant overhead.
In the following, we present the application of the LLS
framework to incorporate long-term indicators in the PF
and EXP schedulers.

5.2. Utility selection

An important design choice in the LLS framework is
the definition of utility functions for the short-term and

Figure 5. The proposed long-term lookback scheduling framework.

Wirel. Commun. Mob. Comput. 2015; 15:1037–1048 © 2014 John Wiley & Sons, Ltd. 1041
DOI: 10.1002/wcm



Lookback scheduling for long-term QoS H. Abou-zeid et al.

Figure 6. Effects of parameter choices on utility functions.

long-term indicators. The shape of the utility functions will
determine how the scheduler responds to changes in the
indicators. For example, Figure 6(a) illustrates an expo-
nential utility of the form U.x/ D exp.˛=x/, where x 2
Œ0.05, 1� to avoid an unbounded response. Let us assume
that x denotes the average user rate normalized w.r.t. the
user with the highest rate at the current TTI. Then, such
a utility function will prioritize users with very low rates.
The degree of this prioritization is a function of ˛ as shown
in Figure 6(a).

Another useful choice for utilities is the ‘S-shape’ or sig-
moid function illustrated in Figure 6(b). As shown, changes
in the input x influence the utility exponentially but saturate
at either extreme end of x. The plotted function is U.x/ D
1 � exp.�c.x � ˇ//, where ˇ controls the inflection point
(where the slope is at a maximum magnitude) and c con-
trols the steepness of the curve. Increasing ˇ will result in
earlier response to a decreasing QoS indicator, thereby pri-
oritizing the user as soon as it falls below the acceptable
value. A higher slope c will suddenly increase the utility
as the value of x decreases, with the change happening in
the vicinity of the value of ˇ as shown in Figure 6. There-
fore, the sigmoid function offers a wide range of response
options, which we discuss in Section 6.

5.3. Long-term lookback proportional
fair scheduler

The Long-term lookback proportional fair (LL-PF) sched-
uler is proposed to maintain long-term fairness between
users, while providing the flexibility to serve a variety of
delay-sensitive applications.

This scheduler is only channel aware and uses the
average user-rate for scheduling decisions. As opposed
to traditional rate-based schedulers, LL-PF computes the
average user rate over both short and long durations.
We first present LL-PF-Exp, where these two satisfac-
tion indicators are combined using an exponential utility
for the short-term user rate, while the long-term rate

follows a 1=x utility. In LL-PF-Exp, users are scheduled
according to

i� D arg max
8i2N

ri.t/

RLT
i,m.t/.t/

exp
˛i

Rnorm
i .t/

(5)

where Rnorm
i is the short-term average rate (so (1) is com-

puted with a W of a few seconds), normalized by the
highest user rate value. Therefore, Rnorm

i 2 Œ0, 1�. By
choosing the exponential function for short-term utility,
the user priority will increase exponentially as Rnorm

i .t/
decreases. Thereby, we ensure that users do not starve. The
computation of RLT

i,m.t/.t/ in (5) is according to

RLT
i,m.t/.tC 1/ D

1

W
ri,m.t/.t/pi.t/

C

�
1 �

1

W

�
RLT

i,m.t�1/.t/
(6)

which denotes the long-term average user rate, over sev-
eral BSs, computed at BS m. Therein, m.t/, m.t � 1/ 2M
are the respective BS indices in the current and previous
time slots. If a user changes the cell, m.t/ ¤ m.t � 1/, but
the average is still computed as BSs exchange the value
of Ri,m.t/.t/ during handover. Note that the time window
W is significantly longer than in the computation of the
short-term moving average. Choosing a large value for W
provides user fairness over a longer duration.

The parameter ˛ determines the rate at which the expo-
nential factor of the short-term user rate increases and can
have different values for each user. Increasing ˛ will make
the scheduler biased towards providing short-term fairness,
and a value of 0 will make the scheduler a purely long-
term multi-cell PF scheduler, which we presented in [20].
Figure 7(a) illustrates the overall utility of LL-PF-Exp, and
how it is affected by the changes in both long-term and
short-term user rates, for ˛ D 0.2. Although the value
of ˛ depends on the application preference, we will see
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Figure 7. Combined short-term and long-term rate utilities.

in Section 6 that LL-PF-Exp maintains a higher level of
fairness than traditional PF for any level of ˛.

With a similar intuition, we present the LL-PF-Sig
scheduler, where the short-term user rates are dependent on
a sigmoid utility. This offers a broader range of potential
scheduler behavior. In this case, the scheduler selects the
user i� that satisfies

i� D arg max
8i2N

ri.t/

RLT
i,m.t/.t/

�
1 � exp.�c.Rnorm

i .t/ � ˇ//
�
(7)

Figure 7(b) illustrates a sample overall utility of LL-PF-
Sig. We can see that compared with that in Figure 7(a), the
short-term rate will have an immediate affect on the overall
utility, and with such a parameterization, user short-term
starvation will be prevented.

5.4. Long-term lookback exponential
scheduler

The long-term lookback exponential (LL-EXP) extends the
channel and queue-aware scheduler from Section 3.3.3 to
include long-term QoS indicators. In the first embodiment
of this scheduler, we keep the instantaneous user queue
size as a short-term scheduling indicator (to accommo-
date delay-sensitive traffic) but replace the average user
rate Ri.t/ in (2) with the long-term average rate RLT

i,m.t/.t/.
Depending on the user’s trajectory, these long-term
averages may be computed over several BS. Therefore,
LL-EXP algorithm schedules user i� that satisfies

arg max
8i2N

ri.t/

RLT
i,m.t/.t/

exp
aiqi.t/ �

1
N

PN
iD1 aiqi.t/

1C
q

1
N

PN
iD1 aiqi.t/

(8)

Note that by relaxing the duration over which the user
average is computed, the scheduler can be more oppor-
tunistic in serving users that have a high instantaneous rate
ri.t/. Results in Section 6 indicate that this reduces the
likelihood of video freezing experienced by users.

5.4.1. LL-EXP with video freezing feedback.

In this extension of the EXP scheduler, we directly con-
sider the amount of long-term video freezing FLT

i .t/ expe-
rienced by the users. The idea is to multiply the scheduling
utility by the historical average amount of video freezing
experienced. This will decrease the priority of users with
low freezing and attempt to limit the total amount of video
stalling that a user will experience throughout a session.
As shown in the results, this also provides a high degree
of fairness in video freezing. It is assumed that FLT

i .t/ is
either fed back by the users to the BS or estimated by QoS
monitoring tools at the BS. A user i� is scheduled that
satisfies

arg max
8i2N

ri.t/F
LT
i .t/ exp

aiqi.t/ �
1
N

PN
iD1 aiqi.t/

1C
q

1
N

PN
iD1 aiqi.t/

(9)

In what follows, we shall refer to this as the LL-Exp-Freeze
scheduler.

6. PERFORMANCE EVALUATION

In this section, we first illustrate our scheduling framework
for a very simple scenario. Then we study a more general
simulation setup and discuss the performances of each of
the presented long-term lookback schedulers.

6.1. Simple scenario

Consider the scenario of Figure 8 where two users
watching a video stream are moving towards Cell 3. User 1
is arriving from a congested cell and suffered excessive
video freezing, whereas user 2 is coming from a sparsely
populated cell and experienced better playback. As cell 3
is also congested, both users will now be subject to video
freezing. In the traditional scheduling approaches, both
users will suffer equally on arrival at BS3. This, however,
can be changed if BS3 is made aware of the freezing history
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DOI: 10.1002/wcm



Lookback scheduling for long-term QoS H. Abou-zeid et al.

Figure 8. Long-term lookback scheduling improves video quality experience and provides more fair service over multiple cells.

Figure 9. Effect of ˛ and ˇ on the network throughput TNet, and 10th percentile slot throughput T 10%
Slot , at a user speed of S D 40 km/h,

and N D 200. The x-axis reads values of ˛ for LL-PF-Exp and reads the values of ˇ for LL-PF-Sig.

of user 1 in its previous cell. Now, BS3 can increase the
scheduling weight of this user to increase its QoS.

A sample result from applying the proposed LL-EXP-
Freeze scheduler is shown by the bar plot in Figure 8. Here,
we can see that total freezing for user 1 is reduced from
28% to 21% compared with the case of scheduling without
LLS (i.e., no service history from prior cells). User 2, on
the other hand, suffers slightly more freezing in LLS than
in the case without LLS. This indicates that, with infor-
mation from previous cells, LLS can allocate resources to
provide a more fair video experience to the users. The total
amount of freezing for both users has also been reduced.

6.2. Simulation setup

We evaluate the schedulers in the 19 cell network of
Figure 1 with an inter-BS distance D D 1 km, and a BS
transmit power of 40 W for the downlink. The center car-
rier frequency is 2 GHz, while we choose a bandwidth of
10 MHz for the full buffer traffic scenario and 5 MHz for
the buffered video streaming traffic (assuming the remain-

ing 5 MHz is used for other services). User speed S D
10 m/s. Simulations run for 500 s simulated time, with a
200-s warm-up period.

6.3. Performance of LL-PF

For this study, we assume that all the users have the same
priority value of ˛i and set the time window W to 1 s for the
short-term average, and to 300 s for the long-term average.
We use a full buffer traffic model to study the schedulers’
highest performance in a saturated network.

Figure 9(a) shows the throughput performance of LL-PF
for different values of ˛. When ˛ D 0, the LL-PF-
Exp throughput is much larger than PF-Short-term and
approaches the throughput of the MR scheduler. Also note
that at ˛ D 0, the LL-PF-Exp is equivalent to a PF sched-
uler operating with long-term user average rates only, as
the short-term exponential utility is canceled out in (5).
We refer to this as the ‘PF-Long-term’ scheduler. The
‘PF-Short-term’ refers to the traditional PF scheduler with
a W D 1 s. Looking at Figure 9(b), we observe that with
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˛ D 0, the user short-term starvation metric T10%
Slot is

higher for the PF-Short-term as expected. As ˛ increases,
the figures jointly illustrate the throughput reduction and
T10%

Slot increase of the LL-PF-Exp scheduler. By appropri-
ately selecting ˛, the desired trade-off can be obtained. In
addition to providing this trade-off, the LLS framework
provides long-term fairness over multiple cells as shown
in Figure 10. This is illustrated in the long-term fairness
measure of LL-PF-Exp, which is higher than the traditional
PF-Short-term scheduler for all values of ˛. This is due to
the exchange of historical user rates between BSs, and its
inclusion in the overall scheduling metric.

Figures 9 and 10 also compare the performance
of LL-PF-Exp with various parameterizations of the
LL-PF-Sig scheduler. As expected, LL-PF-Sig offers a
broader trade-off with a particularly significant effect on
T10%

Slot . With a high slope of c D 20 and a relatively large ˇ,
the scheduler achieves a high T10%

Slot (i.e., a low short-term
starvation measure). This is due to sudden prioritization
of users as their short-term rates start to decrease and
approach the value of ˇ. Figure 10 also shows that the
various LL-PF-Sig schedulers also achieve a higher long-
term fairness compared with the single-cell short-term PF
scheduler.

In Figure 11, we demonstrate the importance of pre-
venting short-term starvation by showing a sample user
throughput over time for the different schedulers. The
traditional PF scheduler has a W D 1 s and achieves
a minimal throughput per second for the user (which
comes at the cost of a reduced network throughput).
On the other hand, LL-PF-Exp with ˛ D 0 operates
like a PF-Long-term only scheduler with W D 300 s
which results in times where the user is not served at all
and is starved (leading to a low value of the proposed
T10%

Slot metric). When ˛ D 0.05, LL-PF-Exp provides a
balance between guaranteeing short-term data rates and

Figure 10. Effect of ˛ and ˇ on Jain’s fairness index of the
long-term user rates, at a user speed of S D 40 km/h, and

N D 200.

Figure 11. Sample user throughput versus time for PF (short
term) and LL-PF schedulers.

providing bursts of high data. The ˇ parameter of LL-
PF-Sig has the same effect. The proposed LLS framework
achieves this trade-off, while providing a higher long-term
fairness measure.

6.4. Performance of LL-EXP

When studying the performance of the LL-EXP
schedulers, we set ai D 1 to assure equal priority to
all users. We also set RStream D 1.5 Mbps. We simulate
two cases for the traffic arrival rate at the BS from the
core-network: �i D 12 Mbps and �i D 20 Mbps,8i.
The user terminal buffer playback threshold is set to 5 s.
These parameters were chosen to simulate users stream-
ing stored videos. Our metrics of interest are the average
network throughput TNet, the average long-term video
freezing FLT experienced by the users, and the fairness in
video freezing.

We first compare the LL-EXP with the EXP scheduler
with a traffic arrival rate �i D 12 Mbps. Figure 12 shows
the network throughput TNet where we can observe a
gain that increases with network load for LL-EXP over
the EXP scheduler. This gain arises as a consequence of
the long-term average RLT, which allows the scheduler to
opportunistically exploit good channel conditions of users
even when other users have had a low short-term data
rate. On the other hand, the traditional EXP scheduler has
two short-term indicators in its scheduling criterion as pre-
sented in (2). This causes the scheduler to have excessive
emphasis on achieving a short-term data rate for each user
and thereby prevents the scheduler from opportunistically
serving users with high channel conditions. Figure 12(a)
illustrates this, where we observe that the EXP scheduler
throughput saturates quickly with an increasing number of
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Figure 12. Effect of the number of users N on the network throughput TNet, average video freezing FLT, and Jain’s fairness in freezing.
User speed S D 40 km/h, and �i D 12 Mbps in (a), (c), and (e), and �i D 20 Mbps in (b), (d), and (f). Note that the discontinuities in

(e) and (f) are for cases where there is no video freezing, and therefore, there is no freezing fairness measure.

users. In Figure 12(c), we also see the significant reduc-
tion in freezing of the LL-EXP scheduler, as it is able to
support up to 160 users at a FLT < 5%, whereas EXP can
only support around 115. Therefore, the LL-EXP scheduler
can improve throughput without sacrificing user experi-
ence. Thus, the proposed LL-EXP scheduler provides both
throughput and long-term user experience gains.

Figure 12(c) shows how the LL-EXP-Freeze scheduler
also reduces video freezing significantly, albeit at a lower

rate than the LL-EXP scheduler. This is due to its explicit
emphasis in providing fairness in video freezing as illus-
trated in Figure 12(e), which is a consequence of including
the freezing amount in the scheduling metric of (9)). This
fairness is also at the cost of a reduced throughput, as
shown in Figure 12(a).

In Figure 12(b, d, and f), we present the throughput,
freezing, and freezing fairness metrics, respectively, for a
similar setting, but here, traffic arrival rate �i D 20 Mbps.
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In this case, the reduction in video freezing is even greater
for both LL-EXP schedulers as shown in Figure 12(d).
This is due to the constant availability of video content at
the BS, which allows prebuffering when the user channel
conditions are good. The constant freezing fairness perfor-
mance of the LL-EXP-Freeze scheduler is also observed in
Figure 12(f), with an even higher fairness gain compared
with LL-EXP in this case.

7. CONCLUSION

This paper introduced an LLS framework to improve the
QoS of users traversing multiple cells. Our framework
extends traditional schedulers by computing weights from
information that was acquired over large time windows
and previously visited cells. The choice of various utility
functions (and their effects) for the short-term and long-
term QoS indicators was discussed to provide a direction
for future research in long-term scheduling. LLS also
requires no central coordination and adds only insignificant
signaling overhead. The introduced notion of long-term
service can also be applied to users that remain within a
single-cell, to monitor and achieve long-term QoS. Such
a scheme can help avoid user frustration and improve
subscriber retention in times of high traffic demand.

Our simulation results show that LLS can significantly
improve user satisfaction for both channel aware and
joint channel-queue-aware schedulers. We expect long-
term scheduling to be a key approach for enabling con-
stant high user satisfaction with small cells and uneven
traffic distribution.

ACKNOWLEDGEMENT

This work was made possible by a National Priorities
Research Program (NPRP) grant from the Qatar National
Research Fund (Member of Qatar Foundation).

REFERENCES

1. Abou-zeid H, Hassanein HS, Valentin S, Feteiha M.
Lookback scheduling for long-term quality-of-service
over multiple cells. In Proceedings of the IEEE Inter-
national Wireless Communication and Mobile Com-
puter conference (IWCMC), Cagliari, Italy; 515–520.

2. Maier G, Schneider F, Feldmann A. A first look at
mobile hand-held device traffic. In Proceedings of
the International Conference on Passive and Active
Network Measurement (PAM), Zurich, Switzerland,
2010-04; 161–170.

3. Paul U, Subramanian AP, Buddhikot MM, Das SR.
Understanding traffic dynamics in cellular data net-
works. In Proceedings of the IEEE International Con-
ference on Computer Communication (INFOCOM),
Shanghai, China, 2011-05; 882–890.

4. Damnjanovic A, Montojo J, Wei Y, Ji T, Luo T,
Vajapeyam M, Yoo T, Song O, Malladi D. A sur-
vey on 3GPP heterogeneous networks. IEEE Wireless
Communications 2011-06; 18(3): 10–21.

5. Dahlman E, Parkvall S, Skold J. 4G: LTE/LTE-
Advanced for Mobile Broadband. Academic Press:
Oxford, 2011.

6. Viswanath P, Tse DNC, Laroia R. Opportunistic beam-
forming using dumb antennas. IEEE Transactions on
Information Theory 2002; 48(6): 1277–1294.

7. Shakkottai S, Stolyar A. Scheduling algorithms for a
mixture of real-time and non-real-time data in HDR. In
Proceedings of the International Teletraffic Congress
(ITC), Salvador, Brazil, Sept. 2001; 793–804.

8. Marsch P, Fettweis G (eds.) Coordinated Multi-point
in Mobile Communications: From Theory to Practice.
Cambridge University Press: Cambridge, 2011.

9. Frank P, Muller A, Droste H, Speidel J. Cooperative
interference-aware joint scheduling for the 3GPP LTE
uplink. In Proceedings of the IEEE International Sym-
posium on Personal Indoor and Mobile Radio Com-
munication (PIMRC), Istanbul, Turkey, Sept. 2010;
2216 –2221.

10. Bu T, Li L, Ramjee R. Generalized proportional fair
scheduling in third generation wireless data networks,
Apr. 2006, Proceedings of the IEEE International Con-
ference on Computer communication (INFOCOM);
1–12.

11. Son K, Chong S, Veciana G. Dynamic association for
load balancing and interference avoidance in multi-cell
networks. IEEE Transactions on Wireless Communica-
tion 2009; 8: 3566–3576.

12. Zhou H, Fan P, Li J. Global proportional fair
scheduling for networks with multiple base stations.
IEEE Transactions on Vehicular Technology 2011; 60:
1267–1879.

13. Abou-zeid H, Hassanein H, Valentin S. Optimal pre-
dictive resource allocation: exploiting mobility pat-
terns and radio maps. In Proceedings of the IEEE
Global Telecommunications Conference (GLOBE-
COM), Atlanta, USA, 2013; 4714–4719.

14. Margolies R, Sridharan A, Aggarwal V, Jana R,
Shankaranarayanan NK, Vaishampayan VA, Zussman
Gil. Exploiting mobility in proportional fair cellular
scheduling: measurements and algorithms. Technical
Report 2013-07-28, July 2013, Columbia University.
Available at: http://wimnet.ee.columbia. edu/wp-
content/uploads/2014/01/CUEE-2013-07-28.pdf.

15. Abou-zeid H, Hassanein HS, Valentin S. Energy-
efficient adaptive video transmission: exploiting rate
predictions in wireless networks. IEEE Transactions
on Vehicular Technology 2014; 63 (5): 2013–2026,
Available at: http://arxiv.org/abs/1403.8055.

Wirel. Commun. Mob. Comput. 2015; 15:1037–1048 © 2014 John Wiley & Sons, Ltd. 1047
DOI: 10.1002/wcm

http://arxiv.org/abs/1403.8055


Lookback scheduling for long-term QoS H. Abou-zeid et al.

16. 3GPP. Physical layer aspect for E-UTRA. Technical
Report TR 25.814 V7.1.0, 3GPP, 2006. Available at:
http://arxiv.org/abs/1403.8055.

17. Pantos R, May W. HTTP Live Streaming. Techni-
cal Report draft-pantos-http-live-streaming-07, IETF,
2011.

18. Kelly F. Charging and rate control for elastic traffic.
European Transactions on Telecommunications 1997;
8(1): 33–37.

19. 3GPP. E-UTRA physical layer procedures (release 10).
Technical Report TS 36.213 V10.4.0V, 3GPP, 2009.

20. Abou-zeid H, Valentin S, Hassanein H. Long-term
proportional fairness over multiple cells. In Proceed-
ings of the IEEE International Workshop on Wire-
less Local Networks (WLN), Florida, USA, 2012-10;
807–814.

Hatem Abou-zeid is a postdoctoral
fellow at the School of Computing,
Queen’s University. He received his
PhD degree in electrical and computer
engineering from Queen’s University,
Canada, in 2014. During his program,
he was awarded a DAAD RISE-Pro
Research Scholarship in 2011 for a 6-

month internship at Bell Labs, Germany. Hatem is also an
experienced lecturer and has been granted several teaching
fellowships at Queen’s University to instruct freshman-
level and senior-level engineering courses. His research
interests include context-aware radio access networks, net-
work adaptation and cross-layer optimization, adaptive
video delivery, and vehicular communications. He is also a
technical reviewer for several prestigious conferences and
journals.

Hossam S. Hassanein is the Founder
and Director of the Telecommuni-
cations Research Laboratory, School
of Computing, Queen’s University,
Canada, with extensive international
academic and industrial collaborations.
He is a leading authority in the areas
of broadband, wireless and mobile

networks architecture, protocols, control, and performance
evaluation. His record spans more than 500 publications
in journals, conferences, and book chapters, in addition to
numerous keynotes and plenary talks in flagship venues. Dr
Hassanein served as the Chair for the IEEE Communica-
tion Society Technical Committee on Ad Hoc and Sensor
Networks (TC AHSN). He is a senior member of the IEEE

and an IEEE Communications Society Distinguished
Speaker (Distinguished Lecturer 2008–2010). He has
received several recognitions and Best Paper awards from
top international conferences.

Stefan Valentin has been a full
researcher at Bell Labs, Stuttgart, Ger-
many, since 2010. Previous appoint-
ments include the University of Pader-
born, Germany; the International Cen-
tre of Theoretical Physics, Italy; and
Carleton University, Canada. Stefan’s
main research interest is context-aware

wireless resource allocation with anticipatory adaptation
and resource sharing in particular. In these fields, he leads
several research projects and an integration activity with a
major operator. Stefan received a summa cum laude doctor-
ate in Computer Science from the University of Paderborn
in 2010, the SIMUTools Best Paper Award in 2008, the
Klaus Tschira Award for Comprehensible Science in 2011,
and the Bell Labs Special Award of Excellence in 2013.
He is a member of the Alcatel-Lucent Leadership program,
advises the German Federal Ministry of Education and
Research (BMBF), and leads the PhD Internship program
at Bell Labs Germany.

Mohamed F. Feteiha is an assis-
tant professor and a researcher at the
Informatic Research Institute (IRI) at
the City of Scientific Research and
Technological Applications (CSRTA),
Alexandria, Egypt. He is also a visiting
researcher and previously a postdoc-
toral research fellow at the Telecom-

munications Research Lab (TRL) at Queens University,
Ontario, Canada. He is working in the area of wireless
networks architecture, deployments, and performance eval-
uation. Dr Feteiha obtained his PhD in Electrical and
Computer Engineering from University of Waterloo dur-
ing 2008–2012, where he held a position of a research and
teaching associate at the Wireless Communication Sys-
tems (WiComS) research lab. He received both his BEng
(Excellence grade with Honor) and MEng (Excellence
grade with Honor) degrees in Telecommunications Engi-
neering from Faculty of Engineering, Arab Academy for
Science and Technology (AAST), Alexandria, Egypt, in
1999 and 2006, respectively. From 2000 to 2008, he was
an assistant researcher at IRI-CSRTA. During this period,
he intensively worked on distributed and wireless systems
and networks.

1048 Wirel. Commun. Mob. Comput. 2015; 15:1037–1048 © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/wcm

http://arxiv.org/abs/1403.8055

	A lookback scheduling framework for long-term quality of service over multiple cells†
	ABSTRACT
	Introduction
	Related Work
	System Model and Background
	Network and mobility models
	Channel and traffic models
	Channel schedulers
	Max-rate scheduling
	Proportional fair scheduling
	Exponential scheduler

	Performance metrics

	Limitations of single-cell scheduling
	Long-term Lookback Scheduling
	Scheduling framework
	Utility selection
	Long-term lookback proportional fair scheduler
	Long-term lookback exponential scheduler
	LL-EXP with video freezing feedback


	Performance Evaluation
	Simple scenario
	Simulation setup
	Performance of LL-PF
	Performance of LL-EXP

	Conclusion
	Acknowledgement
	REFERENCES


