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ABSTRACT

Carrier aggregation (CA) is one of the main feagure Long Term Evolution— Advanced (LTE-A). CA
will allow the target peak data rates in exces& &bps in the downlink and 500 Mbps in the upliokbe
achieved and the users can have access to thebtotdWidth of up to 100 MHz. The system bandwidth
may be continuous or system consisting of seveasigspof non-continuous aggregated bandwidth. This
paper provides a summary of the supported CA smenas well as an overview of the advanced
functionality of CA-LTE with particular emphasis dhe basic concept, control mechanisms, and the
performance aspects of (CA). This paper also detrates how CA can be used as an enabler for simple
yet effective frequency domain interference manag@mschemes. In particular, the interference
management is to provide the intervention madeifgignt gains in heterogeneous networks, envisipnin
intrinsically uncoordinated deployments from themeobase stations. Then, we compared the quality of
service (QoS) performances of two different muteuscheduling schemes in CA based LTE-A systems,
separated random user scheduling (SRUS) and jeertscheduling (JUS). The former is simpler bus les
efficient, whereas the latter is optimal but witlghrer overheadsignaling. Moreover, only one single
component carrier (CC) is required to access fer eguipment (UE) in the case of SRUS, while al th
CCs must be connected in the case of JUS. Someitetichallenges for implementing carrier schedulin
schemes technique in LTE-A systems, are discugsethighlighted.

Keywords: Long Term Evolution— Advanced, Carrier Aggregati®eparated Random User Scheduling,
Joint User Scheduling.

1. INTRODUCTION standards. Carrier aggregation allows the user to
schedule on multiple CCs simultaneously; each
In order to achieve up to 1 Gbit/s peak datanay exhibit different radio channel properties [4].
rate in the fourth generation (4G) mobile systemsfable 1 compares the peak average and cell-edge
carrier aggregation (CA) technology is introducedpectrum efficiency requirements of the LTE, LTE-
by the 3rd generation partnership project 3GPP tddvanced, and IMT-Advanced systems.
support wider transmission bandwidths up to 100

MHz in its new LTE-A standards [1-2]. According  The carrier scheduling CS schemes in the LTE-
to specific technical and performance requirementgdvancedsystem with CA are characteristic under
defined in [3], this feature allows for eXpanSi(Im i various Systemassumptions_ In genera”y, the
bandwidth scalable by assembling multiplegssumptions involvetwoaspects: (i) the aggregation
component carriers (CCs). This aggregated carrigeenario and (i) the traffic model.Inaccordance to
can be configured with different bandwidths, andhe caA deployment scenarios given in [5],three

can be in the same frequency bands (contiguous) ggregation scenarios are considered: (i) intra-
different (non-contiguous) to provide maximumpandcontiguous CA, (ii) intra-band non-contiguous
flexibility in using rare radio resources network t cA and (iii) inter bandnon-contiguous CA. In the

operators, While preserving compatibility on legac¥hird aggregation scenario,the CCs that are in the
LTE Release 8 users .with carrier aggregationjifferent frequency bands may have distinguished
users can access to the bandwidth with much largg{dio  propagation characteristics, which is

transmission bandwidth up 100 MHz in LTEdjfferentfrom first two scenarios and should be
Release 10, compared to the LTE Release 8
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carefullyconsidered when studying the CS schemgs Continuous CA when the multiple available
in these scenarios. component carriers are adjacent to each other.(ii)
Non-continuous CA when the multiple available
When the system is extended from single carrier ttomponent carriers are separated along frequency
multiple carriers, joint user scheduling cheme(JUS)and [8].
and separated random user  scheduling
scheme(SRUS), respectively, are two The maximum supported bandwidth for LTE
straightforward schemes to manage the multipladvanced of 100 MHz can be achieved via CA of 5
carriers.If joint user scheduling algorithm is usedCCs of 20 MHz, as shown in the Figure 1(a). Thus,
[6], the eNB will calculate the throughput of userd TE-Advanced user supporting such high
in each CC. It is the optimal scheduling algorithmbandwidths can be served simultaneously on all 5
However when the number of users and CCs afeCs. The bandwidth of each CC followed the LTE
large, the complexity of the system is very high foRel-8 support bandwidth configurations, which
implementation. If the separated random usénclude 1.4, 3, 5, 10, 15, and 20 MHz [8] .The
scheduling algorithm [7] is adopted, the eNBaggregated CCs maybe contiguous as shown in the
calculates the user throughput in single CC, so tHégure 1(a), or non-contiguous, as shown in the

complexity is smaller than JUS algorithm. Figure 1(b). Notice also from Figure 1(b) that the
aggregated CCs in principle have different
Table 1.Comparison Of Spectrum Efficiency frequencies.

Requirements [4].
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(b) non-contiguous carrier aggregation

The main contribution of this paper is to study 79ure 1. Example of carrier aggregation scenariay
contiguous aggregation of five component carrieith w

carrier .aggreganon performance and  its equal bandwidth. (b) non-contiguous aggregation of
contribution in the LTE-Advanced system under " component carriers with different bandwidths.

different deployment scenarios using two CCs

scheduling schemes, separated random Usghere are three possible scenariosaggregation(i)

scheduling scheme and joint user schedulingontiguous, (i) noncontiguousaggregation of

scheme. component carriers in a single band,and(iii) non-
contiguous aggregation of component -carriers

The rest of this paper is organized as follows. Thguringmultiple bands. In [9], priority deployment

CA scenarios and CC types is presented in the nesgenarios forLTE-A were proposed. Several

section. Section 3 provides protocol datallustrative examples of theproposed deployment
aggregation. Carrier types and management agenarioin Table 2.

given in Section4. Section 5 provides the detailed
description of carrierscheduling scheme and some
technical challenges. Finally, the conclusion is
given in Section 6.

2. CA SCENARIOSAND CCTYPES

There are two types of CA techniques have
been proposed for the LTE-Advanced mobile
systems:
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Table 2.LTE-A Deployment Scenarios [10]

FDD TDD
Contlgugus single band, Contiguous single band,
UL: 40 MHz 100 s
DL: 80 MHz
Deployment _ _
Scenario Non-contiguous multiple - .
bands, Non-contiguous single band,
UL: 40 MHz 80 MHz
DL: 40 MHz

Carrier
Aggregatior

UL: 2x20 MHz (3.5 GHz)
DL: 4x20 MHz (3.5 GHz)

UL: 10 MHz (1.8 GHz) +1

5x20 MHz (2.3 GHz)

(2.6 GHz)

DL: 10 MHz (1.8 GHz) +1

MHz (2.1 GHz) +20 MHz
(2.6 GHz)

2x20 MHz (2.6 GHz) +
2x20 MHz (2.6 GHz)

3. PROTOCOL DATA AGGREGATION

8/9. However,

The general structure of LTE-A with CA, as
shown in Figure 2, which is similar that of Release

the following improvements are

made to support CA.

{USeR i [ USER i | ; _
{EOUIPMENT : | eNODEB : {EQUIPMENT | geNODEB Pl e
| [P0 Je——-[F0CP | :
R i A ] RIC J——i RC
WAC J——[WAC WAC J—— ;
PHY PHY PHY PHY
Data plane control plane

RRC: Radio resowrce control

PDCP: Packet data convergence protocol
RLC: Radio link contral

MAC: medium access control

PHY: Physial layer

Figure 2.Protocol Layers For CA In The Control And

Data Planes .

Similar to LTE Release 8/9, each cell corresponds
to a DL CC and a UL CC, which are linked based
on the system information (Sl) broadcasting on the
DL CC [15]. When in Radio Resource Control
RRC connected state, a Release 10 UE can be
configured with multiple serves cells where each
cell service corresponds to a different DL CC. From
the control plane perspective:

UE only has one radio resource control
(RRC) connection with the network. UE
establishes/re-establishes RRC connection
on a single serving cell and RRC signaling
is used to add, remove, or reconfigure
additional serving cells to the UE.

MHz (2.1 GHz) +20 MHz iii.

LTE-A UE unit can be configured with
multiple serving cells, the UE is assigned a
single cell radio network temporary
identifier (C-RNTI), which is used to
uniquely identify the RRC connection of
the UE and for scheduling purposes on the
physical downlink control channel
(PDCCH) transmitted on any of the
activated DL CCs on which the UE
monitors the PDCCH.

Radio resource management (RRM)
measurements carried out by UE are
enhanced to assist CC management by the
eNB.

Medium access control (MAC) or physical
layer, for IMT-Advanced systems. In a
MAC layer data aggregation scheme, each

component carrier has its own
transmission configuration parameters
(e.g., transmitting power, modulation and

coding schemes, and multiple antenna
configurations) in the physical layer, as

well as an independent hybrid automatic
repeat request (HARQ) entity in the MAC

layer. While in a physical layer data

aggregation scheme one HARQ entity is
used for all the aggregated component
carriers, new transmission configuration

parameters should be specified for the
entire aggregated bandwidth. Compared to
the physical-layer scheme, the

transmission parameters are configured
independently for each component carrier
under the MAC layer data aggregation

scheme. So the latter can support more
flexible and efficient data transmissions in

both uplink and downlink, at the expense

of multiple control channels. In this way

backward compatibility is guaranteed,

since the same physical layer and MAC

layer configuration parameters and

schemes for the LTE systems can be used
in future LTE-Advanced systems [16].

The Packet Data Convergence Protocol
(PDCP) and radio link control (RLC) of

LTE Release 8/9 also apply to CA, and
allows the handling of data rates up to 1
Gb/s in the DL and up to 500 Mb/s in the
UL.
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4. CARRIER TYPESAND MANAGEMENT

- SNBSS
In LTE-A deployments, where multiple cells eNB #1 =
of different CCs are deployed at eNB, all cellstiro Ld ,1 ) o
the baseband perspective are configured to k ‘ N T ()
compatible with LTE Release 8/9. Each cell tha i Y
corresponds to a DL CC and a linked UL CC ‘ 3
associated unique E-UTRAN cell global identifier
(ECGI) and broadcasts its special cells pacifig (Sl oy =
[11]. A cell with a duplex distance the same a¢ ‘
those defined in Release 8/9 is accessible t : " YA
Release 8/9 UE where each cell represents
separate cell to Release 8/9 UE. Hence, Release
UE and Release 8/9 UE can coexist in the samEBigure 3.Simple IIIustrr_s\tion Of Autonomous Compdnen
cell. While Release 8/9 UE can receive and transmit Carrier Concept.
on only one serving cell, Release 10 UE in CA  The interference footprint deviates
mode can receive and transmit on multiple servingignificantly from that of planned macro cells on
cells. heterogeneous networks (HetNet).his arises from
the coexistence between of normal macro cell layer
The proposed autonomous component carrigfith a layer of dispersed smaller base station such
selection scheme is illustrated in Figure 3 with &g micro, pico, and closed subscriber groups (CSG)
simple example. Here there are four existing eNBsyith home base stations (HeNB) . Specifically,
while a new eNB, #5, is being switched on, andiense roll-outs of co-channel CSG HeNBs
hence is ready for first selecting its primarypopularly known as femtocells, must result in
component carrier (PCC). The current selection adhaotic inter-cell interference if left completely
primary component carrier and secondaryinchecked. Therefore, it has been found that
component carriers (SCC) is illustrated for eaclHetNet cases in many scenarios can benefit from
eNB with P and S, respectively. Componeninterference management. It then follows naturally,
carriers not allocated as PCC or SCC arghat CA can be employed as a new and promising
completely muted, and not used to carry any traffiool of inter-cell interference coordination in the
As the eNB is being initialized, it clearly cannotfrequency domain. The frequency reuse, i.e., CC,
rely on UE assisted mechanisms; therefore, igonfiguration resulting the most attractive
addition to the information available in the radiOperformance is time-variant and depends on many
access technology RAT, we propose new inter-eNgctors like the traffic distribution, the relative
measurements based on reference signal receiMgdation of base stations, their mutual interfeeenc
power levels for the purpose of estimating the patboupling, etc. Thus, manual configuration of the
loss between neighboring eNBs. In FDD systemgptimal CC usage pattern becomes It is almost
this implies that eNBs are able to listen to thempossible.
downlink band as well. Conversely, in TDD
systems, this is not an additional requirementesin In an ideal world, each base station node
uplink and downlink use the same band. It isvould dynamically select from a limited set which
proposed that the new eNB carry out thecCs it should deploy. Figure 4 shows an example
measurements on the PCCs of the surrounding cefisa scenario with three available CCs for eaclebas
and that knowledge of their correspondingstation node. The marked selection of CCs in all
reference symbol transmits power is availablgodes with the dark blue color code, which means
(signaled between eNBs) so that the inter-eNB pathe macro eNBis using all three CCs. For the
loss can be estimated.For properly planned mactensity deployed indoor HeNBs/pico nodes, each
cellular networks, usually found that deployment ofode uses only a subset of available CCs.Thisis th
LTE or LTE-Advanced with plain frequency reusebest configuration to improve system performance
one is an attractive configuration, simply Put alks there is a strong coupling interference between
cells have access to all CCs. However, these nodes. By conducting the adaptive frequency
reuse on CC resolution, data and control channels
experience also benefits all the physical channels
within one copy.
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quality of service requirement in a multi - user
A\ communication system varies therefore the choice
{\“)) | poommm (iustrates the active CCs ‘black means nowhitemeans| ~ of a scheduling algorithm critically impacts the
- l ’ off) throughput and fairness among the users.
‘\:}‘
R = .
" VNB —= T The most important technology of spectrum
aaoe NePico | HeNBRico aggregation is scheduling, which is trying to
. E[;IE achieve the same performance as contiguous
¥ ) spectrum bands. The communication equipment
D) HeNB/Pico HeNB/Pico have to assign spectrum resource to transfer
Outdoor Pico  Example of building structure with multiple Pico or HENBs 'nforma“(?n ﬂOW$ In transmitter terminal and
for hotspot combine information flows from different spectrum

bands reliably in receiver terminal. Larger spettru
band diversity resulting from frequency range span
is greatly challenging in the research of spectrum
A fully distributed interference managementaggregation and scheduling mechanism.
concept with a CC resolution, called autonomousggregation-Aware Spectrum Assignment (AASA)
component carrier selection (ACCS), has beeis an efficient way to aggregation the separate
proposed in [12], yet its key principles are owtin spectrum bands[17]. With the assumptions that all
next. The basic ACCS concept is based on thresers have the same bandwidth requirement, the
fundamental premises: proposal optimized scheme tries to utilize thetfirs
aggregation range satisfying the requirement from
i. Each base station node has the right tthe low frequency side[19]. Table 3 provides the

always have at least one active CC witfcomparison at several aspects of the existed
full cell coverage. schemes on spectrum aggregation.

ii. As the offered traffic increases, additional

Figure4. Simple lllustration Of CC Selection (ACCS)
Principle For Heterogeneous Networks.

Table3 .Comparison Between Different Spectrum

CCs can be taken into use to increase its Aggregation Schemes.
capacity. . . Ag?()r:gaScenario L:crgg Spectrun| Multiple (Complexi
ii. However, a base station node is only Loves Spectrur Pynamicy  Users y
allowed to take additional CCs into use, Multiple
. . . . AASA user with
provided it does not result in excessive [17.10)| MAC |General Yes No | thesame| Low
interference to the surrounding cells. bandwidth
requirement
DOFDM Single/mult]
Consequently, by collecting RSRP measuremenzz 24| PHY | Genera) No No ple Normal
. . users
from the terminals for different cells, each eNBf—{cs Single/muit

“learns” the interference coupling with neighboring| ,5; | MAC | DSA | Yes Yes ple High
cells in terms of C/I ratios[18]. It is relevant to users

mention that the collection of various |-TECA pry |, LTE" | o Singl'jém”'t Low
measurements is a by-product of normal systen [21 | AC d users
operation and does not entail an extra burden oA

UEs. Thus, ACCS is essentially a fully distributed 22 | MAC | DA | ves No Mltjitg:lse Normal

and dynamic interference management concej
operating in the frequency domain on a C
resolution, based on sensing measurements and Considering the dynamics of spectrum
minimal signaling between base station nodes. Availability, [22] provides the prediction-based
related autonomous carrier selection concept kpectrum aggregation scheme for decreasing the

outlined in [13]. overhead of re-allocation. One is Maximum
Satisfaction Algorithm (MSA) for admission
5. CARRIER SCHEDULING SCHEME control. The main idea is allocating spectrum for

o _ ~ the user with the requirements of the largest

~ Scheduling in the downlink LTE_A benefit of handwidth first and leave the best spectrum bands
various factors including channel variations b¥for the remaining SUs considering different
allocating frequency and time resources to a useandwidth requirements of secondary users
with transiently better channel conditions. Thqsu).The other is Least Channel Switch (LCS)

B
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strategy for spectrum assignment considering th&ot period of each sub frame, while in the
dynamic access of SUs with different bandwidtlsubsequent second slot period the scheduler assigns
requirements. In order to reduce the times ahe RB in turn to each user. this rotation creates
channel switch at sensing moments, the concept obmpromise between the fairness and the
failure probability is introduced to predict thethroughput that can be accessed. The granularity of
probability that the spectrum band will not be ablehis proposed scheduling algorithm was set to 1
to provide the current capacity.In 2008, Zhang'sesource block (RB). A resource block is the
research group proposes a non-contiguous spectramallest element of resource allocation assigned by
access and aggregation scheme non-contiguotie BS scheduler.
Orthogonal Frequency Division Multiplexing
(DOFDM). With the DOFDM technology, discrete The carrier scheduling (CS) scheme which
spectrum bands are aggregated, which can providemnages the resource of multiple CCs is one of the
large bandwidth to the wusers with highkey factors that is indispensable to the LTE
requirements. DOFDM can be realized byAdvanced system with CA[21].there are two
modifying the efficient block processing of Scheduling Algorithm of Proportional Fair in
Orthogonal Frequency Division Multiplexing LTE_A, Joint user scheduling (JUS) and separated
(OFDM) [23,24]. random user scheduling (SRUS) are two
straightforward CS schemes.

They also propose an algorithm called
Aggregation-Aware Spectrum Assignment (AASA)A. Separated random user scheduling (SRUS)
with spectrum aggregation ability taken into Compared with the JUS scheme, the SRUS
consideration [25]. The network capacity will bescheme requires two-level scheduling. The first
improved if the DOFDM technology and resourcdevel is responsible of allocating users to onlg on
allocation algorithms based on spectrunof the CCs. Here, a random sender is designed
aggregation are applied to cognitive radidnstinctively. Meanwhile, the load balance criterio
networks.The carrier scheduling (CS) scheme assumed to be guaranteed, which means that each
which manages the resource of multiple CCs is onfeéC must be afford the transmissions of U/C users
of the key factors that is indispensable to the LTHn all (where U is the number of users and C the
Advanced system with CA[21]. Joint usernumber of component carriers ). Four different
scheduling (JUS) and separated random usasers are allocated to two CCs randomly and
scheduling (SRUS) are two straightforward CSuniformly, a simple allocation example is shown in

schemes. Figure 5. Second level the resource scheduling is
controlled by the RSs. Since only one CC is

5.1 Proportional Fair (PF) Scheduling required for each user to communicate with, the
Algorithm SRUS scheme is very simple to apply. However, in

Proportional Fair scheduler is a commonlySRUS, when the serving queue of one RS is empty
used scheduling algorithm for Time-frequencythe CC belonging to this RS will stand idle,
shared multi-user systems. Originally it wasalthough the CCs in other RSs are still working
implemented in Time Domain Scheduling (TDS)hard. It points out that by SRUS the traffic load
systems and latter it was relied to LTE to exploiacross the CCs is possible to be
the OFDMA capabilities in TDS and Frequencyunbalanced[19].Following metric is used to allocate
Time Scheduling (FDS) systems. The main purposgsource:
of combined TDS and FDS systems is to achieve a
good trade-off between Overall system throughpyt sy max{r—k“"“ (L) 1
and data-rate fairness among the users by expgoiti% g G- D) @
multi-user diversity [29].

In order to find a trade-off between throughput an(\f/herek’!'m (_l’ ) is thr;)hughput ofn®™ user i
fairness a new scheduling algorithm that operatesaﬁhem”mg interval &t™ resource block(RB) of
somewhere between the Best CQI scheduling amd®™ CC. T,m(i — 1) is average throughput of this
the Round Robin scheduling is examined. Thigser in the same CG.is the selected user to be
scheduling algorithm demonstrates an acceptabgheduled according to equation (1). Average

throughput level while providing some fairnessthroughput of user is immediately updated after
between users. The scheduling algorithm assigrgheduling as follows:

RBs to the user that maximizes the CQI in the first

B
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Tom () = (1_% ) Tom (i— 1) + where the schedu_ling result of former CC shquld be
reflected. Supposing totally M CCs are configured
for certain user, the update procedure could be
1 Rum@io  n=) modified as follows:
E keem
0 n#j

@ Tar (=) T (-1)+

n=j

Tc is the size of sliding window. This schedulen cams
achieve fairness among all active users in each CE, £
given that same fading statistics are supposed. (3)

wherep,, is the collection of all RBs int* CC and 1 Z Ro1i 10
keopl
O n

_ o Tom () = (722 ) Toymos () +
when using SRUS the UEs behaviour is in fact the

same as that in the single-carrier systems. Tlus, f

the UEs it is not necessary to change anythingl Z Romr  n=j
Therefore SRUS is the most basic CS scheme &€

the LTE-Advanced system with CA. However, the @)
performance of SRUS is inactive. On the one hand,

the way to achieve high spectral efficiency inwith either manner of joint scheduling methodsit i
wireless communication systems with multipleppserved that scheduling results of certain user in
users, assign the resource to the appropriateisefpther CCs are reflected in calculating the PF metri
the system that contains the data to send [14for the users with various channel quality in
However, when using SRUS, the selectable user S®nfigured CCs, scheduling metric in CCs with
in each RS is just a subset of all uses. Theréf@e |ower channel quality is additional reduced due to
spectral efficiency of SRUS is necessarily Iessnthq]igher average throughput from better CCs in
JUS. denominator; on the contrary, scheduling metric is
— deliberately increased in its preferred CCs.

kepm

n#j

It greatly increases the signal processing
complexity and the power consumption in the UEs.
In addition, the bandwidth of the LTE Advanced
system must be very extensive. It is very
challenging to the UE’s ability. Therefore the
weakness of JUS is its high complicate. However, it
is certainly the optimal way to achieve the
maximum spectral efficiency and saturated system

Figure5.lllustration of the SRUS scheme resource utilization. using JUS, no resource could

. _ be wasted. Therefore, in terms of performance, JUS

B. Joint user _schedulmg (JUS) . is optimized for CS scheme in the LTE-advanced
JUS is one of the explicit CS schemes t

manage the multiple CCs. When using JU%ystem with CA.
schemes, the RBs of all available CCs in the system
are aggregated together as an integrated resource
pool managed by on single RS .Thus, all the users
are served by this single RS.On the other hand,
there is only one-level scheduler of JUS, which
means the application of any specific allocation
method used contrary to the SS scheme. In other
words, the users in the system are likely to rexeiv
data transmitted from all the available CCs
simultaneously, even though some users may use
only one CC to transmit data. a simple allocation
example is shown in Figure 6.Update of average
throughput in each CC is carried out in sequence,

U=3 Cc=4

Figure6. lllustration of the JUS scheme

7



Journal of Theoretical and Applied Information Technology
10" January 2014. Vol. 59 No.1 B

© 2005 - 2014 JATIT & LLS. All rights reserved-

" A mmmm—
F7aYTTI]

ISSN: 1992-8645 www.jatit.org E-I1SSI¥17-3195
5.2. Challengesin Carrier Scheduling Scheme is greatly challenging in the research of spectrum

With the fast development of communicationaggregation and scheduling mechanism.
technologies, the demand of radio spectrum is
increasing rapidly as a rare and aluable resourceé. CONCLUSIONS
The technology of spectrum aggregation is
important research and application.almost all ef thThis article gives an overview of CA technology to
work done in research works assume that aflupport very-high-data-rate communications in
spectrum bands in spectrum aggregation have tligure IMT-Advanced mobile systems. Continuous
same property while different spectrum bands vargnd non-continuous CAs are reviewed, we have
greatly in real networks, there are some challeng@lso demonstrated how CA provides opportunities
on carrier scheduling scheme we are going tattractive to managing the interference in
consider init. heterogeneous networks. we are also compared the
quality of service (QoS) performances of two
Determine  ideal = component carriersdifferent multi-user scheduling schemes in CA
scheduling scheme in LTE-A systems is a technicklased LTE-A systems, separated random user
challenge since one needs to satisfy the differestheduling (SRUS) and joint user scheduling (JUS)
requirements , it needs to handle packetsand some technical challenges on carrier
scheduling in multiple CCs environments, highscheduling scheme are reviewed.
system throughput must be achieved, and fairness
among users.Aggregating entire available carriel s CKNOWLEDGEMENT
for an LTE-A user equipment is not practical due to
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