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Abstract: The upcoming generations of cellular networks are foreseen to deliver a ubiquitous access to the
rapid growing volume of mobile users. Therein, a stunning key feature of LTE is the ability to adapt
the advancement in Radio Resource Management entity which scales up its potential to deal with
multi-transmission scenarios by employing novel multi-antenma techmques on eNBs. This survey come in place
to enlighten the aforementioned notions and deeply investigates the principles and approaches of LTE/TE-A
packet scheduling that are adapted in either D1 or UL channels. The main purpose of the study is to come out
with a prelimmary conceptual design of an optimal scheduling techniques m multi-cell heterogeneous
environment keeping in mind the effects of mter-cell interference on the model overall QoS. Fally, it 1s
recommended that a wise packet scheduling model for multi-cell LTE-A should involve an optimal trade-off
between several QoS parameters having in mind interference mitigation as a main concern. Whereby,
performance features of the known LTE/LTE-A scheduling categories, opportunistic scheduling, ICIC and
CoMP can be realized in a single model.

Key words: Cellular networks, LTE/LTE-A, packet scheduling, multi-cell interference coordination,

opportunistic scheduling, ICIC, CoMP

INTRODUCTION

The era of 4G in cellular networks became a tangible
reality in the technology life. Since the baby steps time of
mobile networks, the ultimate goal was to fulfill the QoS
level to the end-user and provide network of high
comectivity. Therefore, the incremented demand for
network-related services like VoIP, web data and video
streaming, meanwhile ensuning delay limits and bandwidth
requirements introduces new challenges within the design
of the 4G and beyond generations of cellular networls.
Since the first evolution of mobile system that based on
analog technology, some drawbacks were highlighted
such as unencrypted system and limited in frequency
allocation and spectrum efficiency.

2G mobile systems were mtroduced i mid of 1990s to
be the transformation from analog to digital signaling in
communication channels. Therein, some mobility services
were introduced such as General Packet Radio Service
(GPRS) in Global System for Mobile GSM and Enhanced
Data rate for GSM Evolution (EDGE). Nevertheless, 2G
mobile systems suffered from unstable efficiency due to

the weak digital propagated signal. 3G mobile systems
were introduced by International Telecommunication
Union (ITU) with an aim to support higher data
transmission rates and provide enormous cell capacity
(Prasad et al., 2000). Specifications of the 3G systems
were declared in International Mobile Telecommunication-
2000 (IMT-2000).

WiIMAX 802.16 candidate of IEEE and Long Term
Evolution (LTE) by the Thud Generation Partnership
Project (3GPP) are among the well-known 3G mobile
systems. Kan et ol (2011) stated that, an upgraded
version of 3G called 3.5G adopted technologies like High
Speed Downlink Packet Access (HSDPA) and High Speed
Packet Access (HSPA) as mechanisms to transfer data in
communication channels.

4G cellular network specifications were highlighted
by Intemational Mobile Telecommumications-Advanced
(IMT-Advanced) in (Kanchei et al., 2010). The 3GPP
organization led the first evolution in 4G by introducing
its candidate namely LTE-Advanced (LTE-A). The
4G systems emphasize more in optimizing channel and
signal quality metrics such as cell-edge efficiency, cell
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capacity and advanced QoS metrics. Concepts like
multi-cell  transmissions, heterogeneous  network
deployments, relays, multiple antenmas are bemng
deploved to improve the performance of 4G systems and
user satisfaction index.

Scheduling in 4G cellular networks are still under
contrary deployments. Among the i1ssues that resulted
from mefficient scheduling 1s the mterfere-ence of signals
between neighboring base stations. Interference is often
described as a criterion to indicate the effectiveness of a
particular resource allocation approach complies with QoS
requirements. In different mobile channels, the ratio of
interference differs according to the system requirements
and complexity. Dimitrova ef al (2009) investigated the
mnter-cell interference characteristics and the behavior of
this interference to the UEs performance targeting the
uplink channel in LTE system. Moreover, it is evident that
there is a proportional relation between interference level
and eNB operating power, most often m downlink
channels. This can be explained in such a way that more
UEs are prone to more interference as they are interacting
with several eNBs.

Motivation and contributions: The motivation behind this
survey is to emphasize on the current algorithms and
resource allocating scheduling to mitigate TInter-cell
mterference and enswre  spectral efficiency and
sufficient fairmess level. The volume of reviewimng
swveys from literature in multi-cell resources scheduling
for LTE-Advanced cellular system is still not rich and
comprehensive enough. Some of current discussions
circled about scheduling of multi-hop resources in
general wireless platforms as in (Lindbom et al., 2011).
Whereby, authors explamed the interference mmpacts on
the heterogeneous networks from a technical prospective.
On the other hand, after the emerged cellular system of
LTE/ALTE-A as expressed in Akyildiz ez al. (2010), research
efforts targeted to investigate resources allocation of
OFDM-related systems. Whereby, scheduling techniques
m LTE-A as a multi-hop network was presented with
emphasize on static and semi-static techniques. Kwan and
Leung (2010), discussed the overall baselines of
scheduling for mterference avoidance and mitigation in
LTE-A systems, as well as the classical approaches used
in inter-cell interference mitigation.

Other reviewing efforts conducted with mathematical
analysis of multi-cell LTE scheduling schemes evaluation
(Capozz et al,, 2012). Nevertheless, the major problem of
inter-cell interference is not tightly highlighted and
correlated with the comparative LTE-A scheduling
schemes. According to Pateromichelakis ef al. (2013), an
overview 1s delivered m multi-cell scheduling stressed on

downlink-related schemes as a contrary work of Kwan
and Leung (2010), Kan et al (2011), Lindbom et al.
(2011). The analysis was handled theoretically to reveal
the linkage between Inter-Cell Interference Coordination
ICIC and Coordinated Multi-Point (CoMP) techniques.
Furthermore, reviews of Sawahashi et al. (2010), Lee et al.
(2012a, b) were conducted in advanced upcoming
multi-cell scheduling schemes so-called CoMP. The
design principles in several scenarios and challenging
issues in LTE-Advanced were handled accordingly.
However, they did not illustrate the linkage of CoMP as a
multi-cell scheduling technique and its former peers like
ICIC and the traditional LTE scheduling approaches of
frequency reuse. To the best of our knowledge, a holistic
survey on multi-cell scheduling and interference
mitigation with particular emphasizing on LTE/LTE-A 1s
not currently available yet with coherence and extensive
correlations between the traditional scheduling concepts
and the sophusticated scheduling that manage multi-cell
scenarios dynamically. Thus, i this survey we support
the theoretical concepts with analytical expressions and
challenging issues in each technique involve in the scope.
We greatly aim at providing a comprehensive reference of
LTE evolution and the benefits that have been added in
scheduling concepts by operating on Orthogonal
Frequency Multiple Access (OFMA) as data access
technology. This reveals the ability of scaling up the
current scheduling techmques to support more dynamic
and powerful approaches like CoMP and intelligent data
processing schemes.

OVERVIEW OF LTE CELLULAR NETWORK

LTE 1s a mobile telecommumcation technology
standard that provides the fastest service delivery to the
end users. It 1s the next generation towards 4G and
beyond technologies that supports GSM and CDMA
cellular carriers. The LTE leverages from System
Architecture Evolution (SAE) and Mobility Management
Entity (MME), as main compenents 3GPP introduced by
Sengar et al. (2011). The L.TE mainly operates on Radio
Access Network (RAN) to transmit data in high rates
benefiting from the radio signal persistence and wide
coverage. LTE concepts have been manipulated in most
of the 3G mobile devices. The history of LTE is evolved
by 3GPP that was established in 1998 with a main focus on
radio communication. The 3GPP work was motivated by
some of the current systems that time such as Universal
Mobile Telecommunication System (UUMTS). Whereby,
implementations of UTMS that support circuit-switched
and packet switched data access were attempted by 3GPP
working group and documented as R99. The target

2423



J. Applied Sci., 14 (20): 2422-2438, 2014

of 3GPP efforts was to meet the specifications
of International  Mobile  Telecommunication-2000
(IMT-2000) project (Akyildiz ef al., 2010). That time,
3GPP mobile systems were enhanced by the deployment
of a bearer-independent circuit-switched model and called
disassociated switch identified in release 4.

According to Ali-Yaluya (2011a), 3GPP started its
attempts in 2004 to enhance the Universal Terrestrial
Radio Access (UTRA) models. By the end of 2008, LTE
standard specifications completed and were declared as
LTE Rel-8. The 3GPP then performed minor enhancements
such as Dual-layer Beam-forming and Femtocells
technologies to the current release to come out with
Rel-9 as 3.9G. The progressive works on the legacy LTE
continued until the first complete release of 4G was
declared as Release 10 LTE-A (Meredith, 2011). LTE-A
aims at delivering a system capabilities and QoS level
beyond IMT-Advanced. LTE Rel-10 was formally
submitted to ITU in 2011. Since then, it was approved by
ITU as an IMT-Advanced technology standard.
Currently, 3GPP initiated the vision to cellular systems
beyond 4G and TMT-Advanced on lights of scaling up the
features of LTE Rel-10. It 1s foreseen that in Releases
(11,12) 3GPP working group will realize the horizonto
5G in a real soon.

LTE system architecture and performance features:
Unlike the hierarchical fashion of other traditional mobile

systems, the architecture of 3GPP LTE is more to flat
distribution in its system components. LTE arclutectural
model 1s generally termed as SAE. Figure 1, shows SAE
reference model that consists of two mam networks:
Evolved Packet Core (EPC) network and Evolved
Universal Terrestrial Radio Access Network (E-UTRAN).
The EPC network usually provides the TP connectivity
between User Equipment (UE) and external packet data
network utihizing E-UUTRAN.E-UTRAN 1s defined as a
network of eNBs that supports all services, mcluding
real-time multimedia services over shared channels
(Chadchan and Akki, 2010). The other part of SAE is
called EPC, whereby, packet communication over the
Internet is managed (Pelcat et af., 2013). The EPC is
designed to support much higher data rates, significant
low system latency and optimizing packet flows through
bandwidth rotation and  charging  schemes. In
addition, EPC  supports multiple radio access
technologies in seamless interest that in turn provide a
feature of system backward compatibility.

E-UTRAN on the other hand, 1s the air mterface of
LTE system that connects UEs to network services. It
manages radio resources and guarantees the
accessibility to user data (Shirani-Mehr et al., 2011).
Basically, E-UTRAN is a distribution of several eNBs, in
which each eNB manages several cells attached to it.
Multiple eNBs are also connected to each other via X2
interface as shown in Fig. 1. This linkage i1s important for
handover processes and also for advanced resources

I
Gxc.PCRF ]

Fig. 1: Simplified SAE architectural reference model

Relay node
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Table 1: LTE and LTE-A basic comparison

Criteria LTE LTE-A

Peak DL rate 300 Mbps 1 Ghps

Peak UL rate 75 Mbps 500 Mbps
Transtnission BW in DL 20 MHz 100 MHz
Transmission BW in UL 20 MHz 40 MHz
Mobility Up to 350 km h! 500 km h!
Coverage Excellent at 5 km Same as LTE

management approaches like multi-cell packet scheduling.
To the best of our knowledge, most of the current
research deployment in LTE releases target E-UTRAN
components especially in the optimization of eNB
performance. Therefore, the scope of this study is
directed more in this network. We will give a due care to
better understand the functionality of E-UTRAN and the
modality in which resources management takes place for
multiple UEs.

The core part of E-UTRAN 1s the eNB. It 15 the air
interface to the wuser and control plane protocols
(Larmo et al., 2009) that are connected to UEs user
interface. There are two special types of eNB: Home eNB
(HeNB), for providing indoor coverage. The second 1s the
Relay eNB (ReNB) that was deployed for purposes of
ncreasing signal coverage. According to
Pateromichelakis ef al. (2013); E-UTRAN is responsible
for many functions like: Radio resource management and
scheduling in uplink and downlink, TP header compression
and handover with other adjacent eNBs.

Tt is obvious that LTE-A provides a high system
capabilities by supporting wide range of bandwidth to
carry and process multiple UEs. The mvestigation on cell
efficiency as a core criterion in assessing LTE-A systems
performance has been given a due concern for
mnprovement. This in tum enabled LTE-A to
accommaodate more traffic without any congestion that
may compromise other relative QoS metrics. Moreover,
system latency value is also reduced to the double-lower
than IMT-Advanced. Thereby, in Table 1, illustration of
the general QoS performance metrics 1s provided in
LTE-A, the 4G mobile broadband candidate, with respect
to the legacy L.TE Rel-8 is performed.

Enabled features and technologies by LTE-A: LTE-A was
introduced by boosting the functional capacities in the
legacy L.TE release 8/9. Several features are deploying in
LTE-A such as Carrier Aggregation (CA), enhanced use
of multi-anterma technique, improve support for
heterogeneous deployments. L.TE and LTE-A system are
designed with some distinct features that make them so
far of a different architecture from the other cellular
systems like WiMAX. In the following, some of these
enabling technologies are discussed. As described in
Akyildiz et al. (2010), studies Carrier Aggregation was

proposed in LTE Rel-8. The purpose of CA is to support
more bandwidth in order to increase the system
throughput and achieve higher peak data rates and
coverage. This i1s done through aggregating multiple
existing three types LTE Component Carriers (CCs) in the
eNB. The efficiency of CC depends on channel condition
and UEs QoS. Studies in (Bai et al., 2012) discussed and
analyzed the improvements of CC approach at LTE-A
systems. MIMO is the key design in LTE-A which
maximizes the spectral efficiency of eNBs and reduces
signal interference (Ii et al, 2010). In LTE-A, MIMO is
supported extensively in many techmques for serving
both UL and DL channels. From the literature studies in
Shirani-Mehr et al. (2011); Batista ef al. (2012) optimized
new schemes for MIMO and multi-antenna techniques in
LTE-A mobile network. ICIC 15 another novel technology
deployed in L.TE-Rel-8 and later on became among the
important key features in Heterogeneous Networks
(HetNets) deployments by 3GPP in LTE-A. ICIC aims at
providing high transmission rates and interference
mitigation by adopting low-power cells called Pico-cells
and Femnto-cells (Bai et al., 201 2). Kaneko et al. (2012) and
Wang et al. (2012) examined the accuracy of enhanced
ICIC (e-ICIC) mmterference mitigation using Time Domain
(TD) or Frequency Domain (FR) scheduling.

ReNB 1s introduced m LTE Rel-10 to improve the
cellular system coverage, exactly i the remote regions
(Akyildiz et al., 2010). Relaying concept reduces the cost
in network design as there 1s no wired backhaul assumed.
In addition to that, the cell power is wisely controlling
especially when many remote UEs are connecting to the
network. CoMP is introduced in LTE Rel-10 and will be
fully supported in Rel-11. It is the sophisticated concept
of elCIC, amms at improving network efficiency, enhanced
the received power and significantly reduces cell
interference through sharing the processes (Lee et al.,
2012a). In a typical scenario of cellular network, CoMP
techniques are identified by employing transmits and
recelves from multiple antennas sites. Nevertheless,
CoMP 1in current schemes,
challenges like transmitting
management and heavy load on links between eNBs.

On the other hand, a new trend introduced by 3GPP
to simplify the network management and save
operational expenditure; termed as self-organizing
Networks (SON). The concepts are implemented within
three functions self-optimization, self-configuration and
self-healing Marwangi et al., 2011). In LTE-A, SON has
been taken advantage of in the design of femto-cells and
HetNets m such a way to reduce interference and energy
consumption. Buffer management m LTE-A 1s another
aspect of improvement using Hybrid Automatic Repeat

still mtroduces some

control mformation
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Request (HARQ) technique. The HARQ reuses data from
previous transmissions rather than discarding them to
throughput
multi-ransmission scenarios. However, some challenges
in HARQ
requirements described in Bai ef al. (2012) study, due to
the huge amount of bits stored m UL and DL queues.

maintain higher and lower latency in

still unaddressed in terms of storage

RESEARCHISSUES IN LTE/LTE-A

In spite of the sigmificant contributions that 4G
LTE-A added tomobile broadband networks, there still
various open research issues under investigation by the
research community. Recently, some research works were
introduced (Akyildiz et «l., 2010; Bai et al., 2012) to
discuss effective research challenges m designming LTE-A
standards. Table 2, shows the most arguable issues in
deploying LTE network and their effects on the overall
mobile system capacity. It 15 obvious that cell mterference
seems to be a critical issue which has not been optimally
covered yet. However, considering this issue solely may

Table 2: LTE and LTE-A research issues and challenges

compromise the QoS requirements by another issue.
Basically, the aforementioned issues are m somehow
interrelated to each other. Whereby, the lack of resolving
a particular 1ssue may lead to another issue. Therefore,
there should be an ideal equilibrating maintained in
considering more than one 1ssue in such a way that in any
introduced system for scheduling radio resources to fulfill
a major set of QoS requirements.

RESOURCES SCHEDULING IN LTE/LTE-A

Scheduling in LTE networls refers to the procedures
of allocating radio resources and managing them in such
a way that multiple users are simultaneously served. We
should keep in mind that, the scheduling is performed
with the amm of mamntaming stable data rate, QoS
requirements and the mitigation of eNBs signal
interference as much as possible. Like the other modemn
cellular networks, in LTE scheduling processes take place
in the base station, eNB. As investigated by Kwan and

Leung (2010), a major distingmsh between packet

Issue Description

Affected QoS parameters

Possible solutions Refrences

Traffic growth Traffic data are doubled since

last three years. Video and audio
consume more bandwidth and

causes traffic congestion

The high computational complexity
in both downlink and up link affects
the systemn performance. This is due
to the use of 2-dimentional algorithm
structure

Current issue is inter-cell interference
Happens when a UE moves away from

and PLR

Cell complexity

Cell interference

L.ow data rate, delay, STNR

Latency, high service power
and low throughput

Low SINR, throughput,
spectral efficiency and high

Tncrease volume of spectral
efficiency, enhance cells share

Sequence search algorithim,
virtual pilots, channel
state information

Ma and Xu (2012)

ICIC, eICIC, CoMP, shared
scheduling and processing.

Leeet al. (2012b)

one elNB toward another adjacent eNB. data loss The use of HetNets to widen
Signals from near eNBs are clashed as the bandwidth
they are using same or close bands.
Cell coverage The emitted signal degraded due to High PLR and delay low Relay nodes, femto-cells, Thampi et . (2012)
adjacent cell interference, lack of eNBs. throughput and cell self-optimizing scoverage,
This issue happens at the remote areas. efficiency beam-forming

Installing full eNB is costly exorbitant,
and consume more power

Traffic faimess

For heterogeneous traffic transmitted,
some traffic is prioritized over others.
This may cause an unfairness issue for
non-real time data. Scheduling schermes
do not support mixed traftic transmission

BRackward The concept of 4G LTE-A should

cormpatibility support 3G services bands. DL and
UL channels must allocate several
carriers from different bands in the
same channel

Power/Energy Moving toward green networks power

managernent consumption in cellular systems is a

serious issue as it increased the emitted
CO, gas. The more data rates are
transmitted the more power is consumed

High delay, packet loss rate,
low fairness index and
throughput

L.ow throughput, spectral
efficiency, high BER

Power consumption, low
SINR, spectral efficiency

stochastic Petri nets models,
Utilize ARQ in multi-hop
relay, enhanced PF scheduling

Carrier aggregation, HetMNet

deployments, HARQ and MIMO

techniques

Intelligent agents in eNB to
control power. Fermnto-cells

instead of macro for low energy

Kwon and Jang (2009)

Qiuet df. (2011)

Lin and Debenham (2011)
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scheduling in LTE and other earlier radio systems like
HSDPA 1s that LTE schedule resources for users 1 both
Time Domain (TD) and Frequency Domain (FD), whereas
HSDPA mvolves only n TD. There are usually two types
of links to be scheduled m LTE network: (1) Links
between eNBs and the TUEs and (2) Links between multiple
eNBs connected to each other. The latter 1s an obvious
type in which advanced scheduling technologies like ICIC
and CoMP are invoked under a concept of "cooperative
scheduling” to manage multiple UEs as it will be
discussed later. Medium Access Control (MAC) is
considered the most effective layer in LTE protocol
stack, where scheduling and traffic flows control
procedures take place. Therefore, we briefly discuss LTE
MAC layer concepts in both TD and FD scheduling
modules.

LTE mac layer structure: The MAC layer 1s responsible
for scheduling the cell’s resources in both DL and UL,
meanwhile providing reasonable QoS level. As displayed
in Fig. 2, DL and UL channels in LTE air interface are
divided into a number of elements. Within MAC
scheduler a Transmission Time Interval (TTT) of “1 msec”
is used together with features HARQ to
provide lower latency. Each frame is divided into 10

such as

sub-frames, each of which 1s with length of 10 msec.

The sub-frame is also divided into two slots with a
length of 0.5 msec per each. In FD mode, the slot 1s further
divided into a number of Resource Blocks (RBs). This
number mainly depends on the channel capacity.

RB 15 the mam umt in scheduling transmissions. It is
1n a length of 0.5 msec and contains up to 12 sub-carriers
per each symbol. The number of OFDM symbols 1 a
single RB depends on the Cyclic Prefix (CP) being used.
Whereby, Ali-Yahiva (2011b) claimed that in TD, the
mumber of symbols per sub-frame is 7 in the normal
CPand 6 for extended CP. In FD, CP is in length of
12 sequential sub-carriers (180 kHz). Data is transferred
between the MAC sub-layers in the UE and eNB using
Transport Blocks (Tbs). The TB 1s associated with
Transport Format (TF) that specifies how the block 1s to
be transmitted over the radio mterface. Therefore, by
varying TB format, MAC layer realizes different data rates
1in both DL and UL channels as described m the following.

LTE downlink scheduling model: The design of DL
scheduling is a hard task (Gavrilovska and Talevski, 2011).
Hence, some challenges should be considered like
maximization of system capacity, boosting spectral
efficiency and ensuring calibrated faimess. In LTE/T.TE-A,
OFDMA is used as radio transmission module in DL

channel. This allows several UEs to share OFDM

1 frame = 10 sub-frames = 10 msec
N

o
| Frame
sub-frame =
2 slots = 1 msec
( J Sub-frame
N (RBs)
[6<=N<110] {[ ) Slot

A

Resourer block %
> i
S & £
o e} 5]
=% — =
N (symbols) §
Uplink-SC-FDMA &
Downlink-OFDM 2
[N = 6 normal, a
N =7 extended] .
* N (sub-carriers) per RB [N = 12] “l

Fig. 2: Frame structure in LTE channel

Time
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sub-carriers in parallel way. As investigated by Gao et al.
(2012), OFDMA 1is an efficient variant of OFDM to be
applied in LTE DL chammel because of the high spectral
efficiency that can be achieved, bandwidth scalability and
robustness against multi-path fading. The process of DL
scheduling model for RBs 1s clearly illustrated in Fig. 3. In
DL channel, MAC scheduler uses Physical Downlink
Control Channel (PDCCH) and Physical Shared CCH
(PSCCH) functions for scheduling radio resources. The
scheduler receives the CQI (0-15) reported by UE to
accordingly mdicate the efficient Modulation and Coding
Scheme (MCS) to be used.

The whole process on DL scheduling 1s separated
into sequence number of operations that triggered
recursively. Firstly, reference signals are decoded by each
UE to determine the CQT value and report back to eNB.
Then eNB uses that CQI information for decision
allocation and placing RB. After that, the Adaptive
Modulation and Coding AMC module picks the best MCS
aimed for data transmission by scheduled UEs. By this
time, UEs are reported back with information of the
allocated RB and the selected MCS via PDCCH. Fmally,
each UE extracts the PDCCH payload and accesses the
suitable PDSCH in case if it is scheduled accordingly.

RB is the main unit in scheduling transmissions. Tt is
mn a length of 0.5 msec and contains up to 12 sub-carriers
per each symbol. The number of OFDM symbols 1 a
single RB depends on the Cyclic Prefix (CP) being used.
Whereby, Ali-Yahiya (2011¢) claimed that in TD, the
number of symbols per sub-frame 1s 7 in the normal
CPand 6 for extended CP. In FD, CP 1s m length of

12 sequential sub-carriers (180 kHz). Data is transferred
between the MAC sub-layers in the UE and eNB using
Transport Blocks (TBs). TB 1s associated with Transport
Format (TF) that specifies how the block is to be
transmitted over the radio interface. Therefore, by varying
TB format, MAC layer realizes different data rates in both
DL and UL channels.

Uplink scheduling: Unlike DI scheduling, work flow in
UL differs for being sumple procedures are involved since
eNB does not require any additional information of the
UL channel quality. Fushili et al. (2011), claimed that
OFDMA suffers from a major 1ssue of instantaneous
transmitted RF power that may vary significantly within a
single OFDM symbol. This entails a large Peak to
Average Power Ratio (PAPR) to end up with more power
consumption. Therefore, SC-FDMA was introduced as an
access module for LTE UL chammel Although,
Capozzi et al. (2012) stated that SC-FDMA hmits the
scheduler freedom to transmit RBs only in a single carrier
mode which is translated into less channel capacity and
data rates. In terms of the channel design, UL channel
often encompasses the same model as in the DL
channel. UL is a bit simpler which returns lower-cost UE.
SC-FDMA in LTE UL channel consists of two
sub-carriers schemes. The first 1s Localized FDMA
(L-FDMA) that assigns UE with adjacent sub-carriers

and Interleaved-FDMA (I-FDMA) in a second scheme,
whereby, the assigned sub-carriers are distributed over
the entire frequency band. Generally, UL and DL
scheduling in LTE focus on maximizing system capacity
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through treating a certain set of QoS metrics. However
along the evolution way from 3G LTE to 4G LTE-A the
concemn became more toward inter-channel related
metrics, unlike the legacy LTE that involves more about
the intra-channel QoS metrics.

QoS performance metrics in LTE scheduling: In LTE,
QoS is a board term wed to describe the overall
experience that a user or application will receive over a
network. L.TE has been designed with different QoS
frameworks and tools to enable transmission of the
evolving Internet applications. Thus, providing end-to-
end QoS brings the need to deploy mechanisms in both
control and user planes, where each of which s with

Table 3: Tllustration of LTE performance metrics

different QoS measurements. For end-user applications, to
achieve QoS, a group of performance requirements for
that application should be predefined and cuantified in
terms of metrics that determine the target perform-ance
level. Therefore, Table 3 summarized the discussions of
Ekstrom (2009) and Taha et al. (2012) regarding the
quantitative  performance parameters involved in
transmission channels of LTE mobile network.

SCHEDULING ALGORITHMS IN LTE/LTE-A
LTE mobile network in Release 8 and before, are

classified as 3G systems. This means that the network
specifications can cope to some extend with the other 3G

Perf. metrics Description Effects on network’s QoS References
Guaranteed bit rate GBR In GBR, network resource are fixed GBR value is decreased by the Venkatkumar and Haustein (2011)
and do not change after establishing incremented number of involved
a single bearer. So it guarantees more  UEs or relay cells. High GBR value
service and good to for VoIP data degrades SINR
Maximum bit rate MBR It’s the upper limit on the bit rate Same as GBR. However MBR in Pedersen et ad. (2011)
which can be expected from GBR LTE is limited by the channel rate
Traffic-shaping functions are applied as it reflects the max value
for punishing the contrary flows
Aggregated max bit rate AMBR ~ AMBR provide a control to the High AMBR reflects higher priority Chung et al. (2012)
bandwidth allowed to UEs. It is to a data flow. It estimates most
used for the non-GBR flow s for sensible control channel size for
a group of bearers. It identifies specific UE
the max bit rate for non-GBR
Priority Uses Allocation Retention ARP highly influences fairness in Bae et al. (2009)
Priority to indicate priority of charmel and CQI value. High ARP
bearers’ to Ues handover process means higher throughput and low
during congestion situations. packet dropping ratio
Flow with low ARP is dropped
Delay Using Packet Delay Budget Bigger value of end-to-end delay Khan et al. (2012)
parameter, max time the packet increases the packet loss and
should spend transiting through decreases the average datarate
MAC layer is determined. Different and cell utilization
delays values used for applications
Packet loss Packet error loss rate (PELR) is used Low PLR means more systern Pharn et af. (2011)

in MAC HARQ, identified through &
categories. It’s the maximum rate of
packets which are not successfully
delivered to the destination

Indicates the access level of QoS
parameters set to be used between

a UE and eNB. Each data flow is
mapped to a QCI value. Different
QCI values have different

Bit Error Rate (BER)

It is an implicit principle metric that
determnines whether data flows in DL
chammel or UE control packets in UL
charnel are receiving a fair share of
Sy stemmn resources

It’s the amount of information
transmitted over the given bandwidth
in eNB channel up to MAC layer
Peak spectral efficiency parameter to
determine the value of this metric
Uses SINR to reflect cells interference
level. It usually occurs during

the handover procedures and the
termination of transmitting resources
from eNB to UE. This metric can be
in inter-cell or intra-cell

QoS Class indicator QCIL

Faimess

Spectral efficiency

Cell-interference

throughput. PLR increased the load
(Ues) and also increased the
value of PELR

High QCI value means high SINR
for cell-edge. QCI value is somehow
related to channel q vality indicator
CQI value

Probability of selecting packets

should be adjusted carefully to give

a faimess level Fairness is proportional
to traffic load

Cell spectral efficiency value is
proportional with number of eNBs
and the nverse of bandwidth

Low Interference as UE moves away
from the serving eNB but high

BER and thus low throughput
percentage and cell-edge efficiency

Bultmann et ai. (2010)

Kwon and Jang (2009)

Racz et al. (2008)

Lescuyer and Lucidarme (2008)
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systems such as WiMAX. Scheduling algorithms and
concepts can also be inherited and manipulated in TL.TE for
resource management and interference mitigation.
However, such legacy approaches might not be exactly
adapted when the latest releases of LTE-A were
announced as a 4G technology. Whereby, channel
capacity 18 scaled up beyond the algorithms
measurements. Therefore, scheduling techmiques should
be deployed to suit the current system requirements and
keep the QoS i the satisfaction level with optimal
trade-off between utilization and fairness as discussed mn
Ali-Yahiya (2011a). In the followmg subsection we
provide a brief discussion on opportunistic scheduling as
the traditional paclket transmission techniques in LTE
systems.

Opportunistic scheduling: The study of opportunistic
scheduling in L.TE was started in an early time of 3GPP
evolutions. Wherein, the deployed LTE netw-ork schemes
focus more on certain QoS metrics like throughput, delay
and faimess to be fulfilled. Al-Rawi et al. (2008), defined
the opportunistic scheduling as a specific behavior of the
channel toward controlling the transmitted data in such a
way to overuse the entire available bandwidth to allocate
resources with a high throughput. Pham et al. (2011)
conducted several evaluation studies on the main three
well-known opportunistic schemes: Proportional Fair (PF),
Maximum-Largest weighted Delay First (M-LWDF) and
Exponential PF (EXP-PF) to indicate the efficiency level in
each one over the another. These schemes attempt to
make the best trade-off as possible between several
performance metrics like cell throughput, fairness and
delay.

As for PF, it was proposed by Kelly (1997) and
firstly introduced for smgle-cell cellular network in
Chot and Bahk (2007). The PF scheduling 1s suitable for
managing non-real time traffic. Therein, experience
channel quality and past user throughput are two factors
considered in radio resource assignment. The PF aims at
maximizing the total network throughput and guarantee
fairness among various flows. In spite of the fairness level
that PF maintains, the algorithm is limited for non-real time
traffic only. Hereby, the M-LWDF came i place.
M-LWDF was mitially mtroduced i Andrews et al. (2000)
to treat delay semsitive traffic. It also supports multiple
data users with various QoS requirements in TDPS.
Pham et al (2011) stated the two reasons behind
preferring M-LWDF for delay-aware scheme: (1) The
optimal gained throughput, (2) The use of time stamping
makes it easy to be implemented. The main idea in this
approach is to induce the scheduler to balance the
weighted delays of packets and make an efficient use of

the channel state information. The EXP/PF algorithm
was proposed by Rhee et af. (2003) based on the
traditional PF and studied thoroughly in Rhee et al.
(2004). Unlike PF and M-LWDF, the algorithm schedules
both real and non-real time traffic with more focus in
prioritizing delay sensitive traffic. The mam idea 1s to
combine the benefits of the exponential rule in Shaldottar
and Stolyar (2001) and PF with the aim of balancing
between guaranteeing high system throughput and
maintaimng a level of fairness.

Based on the aferementioned discussions, it can be
stated that opportunistic scheduling algorithms does not
support more dynamic scenarios with multi-antennas.
They also neglect the impact of some metrics like cell
power and cell interference. Whereby, the ultimate goal
is to provide throughput while maintaining fairness
level. In addition, schemes under this category are
mostly based on time domain;
bandwidth will be unwisely consumed to end up with
cell efficiency degradation. Adhere, having cell
interference as a major issue in this context, it is advisable

this means more

to deploy mechamsms that handle this issue by either
mitigation or cancellation m order to come out with
LTE/LTE-A system that cope with the dense of UEs and
various eNB types. This is thought of as the motivation
of ICIC techmques in LTE-A scheduling as will be
described hereafter.

ICIC scheduling techniques: ICTC was introduced as a
provisiomng technology in LTE-A resource management.
It was highlighted m LTE Rel-8 and thereafter officially
implemented in LTE Rel-10 (LTE-A). ICIC is deployed to
mitigate the issue of cell-edge inter-cell mterference
(Pateromichelakis et al., 2012). Therein, coordination
mechamsms are defined among the neighboring cells to
allocate orthogonal resources to the overlapping highly
interfered area. Unlike the previous resource scheduling
approaches, ICIC consider both of frequency and time
domain packet scheduling. That means more cell
efficiency and bandwidth utilization is provided to the
coordinated services. Thanks to concept of multi-carrier
resource management in ICIC, eNB 1z able to
simultaneously transmit UE data mn several sub-carriers
using some enabling LTE technologies like MIMO),
and relays. In light of the inter-cell
interference phenomenon that was described above, the
rule of ICIC 15 to control the link power allocation in
frequency domain with respect to the time domain
scheduling in provide the Ues with
low-1nterference resources. On  the other hand,
Kimura and Seki (2012) stated that ICIC is considered as

Femto-cells

order to
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Fig. 4: Concept of fractional frequency reuse

a promising technology for mitigating the degradation in
cell-edge bit rate that results from interfering adjacent
eNBs and improving the cell-edge throughput. In ICIC
and 1ts’ enhanced version (elCIC) by Lindbom et al.
(2011), they are classified based on the method of
frequency utilization into three techniques: (1) Static ICIC
that includes Fractional, Partial Frequency Reuse (PFR)
and Soft Frequency Reuse schemes (SFR), (2) Semi-static
ICIC that includes Adaptive Frequency Reuse scheme, (3)
Dynamic ICTC (elCIC) that includes Utility-Based and
Graph-Based techmques.

Static-ICIC techmniques: Tn static-ICTC schemes resource
allocation is constant and is not affected by the channel
status and traffic density. Static-ICIC concepts are still of
a good mterest assuming that they can be deployed
within LTE without radical modifications (Mills et al.,
2011). FFR concept was firstly introduced by Halpern
(1983). FFR basically, reduces the interference effects by
assigning different frequency portions for UEs m various
areas. Figure 4 depicts the concept of FFR in scheduling.
Whereby, provided bandwidth 1s divided mn two parts;
cell-center area with high signal quality and lower
wterference level and cell-edge area with lower signal and
higher interference. As discussed by Fushuki et af. (2011),
the Frequency Reuse Factor (FRF) here is set to less than
one and is defined as the number of times a given
Physical Resource Block (PRB) 15 used in the system.
For the clarity, lmgh reuse factor means high cell-edge
performance gain, low interference effect, low spectral
efficiency and vice versa. Another frequency allocation
technmique 1s called PFR, which was firstly presented by
Sternad et al. (2003). The mechanism 1s graphically
depicted in Fig. 5. Like FFR, in PFR the total bandwidth
spectrum here is shared between cell-center UEs of
low power and cell-edge UEs with a relatively higher
power. The interference 1s thus mitigated by restricting
cell-edge from exceeding certain value bandwidth
utilization. Major issue in both PFR and FFR is
the non-optimal tradeoff between  throughput and
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interference mitigation since both do not manage an
efficient way to benefit from the entire bandwidth.

On lights of the aforementioned issue, SFR was
introduced for GSM by 3GPP to malke full utilization of the
bandwidth. According to Zhang et al. (2008), the value of
FRF in the cell-center UEs 1s set to cne, whereas, at the
cell-edge FRF is set to three. Moreover, the cell-center
UEs use a number of bands three times equal to cell-edge
users. Unlike the previous schemes, in SFR the available
bands at the cell-edge areas can be utilized by the
cell-center UEs as long as they do not create any
interference with the adjacent bands.

In Fig. 6, soft reuse scenario in LTE adopted the
sharing of the entire bandwidth in number of bands equal
to three. From the former reuse schemes, we can conclude
that there is a tradeoff between spectral efficiency and ICT
controlled by FRF Wherein; the lower value of FRF
returns lugher spectral efficiency, meanwhile, using higher
reuse factor sigmificantly mitigate the interference but
affects the cell-spectral efficiency on the other hand.

Semi-static ICIC techniques: Static-ICIC schemes relay
on an unrealistic assumption that is traffic load remains
stable along the life-time of the deployment within each
eNB. Semi-static ICIC concept takes an advantage over
static-ICIC such that it employs adaptive techniques

2431



J. Applied Sci., 14 (20): 2422-2438, 2014

?V-h
{:
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based on traffic changes over different areas in cell.
Toufik and Knopp (2009), stated that, nterference
coordination 1s more effective in cases of non-uniform
load distribution in eNBs and uneven cell coverage across
the network. Adaptive Frequency Reuse (AFR) is among
the major concepts m Semi-static ICIC. It 1s basically an
enhanced notion of SFR. For example, (Zhang ef al., 2008)
a solution was provided for ICT using PRB minimization
and cell-edge bandwidth breathing to utilize more
bandwidth and mncrease the cell-edge spectral efficiency.

Ilustrated in Fig. 7, changes in traffic loads and UEs
distributions were adapted dynamically. Wherein, the
number of sub-bands were tuned based on the traffic load
i a semi-static fashion of coordination between
neighboring cells. On the other context, Adaptive FFR
proposals (Angelakis et al., 2011) were introduced as a
semi-static ICIC to alleviate the problem of low cell-edge
spectral efficiency using de-centralizing frequency
allocation.

Dynamic ICIC: Analysis of differences between
semi-static and Dynamic ICIC (D-ICIC) were conducted
m Wang ef al. (2012). It 1s concluded that static and
semi-static ICTC suffered from failure to adapt the rapid
changes of operating scenarios. Moreover, schemes are
not built realistically that in tum led to performance
degradation and mmpractical network implementation as
comparing with D-ICIC. Therefore, D-ICTIC has been
deployed to deal with interference without prior frequency
planning. For the essence of resources scheduling and
bandwidth allocation; D-ICIC includes Utility-based and
Graph-based approaches. Utility-based solutions handle
resources allocation problem by realizing utility

maximization and optimization of QoS parameters as
described mn Shi and Gu (2011). Besides that, the notion of

celll | | |
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X
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network utility can be defined in this context as a metric to
keep fairness, resources delay channel throughput m an
equilibrate level m multi-cell environment. On the other
hand, the concept of integer programming is also
considered one of utility-based approaches (Rahman and
Yanikomeroglu, 2010). Therein, the network utility i1s
maximized by improving the cell-center UEs’ data rates, as
it i3 crucial to avoid interference in such UEs; especially
when dealing with delay-sensitive traffic. Tn addition,
game theory was adopted (Ali and Zeeshan, 2012) based
on distributed utility function in two-level scheduling to
minimize delay and provide user satisfaction criterion in
multi-cell scenario.

Graph-Based techmiques are another approach of
D-ICIC in which the 1ssue of mterference and spectrum
allocation is formulated as an interference graph.
Whereby, graph coloring 13 used to guarantee that
connected UEs are not scheduled with the same set of
bandwidth resources (Zheng et af., 2012). As m Fig. 8, the
graph consists of vertexes, edges to connect vertexes and
path weight values.

The ain 1s to assign each UE node in the graph a
color n such a way that no UEs linked with an edge are
assigned to the same color. Hence, optimal cases of
throughput are gained by minimizing the net weight that
implies ICT level. This techmique 13 called weighted graph
(Chang et al., 2008). Color assignment task 1s usually the
rule of eNBs. Nevertheless UEs still need to report back to
eNB the information of measured interference paths
losses as colors are assigned accordingly. Another
techmque in graph-based ICIC is named jamming graphs;
that is investigated by Necker (2009). The basic idea is
similar to the weighted graph explained above. However,
the objective in jamming is to the mimmum number of
colors needed to label the UEs as depicted n Fig. 9. The
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Fig. 8: Scenario of graph-based appreach m ICI mitigation by weighted graphs
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Fig. 9: Scenario of graph-based approach in ICT mitigation by JTamming graphs

edge connection 1s only established between UEs in high
interference to adjacent eNBs located in a close distance
from each other.

CoMP scheduling techniques: CoMP Scheduling
concepts are extended from ICIC and eICTC schemes. The
aim of CoMP techniques of MIMO-OFDM systems is to
mcrease the cell-edge performance, meanwhle
maintaining a minimum imposed system’s complexity
(Biermann et al., 2012). Nonetheless, the notion of
distributed antenna systems and group cell theory were
pointed as the main dominant in deploying CoMP
scenarios. For example, radio resource management and
bandwidth allocation have been discussed extensively
(Lindbom et al., 2011; Lee et al., 2012a) using CoMP case
scenarios. Whereby, the concept here is defined as set of
Chammel State Information Reference Signal (CSI-RS)
resources, in which the UE is needed to measure and
report back to the eNBs group. This UE-eNB interaction
controlled by CoMP Resource Management (CRM)
procedure, that limits resources number invoked to avoid

signaling overhead issue. The efforts of scheduling at
CoMP scenarios in LTE-A Rel-11 mainly focuses on two
transmission concepts for both DL and UL links:
Coordinated Scheduling/Beamforming (CS/CB) and Joint
Transmission (JT). The concept of CS/CB states that the
RB was assigned and transmitted only from the serving
cell, (Katiran et al., 2011). However, the decisions of
transinission were made in a coordination manner between
adjacent cells, eNBs and Radio Resource Entity (RRE) as
illustrated in Fig. 10. Usually MIMO antenna capability is
used through the process of CS/CB. This results in a rapid
and tight coordination of resources to well control of
Inter Cell Interference (ICT).

What is arbitrary to be wondered in CS/CB, is the
way UEs were assigned such that no inter-cell
interference oceurs. In this case UE need to send
feedback mformation about its CSI based on ther
SINR value wvia the uplink channel to the closest
serving eNB. Nevertheless, as a developing technique,
(Pateromichelakis et ai., 2012) debated that CS/CB still had
some open questions m terms of beams from different
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cells and the duly level of predictability from the adjacent
cells in interference occwrrence. Another technique in
CoMP resource scheduling is named Joint Processing
Wang et al. (2011). Whereby, multiple eNBs
simultaneously transmit on the same physical resources
to provide constructive interference at the UE or the UE
performs a Dynamic Cell Selection (DCS3) to nominate the
best eNB for the current data transmission.

As shown in Fig. 11, the process of shared
transmission between eNBs to a UE takes place. The ain
from JP is to reduce feedback signal overhead by
mmproving SINR value at the UE via pre-coding matrixes
candidates (Sawahashi et al, 2010). Besides that it
converts the interfered signals to provide a useful and
desired signals to that carry UEs data. As discussed by
Lee et al. (2012b); there are two types of transmissions n
TP schemes: Coherent JP, wherein, the transmitted RBs are
jointly pre-coded and received by UE as a coherent block.
The second type 1s Non-coherent JP; in which UE receive
multiple transmissions from each eNB without considering
for coherent pre-coding. Nonetheless, in principle, TP is
efficient for lightly loaded network more than the heavily
loaded one.

CONCLUSION

In this survey LTE-A has been introduced as a 4G
mobile system on lights of the legacy LTE, the landmark

& RRE

Not scheduled

for 3GPP contributions in cellular systems. From the L.TE
unique architecture, it is clear that the flat distribution of
components as well as employing radio access network as
a carrier for the signals give the system more flexibility to
be upgraded and scaled up rapidly. Some of LTE-A
research issues have been investigated with discussions
to indicate their mmpact on QoS performance level eNB
tends to be the targeted scope of this article, as all of the
resources scheduling and bandwidth allocation take place
in this entity. Therein, MAC layer as one of the LTE
protocols has been explained in terms of DL and UL
channels that use OFDMA and SC-OFDM respectively.
For the seeking of more accuracy in this study,
scheduling in LTE was investigated in terms of some
related performance metrics that affect the overall system
performance. After that, LTE/LTE-A  scheduling
approaches were explained from three -categories:
opportunis-tic, ICIC and CoMP scheduling techniques.
Whereby, the latter 13 the most dynamic and
sophisticated.

Within the demonstrated extensive works, it is
obvious that packet scheduling as one of the main
concerns m LTE mobile networks used to be an active
topic to the research leaders. Some issues as discussed
earlier in this paper brought the need for several
proposals starting from proportional
scheduling until the multi-cell scheduling that emphasize
on bandwidth allocation and mter-cell mterference. We

i this term
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argue that a gap is existed between opportunistic
technicues and ICTC and CoMP techniques in terms of the
QoS performance metrics they utilized to achieve
resources scheduling in high QoS level.

Currently, some of the developing scheduling
schemes in LTE are realizing both channel-based
(intra-cell) QoS and link-based (inter-cell) QoS metrics in
hybrid models. As a result, majority of the analysis ended
up with the notion that an optimal trade-off between
parameters should be considered to have the best QoS
level. Some of these trade-offs are for example fairness
and throughput, channel quality and power, mterference
and spectral efficiency, interference and bandwidth,
bandwidth and spectral efficiency, power and spectral
efficiency. This at the end may link the bridge between
legacy and novel scheduling models that operate in more
dynamic environments.

ACKNOWLEDGMENT

This research effort was supported by research grant
from Department of Communication Technology and
Network, Faculty of Computer Science and Information
Technology [UPM-RUGS-05-01-11-1266RU]. We express
many thanks to the reviewers for their comments.

REFERENCES

Akyildiz, T.F., D.M. Gutierrez-Estevez and E.C. Reyes,
2010. The evolution to 4G cellular systems:
LTE-Advanced. Phys. Commun., 3: 217-244.

Al-Rawi, M., R. Jantti, J. Torsner and M. Sagfors, 2008. On
the performance of Theuristic opportunistic
scheduling in the uplink of 3g LTE networks.
Proceedings of the IEEE 15th International
Symposium on Personal, Indoor and Mobile Radio
Communications, September 15-18, 2008, Cannes,
pp: 1-6.

Ali, 8. and M. Zeeshan, 2012. A utility based resource
allocation scheme with delay scheduler for LTE
service-class support. Proceeings of the TEEE
Wireless  Communications and  Networking
Conference, April 1-4, 2012, Shanghai, pp: 1450-1455.

Al-Yahiya, T., 201la. Downlnk Radio Resource
Allocation Strategies in LTE Networks. Tn:
Understanding 1.TE and its Performance, Ali-Yahiya,
T.(Ed.). Springer, New York, ISBN-13: 9781441964571,
pp: 147-165.

Ali-Yahiya, T., 2011b. Introduction to Mobile Broadband
Wireless. In:  Understanding LTE and its
Performance, Ali-Yahiya, T. (Ed.). Springer,
New York, [SBN-13: 9781441964571, pp: 3-15.

Ali-Yahiya, T., 201 1¢. Performance Study of Opportunistic
Scheduling in LTE Networks. In: Understanding LTE
and its Performance, Ali-Yahiva, T. (Ed.). Springer,
New York, ISBN-13: 9781441964571, pp: 167-180.

Andrews, M., K. Kumaran, K. Ramanan, A. Stolyar,
R. Vyayakumar and P. Whiting, 2000. Cdma Data Qos
Scheduling on the Forward Link with Variable
Channel Conditions. Bell Laboratories, Lucent
Technologies, New Yorlk, Pages: 90.

Angelakis, V., L. Chen and D. Yuan, 2011. A fully
decentralized and load-adaptive fractional frequency
reuse scheme. Proceedings of the IEEE 15th
International Symposium on Modeling, Modeling,
Analysis  and Simulation of Computer and
Telecommunication Systems, ITuly 25-27, 2011,
Singapore, pp: 425-428.

Bae, 5.1., B.G. Choi, M.Y. Chung, I.J. Lee and 5. Kwon,
2009. Delay-aware call admission control algorithm in
3gpp LTE system. Proceedings of the TEEE Region 10
Conference Tencon, January 23-26, 2009, Singapore,
pp: 1-6.

Bai, D., C. Park, I. Lee, H. Nguyen and J. Singh ef af.,
2012. LTE-advanced modem design: Challenges and
perspectives. IEEE Commun. Mag., 50: 178-186.

Batista, R.L., Y.CB. Silva, EM.G. Stancanelli and
F.R.P. Cavalcanty, 2012. Radio resource allocation
strategies  for multi-antenna comp  systems.
Proceedings of the International Symposium on
Wireless Communication Systems, August 28-31,
2012, Paris, pp: 840-844.

Biermann, T., L. Scalia, C. Choi, H. Karl and W. Kellerer,
2012. Comp clustering and backhaul hmitations in
cooperative  cellular mobile access networks.
Pervasive Mob. Comput., 8: 662-681.

Bultmann, D., T. Andre and R. Schoenen, 2010. Analysis
of 3GPP LTE-advanced cell spectral efficiency.
Proceedings of the ITEEE 2l1st International
Symposium on Personal Indoor and Mobile Radio
Communications, September 26-30, 2010, Tnstanbul,
pp: 1876-1881.

Capozzi, F., G. Piro, L.A. Grieco, G. Boggia and
P. Camarda, 2012. On accurate sumulations of lte
femtocells using an open source  simulator.
EURASIP J. Wireless Commun. Networking,.
10.1186/1687-1499-2012-328

Chadchan, S M. and C.B. Akki, 2010. 3GPP LTE/SAE: An
overview. Int. . Comput. Electr. Eng., 2: 806-814.

Chang, Y.J., Z. Tao, I. Zhang and C.C.J. Kuo, 2008.
A graph-based approach to multi-cell ofdma
downlink resource allocation. Proceedings of the
IEEE Global Telecommumnications Conference,
GLOBECOM, November 30-December-4, 2008,
New Orleans, L.O., pp: 1-6.

2435



J. Applied Sci., 14 (20): 2422-2438, 2014

Choi, I.G. and S. Bahk, 2007. Cell-throughput analysis of
the proportional fair scheduler in the single-cell
environment. [EEE Trans. Veh. Technol., 56: 766-778.

Chung, W.C., C.J. Chang and L.C. Wang, 2012. An
intelligent priority resource allocation scheme for
LTE-a downlink systems. TEEE Wireless Commun.
Lett., 1: 241-244,

Dimitrova, D.C., G. Heijenk and ... van den Berg, 2009.
Scheduler dependent modeling of inter-cell
interference in UMTS EUL. Proceedings of the 3rd
International Conference on Next Generation Mobile
Applications, Services and Technologies, September
15-18, 2009, Cardiff, Wales, pp: 259-264.

Ekstrom, H., 2009. Qos control in the 3GPP evolved packet
system. IEEE Commun. Mag., 47: 76-83.

Fushiki, M., T. Ohseki and S. Konishi, 2011. Throughput
gain of fractional frequency reuse with frequency
selective scheduling in SC-FDMA uplink cellular
system. Proceedings of the IEEE Vehicular
Technology Conference, September 5-8, 2011, San
Francisco, CA., pp: 1-5.

Gao, Y., Y. Li, H Yu, X. Wang and S. Gao, 2012. System
level performance of CoMP TR-HARQ over X2
mterface in 3GPP LTE-advanced system. Proceedings

of the %th International Conference on
Communications, June 21-23, 2012, Bucharest,
pp: 177-180.

Gavrilovska, L. and D. Talevski, 2011. Novel scheduling
algorithms  for LTE downlink transmission.
Proceedings of the 19th Telecommunications Forum,
November 22-24, 2011, Belgrade, pp: 398-401.

Halpern, S.W., 1983. Reuse partitioning in cellular
systems. Proceedings of the 33rd TEEE Conference
Vehicular Technology, Volume 33, May 25-27, 1983,
Toronto, pp: 322-327.

Kan, Z., F. Bin, L. Jianhua, L. Yicheng and W. Wenbo,
2011. Interference coordination for OFDM-based
multihop LTE-advanced networks. TEEE Wireless
Commun., 18: 54-63.

Kanchei, .., W. Chih-Chiang, S. Shiann-Tsong, Y. Yifei,
M. Chion, D. Huo and X. Ling, 2010. Imt-advanced
relay standards [wimax/lte update]. TEEE Commun.
Mag., 48: 40-48.

Kaneko, S., T. Matsunaka and Y. Kishi, 2012
A cell-planning model for hetnet with cre and
tdm-ICIC in LTE-advanced. Proceedings of the TEEE
75th Vehicular Technology Conference, May 6-9,
2012, Yokohama, pp: 1-5.

Katiran, N., N. Fisal, SK.S. Yusof, S.M.M. Maharum,
A.S.A. Ghafar and F.A. Saparudin, 2011. Tnter-Cell
Interference Mitigation and Coordination in CoMP
Systems. In: Informatics Engineering and Information
Science, Manaf, A.A., S. Sahibuddin, R. Ahmad,
SM. Daud and E. El-Qawasmeh (Eds.). Springer,
New York, ISBN-13: 9783642254628, pp: 654-665.

Kelly, F., 1997. Charging and rate control for elastic traffic.
Eur. Trans. Telecommun., 8; 33-37.

Khan, N., M.G. Martini, 7. Bharucha and G. Auer, 2012.
Opportunistic  packet  loss fair scheduling for
delay-sensitive applications over LTE systems.
Proceedings of the IEEE Wireless Communications
and Networking Conference, April 1-4, 2012,
Shanghai, pp: 1456-1461.

Kimura, D. and H. Seki, 2012. Inter-Cell Interference
Coordination (ICIC) technology. FUJITSU Sci. Tech.
1., 48: 89-94,

Kwan, R. and C. Leung, 2010. A survey of scheduling and
interference mitigation i LTE. . Electr. Comput.
Eng.,. 10.1155/2010/273486

Kwon, Y. and J.W. Jang, 2009. Improving faimess using
ARQ messages in LTE Mobile Multi-hop Relay
(MMR) networks. Proceedings of the International
Conference on Wireless Communications and Signal
Processing, November 13-15, 2009, Nanjng, pp: 1-5.

Larmo, A., M. Lindstrom, M. Meyer, G. Pelletier, J.
Torsner and H. Wiemann, 2009. The L.TE link-layer
design. IEEE Commun. Mag., 47: 52-59.

Lee,D., H. Seo, B. Clerckx, E. Hardouin, D. Mazzarese,
S. Nagata and K. Sayana, 2012a. Coordinated
multipoint transmission and reception in LTE-
advanced: Deployment scenarios and operational
challenges. [EEE Commun. Mag., 50: 148-155.

Lee, I, Y. Kim, H. Lee, BL.. Ng and D. Mazzarese et al.,
2012b. Coordinated multipoint transmission and
reception in LTE-advanced systems. IEEE Commun.
Mag., 50: 44-50.

Lescuyer, P. and T. Lucidarme, 2008. Physical Layer of
E-Utran. In: Evolved Packet System (EPS): The LTE
and SAE Evolution of 3G UMTS, Lescuyer, P. and T.
Lucidarme (Eds.). John Wiley and Sons, Ltd., San
Francisco, pp: 75-170.

Li Q., G. Li W. Lee, M 1. Lee, D. Mazzarese, B. Clerckx
and Z. Li, 2010, MIMO Techniques mn WiMAX
and LTE: A featuwre overview. IEEE Commun.
Mag., 48: 86-92.

Lin, K. and I. Debenham, 2011 . Power management in LTE
networks by applying intelligent agents. Proceedings
of the 6th International Conference on Broadband
and Biomedical Communications, November 21-24,
2011, Melbourne, VIC., pp: 163-166.

Lmdbom, L., R. Love, S. Krishmamurthy, C. Yao, N. Miki
and V. Chandrasekhar, 2011. Enhanced inter-cell
interference  coordination  for  heterogeneous
networks in LTE-advanced: A swrvey. Texas
Instruments, December 7, 2011, http://arxiv.org/Ttp/
arxiv/papers/1112/1112.1344 pdf

2436



J. Applied Sci., 14 (20): 2422-2438, 2014

Ma, X. and W. Xu, 2012, Low-complexity channel
estimation for 3GPP LTE terminals. Proceedings of
the 18th European Wireless Conference European
Wireless, EW, April 18-20, 2012, Poznan, Poland,
pp: 1-7.

Marwangi, M., N. Fisal, S. Yusof, R.A. Rashid,
A.S. Ghafar, F.A. Saparudin and N. Katiran, 2011.
Challenges and practical implementation of
self-organizing networks in LTE/LTE-advanced
systems. Proceedings of the International Conference
on Information Technology and Multimedia,
November 14-16, 2011, Kuala Lumpur, pp: 1-5.

Meredith, TM., 2011. Technical specifications and
technical reports for a utran-based 3GPP system.
3GPP TR 21.101. 3GPP, Valbonne-FRANCE.

Mills, A., D. Lister and M. de Vos, 2011. Understanding
static inter-cell interference coordination mechanisms
mLTE. I. Commun., & 312-318.

Necker, M.C., 2009. Scheduling constraints and
interference graph properties for graph-based
interference coordination in  cellular OFDMA
networks. Mob. Networks Appl., 14: 539-550.

Pateromichelakis, E., M. Shariat, A. Ul Quddus and
R. Tafazolli, 2012. Dynamic graph-based multi-cell
scheduling for femtocell networks. Proceedings of
the TEEE  Wireless Communications  and
Networking Conference Workshops, April 1-1, 2012,
Paris, pp: 98-102.

Pateromichelakis, E., M. Shariat, A. Ul Quddus and
R. Tafazolli, 2013. On the evolution of multi-cell
scheduling in 3GPP LTEL TE-a. TEEE Commun. Surv.
Tutorials, 15: 701-717.

Pedersen, K.I., F. Frederiksen, C. Rosa, H. Nguyen,
1.G.U Garciaand Y. Wang, 2011. Carrier aggregation
for LTE-advanced: Functionality and performance
aspects. [EEE Commun. Mag., 49: 89-95.

Pelcat, M., S. Aridhi, J. Piat and I.F. Nezan, 2013.
3GPP Long Term Evolution. In: Physical Layer
Multi-Core Prototyping, Pelcat, M., S. Aridhi,
I. Piat and J.F. Nezan (Eds.). Springer, New York,
ISBN-13: 9781447142102, pp: 9-51.

Pham, H., X N. Vuand SH. Hwang, 2011. Service
class-aided scheduling for LTE. Proceedings of the
13th International Conference on Advanced
Communication Technology, Febuary 13-16, 2011,
Seoul, pp: 39-43.

Prasad, R., W. Mohr and W. Konhauser, 2000. Third
Generation Mobile Communication Systems. 1st
Edn., Artech House, Inc, Norwood, MA., USA.,
ISBN-10: 1580530826,

Qiu, W., H. Minn and C.C. Chong, 2011. Enhanced
frecuency diversity exploitation in carrier aggregation
for LTE-advanced systems. Proceedings of the TEEE
Vehicular Technology Conference (VTC Fall),
September 5-8, 2011, San Francisco, CA., pp: 1-6.

Racz, A., N. Reider and G. Fodor, 2008. On the impact of
inter-cell interference in . TE. Proceedings of the TEEE
Global Telecommumeations Conference, November
30-December-4, 2008, New Orleans, LO., pp: 1-6.

Rahman, M. and H. Yanikomeroglu, 2010. Inter-cell
interference coordination in OFDMA networks: A
novel approach based on integer programming.
Proceedings of the IEEE 71st Vehicular Technology
Conference, May 16-19, 2010, Taipei, pp: 1-5.

Rhee, I H., IM. Holtzman and D.K. Kim, 2003. Scheduling
of real/non-real time services: Adaptive EXP/PF
algorithm. Proceedings of the 57th IEEE Semiannual
Vehicular Technology Conference, Volume 1, April
22-25, 2003, Jeju, Korea, pp: 462-466.

Rhee, TH.,, IM. Holtzman and DK. Kim, 2004.
Performance analysis of the adaptive EXP/PF channel
scheduler in an AMC/TDM system. IEEE Commun.
Lett., 8 497-499.

Sawahashi, M., Y. Kishiyama, A. Morimoto, D. Nishikawa
and M. Tamno, 2010. Coordinated multipoint
transmission/reception techniques for L. TE-advanced
[coordinated and distributed MIMO]. IEEE Wireless
Commun., 17: 26-34.

Sengar, S.5., A. Singh and P.N. Tripathi, 2011. A survey
on telecommunication technology standards. Int.
I. Comput. Sci. Eng., 3: 2061-2067.

Shakkottai, 3. and A.L. Stolyar, 2001. Scheduling
algorithms for a mixture of real-time and non-real-time
data m HDR. Teletratfic Sci. Eng., 4: 793-804.

Shi, Z. and D. Gu, 2011. Marginal utility-based power
coordination in ofdma downlink. Proceedings of the
TIET International Conference on Communication
Technology and Application, October 14-16, 2011,
Beyng.

Shirani-Mehr, H., H. Papadopoulos, S.A. Ramprashad and
G. Caire, 2011. Joint scheduling and ARQ for
MU-MIMO downlink in the presence of inter-cell
interference. IEEE Trans. Commun., 59: 578-589.

Sternad, M., T. Ottosson, A. Ahlen and A. Svensson,
2003. Attaining both coverage and high spectral
efficiency with adaptive OFDM downlinks.
Proceedings of the TEEE 58th Vehicular Technology
Conference, Vol. 4, October 6-9, 2003, Orlando,
Florida, USA., pp: 2486-2490.

Taha, AEM., H.S. Hassanein and N.A. Al, 2012.
Quality of service and bandwidth reservation. In:
LTE, LTE-Advanced and WiMAX: Towards
IMT-Advanced Networks, Taha, AEM., H.S.
Hassanein and N.A. Ali (Eds.). JTohn Wiley and Sons,
Ltd., San Francisco, pp: 173-188.

2437



J. Applied Sci., 14 (20): 2422-2438, 2014

Thampi, A., D. Kaleshi, P. Randall, W. Featherstone and
S. Armour, 2012, A sparse sampling algorithm for
self-optimisation of coverage in LTE networks.
Proceedings of the International Symposium on
Wireless Communication Systems, August 28-31,
2012, Paris, pp: 909-913.

Toufik, . and R. Knopp, 2009. Multi-User Scheduling and
Interference Coordmation. In: LTE-The UMTS Long
Term Evolution, Sesia, S., I. Toufik and M. Balker
(Eds.). Tohn Wiley and Sons, Ltd., San Francisco,
ISBN-13: 9780470742891, pp: 285-300.

Venkatkumar, V. and T. Haustein, 2011. Multi-user
relaying with full frequency reuse for enhanced
LTE-GBR coverage. Proceedings of the 11th
Buropean Wireless Conference 2011-Sustainable
Wireless Technologies (European Wireless), April
27-29, 2011, Vienna, Austria, pp: 1-8.

Wang, B., B. Li and M. Liu, 2011. A novel precoding
method for joint processing in CoMP. Proceedings of
the International Conference on Network Computing
and Information Security, May 14-15, 2011, Guilin,
pp: 126-126.

Wang, I., X. She and L. Chen, 2012. Enhanced dynamic
nter-cell interference coordination schemes for
LTE-advanced. Proceedings of the IEEE 75th
Vehicular Technology Conference (VIC Spring), May
6-9 2012, Yolohama, pp: 1-6.

Zhang, X., C. He, L. Tiang and J. Xu, 2008. Inter-cell
interference coordmation based on softer frequency
reuse m OFDMA cellular systems. Proceedings of the
IEEE International Conference on Neural Networks
and Signal Processing, Tune 7-11, 2008, Nanjing,
pp: 270-275.

Zheng, K., F. Hu, W. Wang, W. Xiang and M. Dohler,
2012. Radio resource allocation in LTE-advanced
cellular networks with m2m communications. IEEE
Commun. Mag., 50: 184-192.

2438



	2422-2438_Page_01
	2422-2438_Page_02
	2422-2438_Page_03
	2422-2438_Page_04
	2422-2438_Page_05
	2422-2438_Page_06
	2422-2438_Page_07
	2422-2438_Page_08
	2422-2438_Page_09
	2422-2438_Page_10
	2422-2438_Page_11
	2422-2438_Page_12
	2422-2438_Page_13
	2422-2438_Page_14
	2422-2438_Page_15
	2422-2438_Page_16
	2422-2438_Page_17
	JAS.pdf
	Page 1


