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Abstract
The bandwidth demand for mobile Internet access is significantly increased with
the number of mobile users. Carrier aggregation has been proposed to answer
this demand in mobile networks. In carrier aggregation, the best available one
or more component carriers of each band are assigned to each user to provide
efficient services. Several works have been reported in the literature on mandatory and periodic component carrier assignment methods. Although the former
works, especially periodic component carrier assignment methods, have significantly improved the performance of LTE-A systems, many limitations still exist.
One limitation of previous works is that data transfer is interrupted during periodic component carrier assignment operations thus, decrease the performance
of the system. Therefore, in this paper, selective periodic component carrier assignment technique, which allows continuous data transfer during periodic carrier
assignment operations, is proposed and followed by integration of selective technique into four component carrier assignment methods: Least Load, Least Load
Rate, Random, and Channel Quality to observe the performance improvements.
Results indicate that the proposed selective technique increases the throughput ratio up to 18% and decreases average delay up to 50%. Our analysis and proposed
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rier assignment methods to improve the performance of the system by reducing
delay and increasing throughput ratio.
Keywords: LTE-A, component carrier assignment, resource allocation, queuing
analysis.
1. Introduction
Mobile devices (such as tablet, smartphones, etc.) are being an essential part
of human life [1–3]. This necessity results in an enormous growth in the number
of mobile devices. According to Gsma Intelligence report [4], the number of active mobile devices passed human population in the world. Currently, there are
7.6 billion mobile devices with 3.7 billion unique mobile subscribers [4]. In 2013,
the number of purchased smartphones passed one billion and in 2017, two billion
smartphones are expected to be sold [5]. The most notable reason for the increase
in the number of such devices is that the users can reach a wide range of applications under different platforms (e.g., GooglePlay, AppStore) by cutting cross
time and place restrictions [6–8]. For example, more than 100 billion applications
downloaded in 2013 and more than 250 billion applications are expected to be
downloaded in 2017 [5]. Therefore, the demand for bandwidth in mobile Internet
is increasing with the number of mobile users [9]. To answer the user demands,
Carrier Aggregation (CA) has been developed. In CA, multiple bands are used,
and the bands can have different communication coverages. With carrier aggregation and MIMO technologies, LTE-A system can provide 1.5 Gbps for uplink and
3 Gbps for downlink peak data rates to mobile users [10].
Figure 1 demonstrates a multi-band architecture scenario in mobile networks [10].
In the architecture, each band has several Component Carriers (CCs), and bandwidth of CCs can be 1.5MHz, 3MHz, 5MHz, 10MHz, 15MHz, and 20MHz. User
Equipment (UE) can simultaneously connect one or multiple carriers from different bands. Therefore, there are three types of CA, Intra-band contiguous,
Intra-band non-contiguous and Inter-band non-contiguous [10]. Base stations
(EnodeB) arrange the number of simultaneous connections of UEs from each
band. However, if Component Carrier Assignment (CCA) is not carefully designed, one band can be overloaded while the other bands can be idle. Thus,
carrier assignment methods significantly affect system performances [11, 12]. To
manage high performance in CA, mandatory [13, 14] and periodic [15] carrier assignment methods have been developed. Mandatory Component Carrier Assignment (mCCA) methods which only update carriers based on necessary changes
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Figure 1: eNodeB (eNB) with multi bands and several users.

(include path loss, CQI changes, etc.). However, In the periodic carrier assignment, CCs of all users are updated periodically in addition to mandatory carrier
assignment. As presented in [15], periodic carrier assignment improves the performance of LTE-A systems further. Nevertheless, one known limitation of such
system is interruption of data transfer during the periodic carrier assignment process. This interruption is due to reassignment all carriers of users at the same time
in periodic carrier assignment [15]. Such technique can be called as Joint Periodic Component Carrier Assignment Technique (j-pCCA). The performance of
periodic carrier assignment can be increased more because joint technique causes
frequent packet transfer interruptions and results in delay and packet drops during periodic carrier assignment operations. Therefore, the aim of this paper to
overcome packet interruptions of joint technique.
1.1. Objective and Contributions
The objective of this paper is to consider packet drops and delay which are
experienced by users during the periodic carrier assignment process and propose
selective periodic carrier assignment technique (s-pCCA) to increase the performance of periodic carrier assignment methods in LTE and LTE-A systems. The
main idea behind selective technique is to periodically and selectively update carriers for all users instead of update all carriers at the same time1 . The key contributions of this work are as follows: (i) Selective periodic carrier assignment
1

The detail information for selective technique is explained in Section 3.2
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technique is proposed. (ii) The system models for joint and selective techniques
are explained by using Disjoint Queue Scheduler [16]. (iii) The performance metrics for joint and selective techniques are analytically derived by using M/M/m/N
for Disjoint Queue Scheduler during carrier assignment operations and verified by
an extensive finite buffer simulation. (vi) Joint and selective techniques are compared by using four carrier assignment methods, Least Load (LL), Least Load
Rate (LR), Random (R), and Channel quality (CQ) (The detail information about
methods is given in Section 3.3) within an extensive simulation. Results indicate
that the proposed technique increases throughput ratio up to 18% and decreases
average delay up to 50% comparing to joint technique. Our proposed technique
and related analysis will help service providers build efficient periodic component
carrier assignment methods to increase throughput and decrease average delay
time.
1.2. Organization of the Paper
The rest of the paper is organized as follows: Section 2 summarizes the previous works. In Section 3, the system model of carrier assignment procedure for
joint and selective techniques are explained and followed by queuing analysis of
both techniques in Section 4. Simulation environments with parameters are described in Section 5. In Section 6, simulation results are presented and examined.
Lastly, Section 7 has the concluding remarks.
2. Related Works
Several carrier assignment methods have been proposed and analyzed [12, 17–
28] in the literature. In [12, 17], Round Robin and Mobile Hashing methods have
been investigated. Both of the methods are based on load balancing strategy.
In [18], firstly, Channel Quality Indicator (CQI) rates from all users for each component carrier are obtained, and then according to the highest rate, the carriers are
assigned to users. In [21], a service-based method is proposed by giving priority
for some traffic types while assigning carriers to users. In [19], Absolute and Relative carrier assignment methods are proposed according to a predetermined CQI
threshold and PCC CQI, respectively. In [20], G-factor is proposed by considering
load balancing for non-edge users to have better coverage for edge users. Edge
users are the users who are located away from eNB. In [22], firstly, bands of pico
and macro cells [29, 30] are decided according to interference, then beamforming
is used to provide service to each user. In [23], a self-organized method, which
presumes the availability of CQI for each resource block to avoid interference, is
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proposed. A resource block is the smallest unit of resources that can be allocated
to a user. In [24], the least loaded carriers with highest CQI are considered to assign carriers to users. In [25], the mobility of users is estimated in real time while
assigning carriers to users to decrease carrier reselection and handover. In [26–
28], uplink carrier assignment methods have been proposed by considering a ratio
function, traffic type and CQI to increase throughput while sending data from
users to eNB. While the objective of the uplink carrier assignment is to optimize
bandwidth and power limitation, downlink carrier assignment aims to optimize
only bandwidth.
In addition to the above methods, approaches to measure CQI have been proposed as well as packet scheduling algorithms in [31–36]. In [31–34], methods
are proposed to measure CQI. In [35, 36], full or partial feedbacks related to CQI
are used to determine the best available resource blocks in carriers for each user.
In [37], service-based methods are proposed by giving priority to some services
while assigning resource blocks to users. In [38, 39], multiple resource blocks are
allocated to users in such a way that delay is decreased. In [40, 41], uplink resource scheduling has been proposed by considering a ratio function, traffic type
and CQI to increase throughput while sending data from users to eNB.
All of the above works can be grouped under mCCA methods, and the further
information on current mCCA methods can be found in [13, 14]. In [15], a Periodic Component Carrier Assignment (pCCA) method is proposed, and carriers
are periodically assigned to each user in the specified time interval. Algorithms
such as Min-delay, higher CQI can be used in periodic carrier assignment methods to optimize delay or throughput of systems. For example, the periodic carrier
assignment method in [15] is a form of min-delay-based method, which attempts
to minimize delay which is experienced by users.
To overcome the packet interruptions, we have developed selective technique [42].
In [42], selective technique is compared to the two methods which are based on
random and load balancing strategies by using Joint Queue Scheduler [16]. In
this paper, selective technique is integrated into Disjoint Queue Scheduler [16],
the performances of selective and joint techniques are analyzed by using queuing
theory during carrier assignment operations according to Disjoint Queue Scheduler, the overall performance of joint and selective will be presented by an extensive simulation, and the analytic results are affirmed by an extensive finite buffer
simulation
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3. System Model with Joint and Selective Techniques
Figure 2 demonstrates a simple example of carrier assignment methods and
packet schedulers. There are n number of users, and each user can only connect
m number of CCs. Today, LTE-A system can only support up to five simultaneous
CCs connection for each user providing IMT-A level service [43]. One of the CCs
is Primary Component Carrier (PCC) for uplink and downlink, and can only be
updated during handover or cell reselection [43], and the rest of the carriers are
Secondary Component Carriers (SCCs) which are updated for each user based
on CQI of channels, path loss, and so on. However, as stated in [15], periodic
carrier assignment is a new method which tries to reassign all CCs periodically
in addition to mandatory carrier assignments. Thus, both PCC and SCCs are
updated during periodic carrier assignment operations for all users [15]. At the
CCs Assigner

UE1
Packets Scheduler

UE2

CC1
CC2

UEn

CCm

Figure 2: General system model with n users and m available CCs.

final stage of the carrier assignment process, Packed Scheduler transfers packets
over selected carriers in time and frequency domains. Currently, Proportional
Fairness and max-min are common packet schedulers in LTE systems [12, 15].
3.1. Joint Periodic Component Carrier Assignment (j-pCCA)
Mandatory carrier assignment methods allocate users to carriers based on mobility of users (including path loss, connection problems, low CQI and so on) because uplink and downlink carriers must be updated to maintain the connection.
On the other hand, periodic carrier assignment methods allocate users to carriers
based on time and periodically updates carriers in the specified time interval [15]
regardless of necessary changes. During joint periodic carrier assignment process,
all carriers are simultaneously updated for all users; packet transfer of users is thus
interrupted. After joint periodic carrier assignment process is completed, packet
transfer is restarted.
6

3.2. Proposed Selective Periodic Component Carrier Assignment (s-pCCA)
As explained in Section 3.1, the disadvantage of joint technique is the simultaneous reassignment of all carriers to users resulting in interruption of packet
transfer. To provide better service, we have proposed a novel method, selective
periodic carrier assignment, to overcome the disadvantage of joint technique. In
selective technique, only selected carriers of users are periodically updated. Nevertheless, it may update all carriers during the selective periodic carrier assignment
process according to the selection algorithm.
Our proposed Selective technique takes into account the time and CQI during the periodic carrier assignment process in addition to strategies of carrier assignment methods. For example, LL method with selective technique is given in
Algorithm 1 and processed as follows for each periodic time:
• The threshold of CQI is predetermined for selection Algorithm (The highest
possible CQI is selected as the predetermined threshold for s-pCCA). Here,
the threshold can be dynamically set by using user profile information for
each user as done in our past work [44].
• Partially or entirely CQI feedback is obtained to measure the carrier qualities for each user.
• Carriers are ascendingly sorted according to the number of served users
because of Least Load method (line 3 in Algorithm 1).
• The carriers, which have a higher CQI than the predetermined threshold, are
reassigned to each user. This is because of selective technique (from line 9
to line 19 in Algorithm 1).
• Select new carriers after finding out that the user needs new carriers (from
line 20 to line 33 in Algorithm 1).
• Until now, the newly assigned carriers have the least number of active users,
and their CQIs are equal or higher than the threshold. However, it is possible
not to have enough available carriers with desired quality. Therefore, it is
critical to test it (line 34 in Algorithm 1).
• Now assign more carriers to the user if the number of newly assigned carriers is not equal to the previous number of carriers for the user (from line 34
to line 47 in Algorithm 1). For example; assume that UEi receives data by
using C1 , C2 , and C3 component carriers; and CQI of C1 and C2 are lower
7

Algorithm 1 Selective technique with Least Load carrier assignment method.
1: procedure L EAST L OAD S ELECTIVE(userList, carrierList, cqiThreshold)[1]
2:
CarrierPairWithUserLoad Ð GetCarriersWithNumberOfUsersOnCarriers(carrierList)
3:
Sort(CarrierPairWithLoad)
4:
while user in userList do
5:
userType Ð GetUserType(user)
6:
numCC Ð GetMaxNumberCC(userType)
7:
carriers Ð GetUserCarrierList(user)
8:
k, i Ð 0
9:
while k ď numCC and i ď lenght(CarrierPairWithUserLoad) do
10:
if carriers.Contain(CarrierPairWithUserLoad[i]) then
11:
if isAssignable(CarrierPairWithUserLoad[i], user) then
12:
if carrierList[CarrierPairWithUserLoad[i].carrier].cqi ě cqiThreshold then
13:
toReturn[user][k] = CarrierPairWithUserLoad[i].carrier;
14:
k Ðk``
15:
end if
16:
end if
17:
end if
18:
iÐi``
19:
end while
20:
if k ă numCC then
21:
iÐ0
22:
while k ď numCC and i ď lenght(CarrierPairWithUserLoad) do
23:
if carriers.NotContain(CarrierPairWithUserLoad[i]) then
24:
if isAssignable(CarrierPairWithUserLoad[i]) then
25:
if carrierList[CarrierPairWithUserLoad[i].carrier].cqi ě cqiThreshold then
26:
toReturn[user][k] = CarrierPairWithUserLoad[i].carrier;
27:
k Ðk``
28:
end if
29:
end if
30:
end if
31:
iÐi``
32:
end while
33:
end if
34:
if k ă numCC then
35:
iÐ0
36:
while k ď numCC and i ď lenght(CarrierPairWithUserLoad) do
37:
if carriers.NotContain(CarrierPairWithUserLoad[i]) then
38:
if isAssignable(CarrierPairWithUserLoad[i]) then
39:
if carrierList[CarrierPairWithUserLoad[i].carrier].cqi ă cqiThreshold then
40:
toReturn[user][k] = CarrierPairWithUserLoad[i].carrier;
41:
k Ðk``
42:
end if
43:
end if
44:
end if
45:
iÐi``
46:
end while
47:
end if
48:
end while
49:
return toReturn
50: end procedure
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than the threshold. Therefore, selective technique chooses C1 and C2 to update. However, selective technique only finds CQI of C4 is equal or higher
than the threshold from all available CCs for UEi . Therefore, LL method
with selective technique assigns C4 and the CC, which has the least number
of active users to UEi .
• To increase the efficiency and QoS, the packet transferring priority is given
to the CC, which belongs to Band-c, then Band-b, and then Band-a.
Similar to the carrier assignment of LL method with selective technique (which
is explained above), LR, R and CQ methods with selective technique are processed
as above except that the strategies of the carrier assignment methods. The method
details are explained in Section 3.3.
3.3. Methods
To examine the impacts of joint and selective techniques on carrier assignment, four different carrier assignment methods are used. The methods are Random (R), Least Load (LL), Least Load Rate (LR) and Channel Quality (CQ).
The methods are chosen because of their common usage in the literature, and the
methods use different properties while assigning carriers to users.
3.3.1. Random (R)
R method is one of the well-known methods in the literature [12]. R randomly
selects carriers for users. Hence, it only well balances user loads across carriers in
long term. However, R method disregards Quality of Service (QoS) requirements
of each user and CQI of channels.
3.3.2. Least Load (LL)
LL method is also one of the well-known methods in the literature [12]. LL
assigns users to least loaded carriers. Thus, it well balances user loads across
carriers in short and long terms [12]. However, LL method also disregards QoS
requirements of each user and CQI of channels. It is important to note that ignoring CQI does not mean the performance of LL method is lower than other
methods.
3.3.3. Channel Quality (CQ)
There are several versions of CQ similar to the approach presented in [19].
Here, CQ method assigns carriers to users by selecting the carriers which have
the highest CQI [35], and it is similar to Relative method in [19]. Therefore, user
9

loads and QoS requirements of users are ignored. It is important to note that CQI
can be varied according to positions of UEs because of obstacles and distance.
3.3.4. Least Load Rate (LR)
LR method assigns carriers to users by selecting the highest rate which is
measured by using total capacity in terms of bandwidth, the number of users and
CQI for each carrier. The rate is measured as follows as similar to [18] but instead
of considering only CQI rate (queue length is considered in the packet scheduling
rather than carrier assignment for all methods), we have used the number of users.
Rate “

CQI of carrier ˚ Bandwidth of carrier
The number of users on carrier

(1)

4. Analysis
In this section, analytic expressions of performance metrics will be derived
for joint and selective techniques during periodic carrier assignment operations
by using queuing theory according to Disjoint Queue Scheduler.
4.1. Notations
The notations used for the analysis in the rest of the paper are listed in Table 1.

Table 1: Notations.

i
j
QCCij
N
µj
λj
λi
λij
δ
n
D

P t1, 2, ..., nu
P t1, 2, ..., mu
Queue of UEi for CCj
Size of Queues
Service rate of CCj
Packet arrival rate to j th queue
Packet arrival rate of UEi
Packet arrival rate of UEi to j th queue
Average delay during carrier reassignment
Average queue length during carrier reassignment
Drop probability during carrier reassignment
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4.2. Queuing Models of j-pCCA and s-pCCA for Downlink
Figure 3 illustrates the downlink process for n users with one CC. The queuing
model scheduler is Disjoint Queue Scheduler [16]. We have used Disjoint Queue
Scheduler because Disjoint Queue Scheduler is more realistic than Joint Queue
Scheduler [13]. While Joint Queue Scheduler allows each user to have a single
buffer for all CCs [16], Disjoint Queue Scheduler allows all CCs to have disjoint
buffers for each user as shown in Figure 3.
λ1𝑗

QCC1𝑗

λ2𝑗

QCC2𝑗

λ𝑛𝑗

QCC𝑛𝑗

UE1
μ𝑗

UE2

UEn

Figure 3: Downlink Disjoint Queue Model with n users and one available CC.

Downlink packet arrival rate for UEi is λi , each CC represented by a server
and service rates of CCs are µj where j P t1, 2, . . . , mu and each buffer, Qj ,
can hold at most N packets. Packet schedulers enqueue an arrived packet which
is requested by a user to one of the assigned CCs. During joint periodic carrier
assignment operation, packet transfer of UEi is terminated all the time. However,
packet transfer of UEi is terminated if all carriers need to be updated, or if PCC
needs to be updated during selective periodic carrier assignment operations (If
PCC is updated then all carriers may be required to be updated). Therefore, there
are three cases in the system for joint and selective techniques:
• Case 1: PCC is required to be updated. Therefore, SCCs may need to be
updated.
• Case 2: All carriers are required to be updated.
• Case 3: SCCs need to be updated, but PCC is not required to be updated.
It is worth to note that if it were possible to convert one of SCCs as PCC when
PCC is required to be updated in LTE-A, there would be four cases. Simply,
Case 1 would be divided into two cases: Case 1-a: There is one SCC, which is
not required to be updated, can be altered as PCC. Case 1-b: There is no such
SCC. Therefore, all carriers are required to be updated. It is important to note that
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while PCC is updated, SCCs may not require being updated because the RRCConnectionReconfiguration IE may contain a list of new SCCs which are same or
different sets of carriers.
The performance metrics of joint and selective techniques are same for Case
1 and Case 2. Hence, only Case 3 is explained to distinguish differences between
joint and selective techniques. During periodic assignment operation (Case 3)
in joint technique for UEi , the packet transfer operation is as follows: (i) Packet
transfer is interrupted for the user; (ii) All CCs of the user are updated; (iii) Packet
transfer is restarted for the user over new carriers. On the other hand, during
periodic carrier assignment operations (Case 3) in selective technique, the process
is as follows: (i) For all users, some carriers (CCs) are selected to be updated
according to the selective algorithm (here, it is based on channel quality indicator);
(ii) Packet transfer is only interrupted on carriers which are needed to be updated
for each user; (iii) New carriers are assigned to users; (iv) Packet transfer is started
on new carriers for the users.
4.3. Assumptions
To make the model analytically tractable, it is assumed that there is only one
UE in the system as demonstrated in Figure 4. All carriers are capable of transferring all types of packets, the queuing system is under heavy traffic flows, packet
arrivals follow Poisson distribution, and service times for packets are exponentially distributed. Type of queue discipline used in the analysis is FIFO. Bandλ𝑖𝑝

QCC𝑖p

λ𝑖𝑠

QCC𝑖𝑠

μp
μs

UEi

Figure 4: Downlink system model with one user with primary and secondary carrier queues.

width and CQI of carriers can be different. Thus, service rate of all servers can
also be different. The assumption of one user in the system makes the derivation
of analytical expressions of performance metrics simpler.
The model can be more realistic by considering priority-based packet arrivals.
In such system, packets are classified according to their priorities; then the priority queue system will be used to derive of analytical expressions of performance
metrics. In [45], we consider priority-based packet arrivals while deriving the analytical expressions. Therefore, it is assumed that the system has one user without
packet classification in this model. Moreover, assuming existence of more than
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one user in the system will not affect realism of the system model while deriving
of analytical approximations because the arrival rate (λ) can be considered to represent arrival rates of multiple users rather than one user, and there would be more
than one service rate of primary and secondary component carriers.
4.4. Performance Metrics
In this subsection, we approximately derive drop rate, average queue length,
and average delay for joint and selective technique for Case 3 because the performance metrics of joint and selective techniques are same for Case 1 and Case 2. In
both joint and selective techniques, min-delay scheduler is used, and the system
is under heavy traffic flows. Consequently, the total service rate (µp ` µs ) and
overall arrival rate (λi ) can be used instead of a separate analysis for both queues.
In joint periodic carrier assignments, all carriers are updated for UEi . Therefore, the service rate is zero, and the system is not in steady state. Hence, we only
mention the possibilities for the performance of joint technique. On the other
hand, we approximately derive performance metrics of selective technique.
The drop probability of packets in the system for UEi can be approximated
using standard M/M/1/N formula as follows [46]:
$
’
&

ρi ptqN p1´ρi ptqq
,
1´ρi ptqN `1

ρi ptq ‰ 1

’
%

1
N `1 ,

ρi ptq “ 1

Di ptq “

where
ρi ptq “

(2)

λi ptq
.
µp ptq ` µs ptq

(3)

The average queue length for UEi in selective technique can also be approximated
by using standard M/M/1/N formula as follows [46]:
$ ρ ptq´pN `1qρ ptqN `1 `N ρ ptqpN `2q
i
i
i ¯
´
¯´
’
, ρi ptq ‰ 1
’
&
1´ρi ptq
1´ρi ptqN `1
ni ptq “
(4)
’
’
%N
,
ρi ptq “ 1
2
By Little’s Law [47], and using Eqs. (2) and (4); average delay (δi ptq) for UEi can
be written as:
ni ptq
δi ptq “
.
(5)
λi p1 ´ Di ptqq
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Similarly, drop probability (Di ptq) and average queue length (ni ptq) of selective technique can be represented by using same Eqs. (2), (4), and (5) during the
periodic carrier assignment process. However, ρi ptq needs to be updated as:
$ λ ptq
i
’
& µp ptq`µs ptq , µs ptq ‰ 0
(6)
ρi ptq “
’
% λi ptq ,
µs ptq “ 0
µp ptq
Since selective technique may or may not interrupt packet transfers for UEi , service time will be at most 1{µp ptq and at least 1{pµp ptq ` µs ptqq. In other words, if
there are m CCs of which v are not updated (assuming v ď m and CC1 , CC2 , . . .
, CCv are not updated during the periodic carrier assignment process, and CC1 is
PCC), then;
λi ptq
.
(7)
ρi ptq “ ř
v
µk ptq
k“1

On the other hand, for joint technique, average queue length (n) will be n « N .
Therefore, average delay (δ) will be δ « 8. However, because periodic carrier
assignment time duration is limited to a number (assume τ ), then δ “ τ
In Section 4.4, we approximately derive analytic performance metrics for selective technique and possible performance values of joint technique for Case 3.
The obtained queue-based delay performance for joint and selective periodic carrier assignment shows that selective technique has improved the performance of
the system during periodic carrier assignment operations (the simulation result of
delay during the periodic carrier assignment process in Figures 5 and 6 also verifies the correctness of the improvements.). However, overall system performance
metrics can be different because service rates of carriers for each user are time
and position dependent. Therefore, we have implemented simulation to observe
the overall system performances of joint and selective techniques.
5. Simulation of the System
Discrete event simulation has been implemented in Java by considering carrier
assignment methods which are mentioned in Sections 3 and 3.3 in addition to
eNB specifications, modulations, device-type-based carrier aggregation, signaling
ranges, CQI feedback and reporting, and resource block assignment for each user.
Simulation setups and the parameters are explained in following subsections.
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5.1. Assumptions for eNBs
It is assumed that there is only one eNB which has three bands to provide
service to users. The parameters of eNB are given in Table 2.
Table 2: eNB parameters.

Scenario [48]
Number of eNB
Used Bands
Number of CCs in Each Band
Total Number of CCs
Queue Length of Each Queue
Bandwidth of CCs
Modulations
CQI
Transmission Time Interval
Time for CCA
CQI Threshold
Simulation Model

b
1
800MHz, 1.8GHz, 2.6GHz
4
12
50 packets
10MHz
BPSK, QPSK, 16QAM, and 64QAM
3, 5, 7, and 11
10ms (10ms is average, it can be more or less)
20ms (at most 20ms)
The highest possible
Finite buffer [49]

In the simulation, Scenario b is used to represent the general macro model.
Only one eNB is considered not to deal with the handover process in case users
change base stations. However, assuming one eNB does not affect the obtained
results in terms of performance comparison between methods. The eNB provides
service to users by using three bands similar to real case scenarios. Each band
can have four CCs with 10MHz bandwidth. The number of CCs in each band is
selected as four because LTE-A type equipment can connect at most four CCs to
download data. Therefore, even a LTE-A type user in the coverage of only Band-a
can connect four CCs to get services similar to real case scenario. Aggregated carriers can be from same or different bands. Therefore, Carrier aggregation type can
be any of Intra-band contiguous, Intra-band non-contiguous and Inter-band noncontiguous. Although each CA type has some advantages over others, we assume
the system behaves as Inter-band non-contiguous CA in the simulation. To simulate saturation of the system, a higher number of CCs are not selected. 10MHz
and 20MHz bandwidths are used in LTE-A to provide IMT-A level speed [48].
Therefore, 10MHz bandwidth is used in the simulation. BPSK, QPSK, 16QAM
and 64QAM are the modulation techniques to transfer bits according to CQI in
LTE systems. Therefore, to simulate those modulations, four CQI levels are used,
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and each CQI level is the modulation changing point. The average Transmission
Time Interval (TTI) is 10ms for a packet (TTI can be less or more according to different packet sizes) to simulate the low and high latency requirements because the
accepted TTI in LTE is 1ms to meet the low latency requirements [48]. To show
the lowest improvements of selective technique comparing to joint technique, time
for CCA is kept as 20ms and lower because the carrier assignment operations can
consume a considerable amount of time according to carrier assignment methods. In the simulation, finite buffer model is used because finite buffer model well
presents the reality comparing to full buffer model [49].
5.2. Assumptions for UEs
There are two types of equipment, LTE and LTE-A types, in the system. Half
number of equipment is LTE type and can only use one carrier and the other
half are LTE-A type and can use multiple carriers (up to five). In the simulation,
four CCs can be simultaneously used by LTE-A type equipment because maximum five CCs can be used by LTE-A type equipment, and one of them must be
used for upload primary component carriers (see Section 3). Users are initially
non-uniformly distributed in the simulated area which means that most users are
located nearby to eNB. 50% of users can move around of the eNB in the specified
time interval according to random waypoint model [50].
Each user can only download one type of traffic. Packet arrivals follow Pareto
Distribution with shape parameter 2.5 and different packet arrival rates. Pareto
Distribution is selected for simulation because Pareto-based traffic models well
simulate the high-speed networks with unexpected demand on packet transfers by
considering the long-term correlation in packet arrival times [51]. If there is one
user in the system, the total packet arrival rate is 250 per second. If there are two
users in the system, the total packet arrival rate is 500 per second. Different users
can have distinct or same packet arrival rates. During the simulation, at most each
user can generate 10000 packets, and the packet service times are between one
to ten ms. The arrival rate and packet sampling is simulated in such a way as be
more realistic and suitable to finite buffer simulation [49]. Therefore, total arrival
rates of traffic are enlarged when the number of users increases.
It is important to note that we also tested our system with Poisson Distribution. Although there are some similarities and differences between the result
which are obtained by using Poisson and Pareto distributions, selective technique
is better than joint technique in both distributions. Therefore, we only give the
results based on Pareto Distribution. Moreover, we also tested joint and selective
techniques by using different predetermined thresholds than the highest possible
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threshold to see the effects of threshold on selective technique. Although the
performance of selective techniques decreases for the lowest possible threshold,
again selective techniques are better than joint technique.
5.3. Packet Scheduling
In the simulation, we have used a min-delay packet scheduling method to
compare joint and selective techniques. Proportional Fairness is not preferred
because Proportional Fairness packet scheduling can block packet transfers [12].
Therefore, the performance of carrier assignment methods could not be observed
correctly.
Packet arrival traffic is kept same for all test cases. Because of UEs and eNB
positions, CQI Index for all carriers can be one of four options which are given
in Table 2. Each packet is transferred by using one of the assigned carriers. To
increase the efficiency and QoS, the packet transferring priority is given to the CC,
which is the closest to the eNB and minimizes packet delay if multiple carriers
are available. If there are no available assigned carriers to serve arrived packets,
packets are enqueued to corresponding user queues. The queue for each user in
each carrier can hold 50 packets. Buffer sizes are kept small [52], similar to real
routers to reduce packet delay. If there are not any empty spaces in queues, arrived
packets are dropped.
5.4. Observation Methodology
The results in Section 6 are averages of 200 realizations for different size of
users. The impacts of light and heavy user loads on joint and selective techniques are investigated by using four different methods which are explained in
Section 3.3. The methods are selected for test cases because of common usage in
the literature and simplicity. In each figure, the method name is given on the title
and labels are used to distinguish joint and selective techniques.
We present the performance of joint and selective techniques by comparing
CC utilization, throughput ratio, and delay. Confidential intervals because of realization results from different simulation runs are also presented according to %95
level. However, the confidential intervals are insignificant because of three reasons. First, the packet arrivals follow Pareto Distribution; thus, the differences
between the obtained results from the different realizations are insignificant. Second, the number of samples is high regarding realizations and sampled packets
though random waypoint model. Third, the confidential intervals for true mean
values are obtained by using z-score.
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CC utilization shows how efficiently CCs are used. It is measured by dividing
the busy time of CCs to simulation time. Throughput ratio indicates how much
data are successfully transferred out of generated packets and is measured by dividing transferred packets to all processed packets. Therefore, while the number
of users is increased, throughput ratio decreases because of carriers capacities.
Block rate is not given because it is just the inverse of throughput ratio.
Average delay per packet shows how much time a packet waits to transfer.
Here, waiting time of dropped packets is ignored, and only delay of transferred
packets is considered. It is determined based on waiting time in queues with service time. Additionally, delay and drop rate which are experienced by packets
during the periodic carrier assignment process are shown to verify the analytic
approaches in Section 4. To measure the delay during carrier assignment operations, we consider the time of packet arrival, the beginning time of carrier assignment process and the finishing time of carrier assignment process for each
packet. After summing delays by experience by all packets during carrier assignment operations, the sum is divided by the number of processed packets (transferred and dropped packets). Drop rate during the carrier assignment operations
is measured by dividing the total number of dropped packets during the carrier
assignment operations to the number of processed packets. Some packets may or
may not experience delay because of carrier assignment process, but the overall
delay is affected by any delay. Furthermore, the performances of joint and selective techniques are evaluated in terms of equipment types (LTE and LTE-A type
equipment) by using the explained performance metrics.
As a result of delay, throughput ratio and CC utilization comparison between
joint and selective techniques, trade-off between resource usage and managed QoS
are compared.
6. Results
In this section, delay experienced by users during carrier assignment operations, overall system performance and equipment type based performance are
presented for joint and selective techniques.

18

6.1. Delay during Carrier Assignment Operations
In this section, delay, which is the sum of the partial delays, due to carrier
assignment operations is presented to show how different methods are affected
by joint and selective techniques in terms of delay. Figure 5 demonstrates delay
due to carrier assignment operations for joint and selective techniques. When the
number of users is 10 and 25, delay is lower than 0.03 second for all methods
and delay is significantly lower in selective technique. When the number of users
is 50 and more, delay also gradually increases for all cases, but delay of joint
is again higher than delay of selective for the methods due to less number of
packet interruption in selective technique. However, delay gap between joint and
selective technique is decreasing while the number of users is raising. Figure 5
shows that selective technique significantly reduces delay experienced by packets
during carrier assignment operations.

Figure 5: Delay during periodic carrier assignment operations for joint and selective techniques.

6.2. Packet Drop Rate during Carrier Assignment Operations
In this section, packet drop rate, which is the rate of dropped packets during the
carrier assignment operations to the all served and dropped packets, is presented
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to show how different methods are affected by joint and selective techniques in
terms of packet drops. Figure 6 shows packet drop rate due to carrier assignment
operations for joint and selective techniques. When the number of users is 10
and 25, packet drop rates in selective technique are significantly lower than the
ones in joint technique because selective technique does not block the service
during the carrier assignment operations. However, when the number of users is
50 and more, the gain is decreasing because the number of users in the system
is high; therefore, the number of the arrived packets to the system during carrier
assignment operations are high. Figure 6 shows that selective technique reduces
the packet drop rate, especially when the system has a low number of users.

Figure 6: Packet Drop Rate during periodic carrier assignment operations for joint and selective
techniques.

6.3. Overall Performance of the System
In this subsection, overall system performance of the methods with joint and
selective techniques is presented by using utilization, average delay and throughput ratio.
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6.3.1. Utilization
Figure 7 shows carrier utilization for the methods with joint and selective techniques. Due to heavy data traffic loads, utilization is similar and almost equal to
1.0 for LL, LR and R methods with both techniques when the number of users
is 50 and more. However, CQ has slightly lower utilization than other methods.
When the number of users is 25 and less, R and CQ have lower utilization than LL
and LR for joint and selective technique. CQ has the lowest utilization for both
techniques because load balancing affects system more when the system is under
heavy data traffic flows.

Figure 7: Utilization of CCs for joint and selective techniques.

6.3.2. Average Delay
Figure 8 demonstrates average delay per packet for the methods with joint
and selective techniques. When the number of users is increasing, delay is also
regularly getting higher for all cases due to a large number of packet arrivals. In all
cases, selective technique is better than joint technique as shown in Figure 8. For
instance, the average delay of joint technique is between 0.06 and 0.47 seconds for
all methods when the number of users is 50 and less. However, the average delay
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Figure 8: Average delay per packet for joint and selective techniques.

of selective technique is between 0.03 and 0.22 seconds for the same number of
users. Therefore, selective technique decreases the average delay up to 50%.
When the number of users is 75 and more, the average delay is changing between 0.93 and 1.25 seconds for joint technique. However, the average delay is
between 0.80 and 1.08 seconds for selective technique. Therefore, selective technique improves the average delay up to 15% while the system is under heavy data
traffic loads. It is worth to mention that while the number of users is increasing
(after 50 users), the average delay gap between selective and joint is decreasing
for all methods as expected. This is due to the capacity limitation of the system.
6.3.3. Throughput Ratio
Figure 9 shows throughput ratio for joint and selective techniques. Throughput
ratio is gradually decreasing for all cases while the number of users is increasing.
For all cases, selective technique has higher throughput ratio than joint technique.
While the number of users is 25 and less, selective technique improves throughput
ratio up to 14% (almost 0.87 to 0.99) in LL and R methods comparing to joint
technique. Selective technique also increases throughput ratio of LR and CQ, but
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Figure 9: Throughput ratio for joint and selective techniques.

the improvement is not as significant as LL and R methods for the same number
of the users. When the number of users is 50, selective technique improves even
more (up to 18%). However, throughput ratio improvement for a higher number
of users (more than 50) is not as much as for a lower number of users in LL and
R methods due to carrier capacity and packet arrival rates.
Moreover, all methods with selective technique have almost optimum (=1.0)
throughput ratios when the number is 25 and less. However, only LR method with
joint technique has an almost optimum throughput ratio for the same number of
users. It is worth to mention that LL and LR methods have almost the same and
the highest throughput ratios in selective technique and LR method has the highest
throughput in joint technique.
6.4. Delay and Throughput Ratio According to Equipment Types
In the following subsections, the experienced performance by each equipment
type (LTE and LTE-A equipment types) for four methods with selective and joint
techniques is presented according to delay and throughput ratio. Equipment based
comparison is shown because we are interested in the results of how the users of
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Figure 10: Average delay per packet of LTE type devices for joint and selective techniques.

different types of equipment will be affected by joint and selective techniques if
there are multiple types of equipment in the system.
6.4.1. Average Delay
Figures 10 and 11 show average delays per packet which are experienced by
LTE and LTE-A type equipment, respectively. When the number of users is 25
and less, delay of LTE type equipment is higher than delay of LTE-A type equipment for all methods because there is only one assigned CC to serve for LTE
type equipment and multiple assigned CCs for LTE-A type equipment. Due to
light packet arrival, the carriers are not busy all the time. Thus, packets of LTE-A
type equipment does not experience much delay. For the same number of users,
selective technique remarkably decreases average delay of LTE type equipment
and slightly improves average delay of LTE-A type equipment comparing to joint
technique for all methods. This shows that joint technique frequently interrupts
packet transfersg for LTE type devices.
When the number of users increases to 50 and more, there are slight differences between delays of LTE and LTE-A type equipment because LTE type
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Figure 11: Average delay per packet of LTE-A type devices for joint and selective techniques.

equipment makes carriers busier due to higher packet arrival rates. However, all
methods with selective technique have up to 50% lower delays for both LTE and
LTE-A type equipment because interruption of packet transfers is lower in selective technique. Additionally, the delay gap of LTE type equipment between joint
and selective techniques is decreasing while the number of users is increasing.
This is also true for LTE-A type equipment when the number of users is 50 and
more.
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Figure 12: Throughput ratio of LTE type devices for joint and selective techniques.

6.4.2. Throughput Ratio
Figures 12 and 13 demonstrate throughput ratio which is experienced by LTE
and LTE-A types equipment for joint and selective techniques. Throughput ratio
of LTE type equipment is lower than throughput ratio of LTE-A type equipment
for all methods because of different capacities of equipment. Throughput ratio
of LTE-A type equipment is 1.0 for both joint and selective techniques when the
number of users is 50 and lower. However, only LR with joint technique and all
methods with selective technique have almost 1.0 throughput ratio for LTE type
equipment when the number of users is 25 and less. This shows that selective
technique significantly increases throughput ratio of LTE type equipment (almost
up to 35%). Additionally, selective technique also improves throughput ratio of
LTE-A type equipment for all methods when the number of users is 75 and more.
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Figure 13: Throughput ratio of LTE-A type devices for joint and selective techniques.

6.5. Summary of Results
Based on the results, we make the following observations: (i) Joint technique shows that LTE type equipment traffic suffers higher delay than LTE-A
type equipment traffic due to interruptions of packet transfers; (ii) Selective technique significantly enhances the performance of LTE and LTE-A. However, the
improvement in LTE type equipment is higher than the improvement in LTE-A
type equipment because of the capacity of LTE type equipment; (iii) Selective
technique remarkably decreases overall (up to 50%) average delay and improve
(up to 18%) throughput ratio comparing to joint technique.
7. Conclusion and Future Works
In this paper, selective periodic component carrier assignment technique is
proposed by considering the behavior of the system during component carrier assignment operations. The performances of current joint and proposed selective
component carrier assignment techniques are compared by using analytic analysis based on queuing theory and an extensive simulation. Both techniques are
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analyzed according to not only the overall system performance but also the device
based performance. Results show that the proposed technique efficiently uses system resources and improves the overall throughput ratio up to 18% and average
delay up to 50% in LTE and LTE-A systems. Our proposed technique and related
analysis will help service providers build efficient periodic component carrier assignment methods to improve performance metrics such as throughput ratio and
delay.
Acknowledgment
This research was supported in part by U.S. NSF grants NSF-1404981.
References
[1] M. L. Smith, R. Spence, and A. T. Rashid, “Mobile phones and expanding human capabilities,” Information Technologies & International Development, vol. 7, no. 3, pp. 77–88, 2011.
[2] D. Pareit, B. Lannoo, I. Moerman, and P. Demeester, “The history of
WiMAX: A complete survey of the evolution in certification and standardization for IEEE 802.16 and WiMAX,” IEEE Communications Surveys Tutorials, vol. 14, no. 4, pp. 1183–1211, Fourth quarter 2012.
[3] R. Baldemair, E. Dahlman, G. Fodor, G. Mildh, S. Parkvall, Y. Selen,
H. Tullberg, and K. Balachandran, “Evolving wireless communications:
Addressing the challenges and expectations of the future,” IEEE Vehicular
Technology Magazine, vol. 8, no. 1, pp. 24–30, Mar 2013.
[4] Gsma-Intelligence. Definitive data and analysis for the mobile industry.
Accessed: Feb 10, 2016. [Online]. Available: https://gsmaintelligence.com/
[5] F. Richter. (2013, Sep) Smartphone sales break the billion barrier. Accessed:
June 12, 2014. [Online]. Available: http://www.statista.com/chart/777/
global-connected-device-shipments/
[6] Y. Xu and S. Mao, “A survey of mobile cloud computing for rich media
applications,” IEEE Wireless Communications, vol. 20, no. 3, pp. 46–53,
June 2013.

28

[7] D. Kovachev, Y. Cao, and R. Klamma, “Mobile cloud computing: A comparison of application models,” CoRR, vol. abs/1107.4940, 2011.
[8] A. Khan, M. Othman, S. Madani, and S. Khan, “A survey of mobile cloud
computing application models,” IEEE Communications Surveys Tutorials,
vol. PP, no. 99, July 2013.
[9] H. Singh, J. Hsu, L. Verma, S. S. Lee, and C. Ngo, “Green operation of
multi-band wireless LAN in 60 GHz and 2.4/5 GHz,” in Consumer Communications and Networking Conference (CCNC), Las Vegas, NV, Jan 9-12,
2011, pp. 787–792.
[10] 3GPP. (2015, Oct) LTE; evolved universal terrestrial radio access
(E-UTRA) and evolved universal terrestrial radio access network (EUTRAN); overall description; stage 2 (3GPP TS 36.300 version
12.7.0 Release 12) . Accessed: Nov 18, 2015. [Online]. Available:
http://www.3gpp.org/dynareport/36300.htm
[11] I. F. Akyildiz, D. M. Gutierrez-Estevez, and E. C. Reyes, “The evolution to
4G cellular systems: LTE-Advanced,” Physical Communication, vol. 3, pp.
217–244, Mar 2010.
[12] Y. Wang, K. Pedersen, T. Sorensen, and P. Mogensen, “Carrier load balancing and packet scheduling for multi-carrier systems,” IEEE Transactions on
Wireless Communications, vol. 9, no. 5, pp. 1780–1789, May 2010.
[13] H. Lee, S. Vahid, and K. Moessner, “A survey of radio resource management for spectrum aggregation in LTE-Advanced,” IEEE Communications
Surveys Tutorials, vol. 16, no. 2, pp. 745–760, Second quarter 2014.
[14] E. Ahmed, A. Gani, S. Abolfazli, L. Yao, and S. Khan, “Channel assignment algorithms in cognitive radio networks: Taxonomy, open issues, and
challenges,” IEEE Communications Surveys Tutorials, vol. 18, no. 1, pp.
795–823, First quarter 2016.
[15] X. Cheng, G. Gupta, and P. Mohapatra, “Joint carrier aggregation and packet
scheduling in LTE-Advanced networks,” in Communications Society Conference on Sensor, Mesh and Ad Hoc Communications and Networks, New
Orleans, LA, June 24-27, 2013, pp. 469–477.

29

[16] L. Chen, W. Chen, X. Zhang, and D. Yang, “Analysis and simulation for
spectrum aggregation in LTE-Advanced system,” in 70th Vehicular Technology Conference, Anchorage, AK, Sep 20-23, 2009.
[17] Y. Wang, K. Pedersen, P. Mogensen, and T. Sorensen, “Resource allocation
considerations for multi-carrier LTE-Advanced systems operating in backward compatible mode,” in IEEE International Symposium on Personal, Indoor and Mobile Radio Communications, Tokyo, Sep 13-16, 2009, pp. 370–
374.
[18] H. Tian, S. Gao, J. Zhu, and L. Chen, “Improved component carrier selection
method for non-continuous carrier aggregation in LTE-Advanced systems,”
in IEEE Vehicular Technology Conference (VTC Fall), San Francisco, CA,
Sep 5-8, 2011.
[19] L. Liu, M. Li, J. Zhou, X. She, L. Chen, Y. Sagae, and M. Iwamura, “Component carrier management for carrier aggregation in LTE-Advanced system,”
in IEEE Vehicular Technology Conference, Budapest, May 15-18, 2011.
[20] H. Wang, C. Rosa, and K. Pedersen, “Performance analysis of downlink
inter-band carrier aggregation in LTE-Advanced,” in IEEE Vehicular Technology Conference, San Francisco, CA, Sep 5-8, 2011.
[21] F. Liu, W. Xiang, Y. Zhang, K. Zheng, and H. Zhao, “A novel QoE-based
carrier scheduling scheme in LTE-Advanced networks with multi-service,”
in Vehicular Technology Conference, Quebec City, Canada, Sep 3-6, 2012.
[22] C. Sun, H. Qing, S. Wang, and G. Lu, “Component carrier selection and
beamforming on carrier aggregated channels in heterogeneous networks,”
Communications and Network, vol. 5, no. 3B, pp. 211–216, Sep 2013.
[23] A. Shahid, S. Aslam, S. Sohaib, H. S. Kim, , and K.-G. Lee, “A selforganized metaheuristic approach towards inter-cell interference management for LTE-Advanced,” EURASIP Journal on Wireless Communications
and Networking, Oct 2014.
[24] H. Tang, Y. Tian, H. Wang, and R. Huang, “A component carrier selection algorithm based on channel quality for LTE-Advanced system with carrier aggregation,” Journal of Computational Information Systems, pp. 8953–8962,
Oct 2014.
30

[25] Z. Chen, G. Cui, C. Zhai, W. Wang, Y. Zhang, and X. Li, “Component carrier
selection based on user mobility for LTE-Advanced systems,” in IEEE 78th
Vehicular Technology Conference (VTC Fall), Las Vegas, NV, Sep 2-5, 2013.
[26] H. Wang, C. Rosa, and K. Pedersen, “Uplink component carrier selection
for LTE-Advanced systems with carrier aggregation,” in IEEE International
Conference on Communications, Kyoto, June 5-9, 2011.
[27] R. Sivaraj, A. Pande, K. Zeng, K. Govindan, and P. Mohapatra, “Edgeprioritized channel- and traffic-aware uplink carrier aggregation in LTEAdvanced systems,” in International Symposium on a World of Wireless,
Mobile and Multimedia Networks, San Francisco, CA, June 25-28, 2012.
[28] S. N. K. Marwat, Y. Dong, X. Li, Y. Zaki, and C. Goerg, “Novel schemes
for component carrier selection and radio resource allocation in lte-advanced
uplink,” in Mobile Networks and Management, ser. Lecture Notes of the Institute for Computer Sciences, Social Informatics and Telecommunications
Engineering, R. Agero, T. Zinner, R. Goleva, A. Timm-Giel, and P. TranGia, Eds. Springer International Publishing, 2015, vol. 141, pp. 32–46.
[29] A. Dudnikova, D. Panno, and A. Mastrosimone, “Measurement-based coverage function for green femtocell networks,” Computer Networks, vol. 83,
pp. 45 – 58, Mar 2015.
[30] A. Aguilar-Garcia, S. Fortes, M. Molina-Garca, J. Calle-Snchez, J. I.
Alonso, A. Garrido, A. Fernndez-Durn, and R. Barco, “Location-aware selforganizing methods in femtocell networks,” Computer Networks, vol. 93,
Part 1, pp. 125 – 140, Oct 2015.
[31] R. Nordin and M. Ismail, “Partial feedback scheme with an interferenceaware subcarrier allocation scheme in a correlated LTE downlink,” in 19th
Asia-Pacific Conference on Communications, Denpasar, Aug 29-31, 2013,
pp. 643–648.
[32] X. Chen, H. Yi, H. Luo, H. Yu, and H. Wang, “A novel CQI calculation
scheme in LTE\LTE-A systems,” in International Conference on Wireless
Communications and Signal Processing, Nanjing, Nov 9-11, 2011.
[33] S. Donthi and N. Mehta, “Performance analysis of subband-level channel
quality indicator feedback scheme of LTE,” in National Conference on Communications, Chennai, Jan 29-31, 2010.
31

[34] N. Kolehmainen, J. Puttonen, P. Kela, T. Ristaniemi, T. Henttonen, and
M. Moisio, “Channel quality indication reporting schemes for UTRAN long
term evolution downlink,” in IEEE Vehicular Technology Conference, Singapore, May 11-14, 2008, pp. 2522–2526.
[35] L. xiang Lin, Y. an Liu, F. Liu, G. Xie, K. ming Liu, and X. yang Ge, “Resource scheduling in downlink LTE-Advanced system with carrier aggregation,” The Journal of China Universities of Posts and Telecommunications,
vol. 19, no. 1, pp. 44 – 49, Feb 2012.
[36] S.-B. Lee, S. Choudhury, A. Khoshnevis, S. Xu, and S. Lu, “Downlink
MIMO with frequency-domain packet scheduling for 3GPP LTE,” in IEEE
INFOCOM, Rio de Janeiro, Apr 19-25, 2009, pp. 1269–1277.
[37] W. Fu, Q. Kong, W. Tian, C. Wang, and L. Ma, “A QoS-aware scheduling
algorithm based on service type for LTE downlink,” in International Conference on Computer Science and Electronics Engineering, Hangzhou, China,
Mar 22-23, 2013, pp. 2468–2474.
[38] S. Bodas, S. Shakkottai, L. Ying, and R. Srikant, “Scheduling for small delay
in multi-rate multi-channel wireless networks,” in IEEE INFOCOM, Shanghai, China, Apr 10-15, 2011.
[39] B. Sadiq, S. J. Baek, and G. de Veciana, “Delay-optimal opportunistic
scheduling and approximations: The log rule,” IEEE/ACM Transactions on
Networking, vol. 19, no. 2, pp. 405–418, Apr 2011.
[40] H. K. Rath, M. Sengupta, and A. Simha, “Novel transport layer aware uplink scheduling scheme for LTE-based networks,” in National Conference
on Communications, New Delhi, India, Feb 15-17, 2013.
[41] H. Yang, F. Ren, C. Lin, and J. Zhang, “Frequency-domain packet scheduling for 3GPP LTE uplink,” in IEEE INFOCOM, San Diego, CA, Mar 14-19,
2010.
[42] H. S. Narman and M. Atiquzzaman, “Selective periodic component carrier
assignment technique in LTE and LTE-A systems,” in IEEE Global Communications Conference (GLOBECOM), San Diego, CA, Dec 6-10, 2015.

32

[43] J. Wannstrom. (2013, June) LTE-Advanced. Accessed: Mar 18, 2015. [Online]. Available: http://www.3gpp.org/technologies/keywords-acronyms/
97-lte-advanced
[44] H. S. Narman and M. Atiquzzaman, “Carrier components assignment
method for LTE and LTE-A systems based on user profile and application,”
in IEEE GLOBECOM Workshop on Broadband Wireless Access, Austin,
TX, Dec 12, 2014.
[45] H. S. Narman, M. Hossain, and M. Atiquzzaman, “Management and analysis
of multi class traffic in single and multi-band systems,” Wireless Personal
Communications, Feb 2015.
[46] D. Gross and C. M. Harris, Fundamentals of Queueing Theory (Wiley Series
in Probability and Statistics). Wiley-Interscience, Feb 1998.
[47] J. D. Little and S. C. Graves, “Little’s law,” in Building intuition. Springer,
2008, pp. 81–100.
[48] 3GPP. (2015, Feb) LTE; evolved universal terrestrial radio access (E-UTRA)
and evolved universal terrestrial radio access network (E-UTRAN); overall
description; stage 2 (3GPP TS 36.300 version 12.4.0 Release 12) .
Accessed: Mar 18, 2015. [Online]. Available: http://www.etsi.org/deliver/
etsi ts/136300 136399/136300/12.04.00 60/ts 136300v120400p.pdf
[49] P. Ameigeiras, Y. Wang, J. Navarro-Ortiz, P. Mogensen, and J. Lopez-Soler,
“Traffic models impact on OFDMA scheduling design,” EURASIP Journal
on Wireless Communications and Networking, vol. 2012, no. 1, pp. 1–13,
Feb 2012.
[50] A. M. Wyglinski, M. Nekovee, and T. Hou, Cognitive radio communications
and networks: principles and practice. Academic Press, Nov 2009.
[51] A. Adas, “Traffic models in broadband networks,” IEEE Communications
Magazine, vol. 35, no. 7, pp. 82–89, July 1997.
[52] G. Appenzeller, I. Keslassy, and N. McKeown, “Sizing router buffers,” Computer Communication Review, vol. 34, pp. 281–292, Oct 2004.

33

