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To tackle the dilemma of supporting broadband, high-speed wireless access or well 

utilizing narrow, non-contiguous spectral resource, Long Term Evolution–Advanced 
(LTE-A) employs carrier aggregation. It combines different component carriers to send 
data to users in high rates. Many LTE-A downlink resource scheduling methods seek to 
assign component carriers or resource blocks to improve throughput or maintain fairness. 
However, how to save energy spent on communication has not been well studied. Thus, 
the paper formulates a minimum-energy LTE-A downlink resource scheduling (MARS) 
problem by using carrier aggregation to allocate resource to users, such that network 
throughput is improved while energy consumption is reduced. We show that the MARS 
problem is NP-hard and propose an efficient heuristic by considering data backlog, 
channel condition, and energy expense of users. Experimental results verify that our heu-
ristic can increase system performance, conserve energy of user equipment, and reduce 
transmission power emitted from the base station.    
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1. INTRODUCTION 

Due to the popularization of mobile devices, there has been a growing demand for 
wireless broadband service like video streaming and teleconference. Thus, ITU (Interna-
tional Telecommunication Union) regulates IMT-A (International Mobile Telecommu-
nications-Advanced) for 4G systems, which provides 1Gbps and 500Mbps peak rates for 
downlink and uplink transmission, respectively. To meet IMT-A requirement, 3GPP (3rd 
Generation Partnership Project) defines Long Term Evolution–Advanced (LTE-A), which 
specifies the support for up to 100MHz channel bandwidth [1].  

However, many frequency bands in the microwave spectrum have been dedicated to 
2G/3G systems. It is not easy to find large, contiguous bands to meet IMT-A. To over-
come the difficulty, LTE-A uses carrier aggregation to integrate multiple frequency 
segments (called component carriers, CCs). For example, LTE-A allows a base station 
(called eNB) to combine five 20MHz CCs to obtain 100MHz bandwidth. This technique 
is backward compatible with old LTE user equipments (UEs). Besides, the eNB can ag-
gregate CCs located in different bands to improve the spectrum’s utilization. 

Carrier aggregation improves LTE-A performance, but how to efficiently schedule 
downlink resource is a challenge. Most LTE-A resource scheduling methods can be clas-
sified into two categories [2]: CC selection and resource block (RB) assignment. CC se-
lection methods allocate downlink CCs to UEs to send data, while RB assignment meth-
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ods deal out RBs (i.e., the substantiation of time-frequency resource in CCs) to UEs in a 
transmission time interval (TTI). Many methods seek to improve throughput by increas-
ing channel quality of UEs or balancing loads among CCs. However, how to save energy 
spent on communication is rarely discussed. Due to carrier aggregation, UEs will con-
sume more energy on hearing multiple CCs. Besides, to improve channel quality, the 
eNB has to emit higher transmission power on CCs, causing a waste of energy. 

By the above motivation, we propose a minimum-energy LTE-A downlink resource 
scheduling (MARS) problem. Given traffic demands of UEs and the eNB’s maximum 
power Pmax, it asks how to assign downlink RBs to UEs such that 1) network throughput 
is maximized, 2) energy consumption of UEs is minimized, and 3) the eNB’s transmis-
sion power is reduced. We show that MARS is NP-hard and develop an efficient heuris-
tic. The idea is to let the eNB find the best modulation and coding scheme (MCS) for 
each (CC, UE) pair under Pmax constraint. It then iteratively selects a CC to meet the de-
mand of each UE and allocates RBs accordingly. However, unlike most methods where 
the ‘best’ CC is always given to the selected UE, the eNB should consider whether other 
UEs also prefer this CC. We thus define an eagerness degree to help the eNB select the 
proper CC, so as to help conserve UEs’ energy. Finally, our heuristic adaptively adjusts 
the power on CCs to save the eNB’s energy and reduce the interference to other cells. 

Our contributions are threefold. First, we propose a MARS problem that considers 
throughput and energy consumption in LTE-A. Second, we prove that the MARS prob-
lem is NP-hard and develop an energy-efficient heuristic. Third, our heuristic maneuvers 
resource allocation based on traffic loads and noise levels of UEs. Simulation results 
show that our heuristic improves network throughput and saves energy of UEs and the 
eNB, as compared with both max-CQI and proportional fair (PF) methods. 

This paper is organized as follows. Section 2 surveys LTE-A and related work. Sec-
tion 3 defines the MARS problem. Sections 4 and 5 propose and discuss our heuristic. 
Experimental results are given in Section 6. A conclusion is drawn in Section 7.  

2. PRELIMINARY 

2.1 Downlink Spectral Resource in LTE-A 
 
LTE-A proposes the ‘frame-based’ downlink transmission by using OFDMA (or-

thogonal frequency division multiple access). The length of a downlink frame is 10ms, 
which is divided into 10 subframes (also known as TTIs). Each subframe is composed of 
2 slots. Thus, a slot has the length of 0.5ms, which contains 6 or 7 OFDM symbols. In 
LTE-A, RB is the unit for resource allocation, which occupies 1 slot and 12 consecutive 
subcarriers (in the same CC), where a subcarrier has 15kHz bandwidth. With different 
MCSs, each RB carries different number of data bits, as presented in Table 1. This de-
termines the transmission speed for a UE using that RB. 

To select MCS, the eNB emits a downlink reference signal for UEs to measure 
channel condition. A UE computes the channel quality indicator (CQI) such that it cor-
responds to the best MCS. Based on LTE-A specification [3], this MCS should allow the 
UE to decode data with block error rate (BLER) ≤ 10%. The UE then feeds back its CQI, 
which indicates the channel quality and receiver capability. Through CQI, the eNB can 
choose MCS and its code rate along with efficiency for that UE. These factors together 
determine the number of data bits carried by one RB for the UE (shown in Table 1). 
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Table 1. MCSs and data bits carried by an RB under different CQI values [3]. 
CQI MCS bits per RB CQI MCS bits per RB 

1 QPSK 12.79 10 64QAM 229.36 
2 QPSK 19.69 11 64QAM 279.07 
3 QPSK 31.67 12 64QAM 327.79 
4 QPSK 50.53 13 64QAM 379.97 
5 QPSK 73.67 14 64QAM 429.68 
6 QPSK 98.77 15 64QAM 466.59 
7 16QAM 124.03 

QPSK: Quadrature phase shift keying  
QAM: Quadrature amplitude modulation 

8 16QAM 160.78 
9 16QAM 202.13 

 

To support backward-compatibility for LTE Release 8/9 UEs, LTE-A employs the 
same range of CC bandwidths. Each CC can have the bandwidth of 1.4, 3, 5, 10, 15, and 
20MHz, which support 12, 30, 50, 100, 150, and 200 RBs in a TTI, respectively. LTE-A 
Release 10 [4] proposes both intra-band and inter-band carrier aggregation, where the 
eNB combines different CCs from the same and different frequency bands, respectively. 
Aggregating multiple CCs for data transmission improves efficiency. However, it also 
consumes more energy of a UE, because multiple radio frequency (RF) chains and fast 
Fourier transform (FFT) modules are required to hear different, non-contiguous CCs [5]. 
This motivates us to propose the MARS problem which considers not only carefully as-
signing CCs to each UE (to save its energy), but also reducing the transmission power on 
each CC (to save the eNB’s energy and reduce interference). 

2.2 Survey of CC Selection Methods 

Based on [2], there are three common categories of ‘static’ CC assignment. Random 
selection methods [6, 7] arbitrarily choose available CCs for UEs to provide a balanced 
load among CCs in the long term. Circular selection methods [8, 9] assign CCs to UEs in 
a round-robin manner, which supports higher throughput than random selection methods. 
Least load methods [9, 10] always select the CC with the lowest traffic load to transmit 
data, so as to balance CCs’ loads. However, they do not consider channel quality of CCs 
and traffic demands of UEs, which may degrade system performance. 

Some studies consider ‘dynamically’ assigning CCs based on channel condition of 
UEs. Liu et al. [11] adaptively add/remove the secondary CC of a UE by its signal qual-
ity. Wang et al. [12] use a geometry factor to find cell-edge UEs, and assign low-fre- 
quency CCs (with better coverage) to improve their throughput. In [13], the CCs with 
similar channel quality are grouped together to improve spectrum utilization. A utility- 
based CC selection method is then proposed by taking channel quality and load balance 
into account. Li et al. [14] deal with CC selection by a micro-economic model, where the 
data rate of each CC is treated as a sale item, and UE’s experience is viewed as a profit. 
Then, CCs are graded by the states of utilization with the goal of maximizing the total 
profit. However, these studies do not address the energy issue in LTE-A. 

2.3 Survey of RB Assignment Methods 

Several studies develop RB assignment strategies for LTE without carrier aggrega-
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tion. In [15], RB assignment is formulated by an optimization problem whose goal is to 
keep UEs’ fairness. Both [16] and [17] then use greedy-based and meta-heuristic meth-
ods to get suboptimal solutions to the problem, respectively. Wang et al. [18] assign RBs 
to different flows based on their channel quality, packet delay, and buffer length, which 
supports QoS (quality of service) for real-time service. Obviously, our MARS heuristic 
considers carrier aggregation, which distinguishes this paper from the above studies. 

RB assignment with carrier aggregation has also been discussed. Motivating from 
PF scheduling [19], both [7, 20] seek to distribute downlink RBs to improve throughput 
and keep fairness. They give a higher priority to the UEs that currently have fast data 
rates or encounter slow data rates in the past. However, [7, 20] do not dynamically 
change the CCs assigned to each UE based on its channel quality. Cheng et al. [21] pro-
pose a backlog-based scheduling method to assign downlink resource to UEs, where 
backlog indicates the amount of unsatisfied demand of a UE. UEs with longer queue 
lengths or larger packet delays are given with a higher priority to select CCs, in order to 
achieve load balance and better throughput. Liao et al. [22] formulate an RB assignment 
problem with the MCS constraint, where a UE can use only one MCS for all its assigned 
RBs in each TTI. Then, a PF-based method is developed to improve network throughput 
while keeping fairness among UEs. Apparently, none of these work addresses energy 
consumption in LTE-A. On the contrary, our work targets at how to select CCs and ad-
just their transmission power, so as to conserve the energy spent on communication. 

3. PROBLEM DEFINITION 

We consider an LTE-A cell coordinated by one eNB, whose maximum transmission 
power is Pmax. A set of UEs U = {u1, u2, …, um} reside in the cell and ask for spectral 
resource, where ui  U has downlink data demand of di. Suppose that LTE-A spectrum is 
divided into a set of CCs C = {c1, c2, …, cn}. The eNB can adjust its transmission power 
pj on each CC cj  C. Then, it should always satisfy the power constraint below: 

max.
j

jc C
p P


    (1) 

Depending on the channel bandwidth, each CC cj  C supports rj RBs in a TTI. The car-
rier aggregation technique allows a UE to use the RBs located in different CCs. However, 
each UE is able to use up to δ CCs in one TTI (e.g., δ = 5 in LTE-A Release 10). 

Let b(j, k, l(i, j)) be the number of data bits carried by an RB βk in CC cj under MCS 
l(i, j) for a UE ui. We define an indicator I(i, j, k) to check whether RB βk in CC cj is al-
located to UE ui. Specifically, I(i, j, k) = 1 if so; I(i, j, k) = 0 otherwise. Then, our MARS 
problem asks how to select CCs and allocate their RBs to UEs, determines the MCS lev-
els used by CCs, and adjusts the transmission power on each CC such that 

 ,
max min [ ( , , ( , )) ( , , )], ,

i
iu U j k

b j k l i j I i j k d t


     (2) 

min ,
ii

uu U
P

    (3) 

min
j

jc C
p

 .   (4) 

under constraint (1), where t is the length of a TTI, and Pui is the total power of UE ui to 
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receive data from its assigned CCs. Here, Eq. (2) wants to maximize the number of data 
bits transmitted. However, the eNB may allocate more resource than UE ui needs (i.e., Σj,k [b(j, k, l(i,j)) ╳ I(i, j, k)] > di ╳ t). In this case, we count the amount of data received 

by ui (i.e., di ╳ t). Then, Eq. (3) seeks to reduce the amount of energy consumed by all 
UEs. To find Pui, we employ the power model in [23]. It considers two types of UE re-
ceivers: 1) single RF front-end with single wide-band analog-to-digital converter (ADC) 
and dual base band (BB) processor, and 2) dual RF with dual narrow ADCs and dual 
BBs. Type-1 receiver is used only in intra-band contiguous carrier aggregation, where  

2

RC RF RC ADC RC BB RC CW CW,cc1
( ) (B ) ( ) .

i k k ku k
P P P S P P R P q


           (5) 

Here, PRC is the base power consumed by the receive chain (RC), PRF(SRC) is the RF’s 
power consumption (depending on power level SRC), PADC(BRC) is the ADC’s power 
consumption (depending on bandwidth BRC), PBB(RRC) is the BB’s power consumption 
(depending on data rate RRC), PCW is the power consumption of using two code-words, 
and qCW is the probability of using two code-words. On the other hand, type-2 receiver 
can be used in intra-band and inter-band non-contiguous carrier aggregation, where  

2

RC RF RC ADC RC BB RC CW CW,cc1
2 ( ) ( ) ( ) .

i k k k k k k ku k
P P P S P B P R P q


           (6) 

Finally, Eq. (4) means to minimize the eNB’s transmission power. Theorem 1 proves the 
NP-hardness of the MARS problem. We also summarize our notations in Table 2. 

Table 2. Summary of notations. 
notation definition 

di traffic demand of UE ui 
qi current backlog of UE ui  
pj transmission power allocated to CC cj 
rj number of available RBs in CC cj 

e(i,j) eagerness degree of CC cj for UE ui 
δ maximum number of CCs that can be aggregated for a UE 

Pmax maximum transmission power of the eNB 
Tm data-rate mapping table 

N(ui, cj) number of data bits supported by CC cj for UE ui 
b(j, k, l(i, j)) number of data bits carried by an RB βk in CC cj under MCS l(i, j) 

 

Theorem 1: The MARS problem is NP-hard. 
 
Proof: Following the similar concept in [24], we first define a metric value 

min{ ( , , ( , )), }
( , , , ( , )) ,i

i

b j k l i j d t
i j k l i j

d t
 




   (7) 

for each UE ui on an RB βk in CC cj under MCS l(i, j); in other words, the metric value 
indicates the ratio of ui’s traffic demand satisfied by this RB in the current TTI. Then, we 
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can define one decision version of our MARS problem by α(i, j, k, l(i, j)). In particular, it 
determines whether for a given collection of values α(i, j, k, l(i, j)) across all UEs, CCs, 
RBs, and MCSs, there can exist a resource scheduling solution to meet the constraint that 
each UE selects only one MCS and result in an aggregate value of D.  

To prove the NP-hard property of MARS, we employ a well-known NP-complete 
problem, namely three-satisfiability (3-SAT) problem [25]. Given a set of clauses {L1, 
L2, …, LK} based on a set of Boolean variables X = {x1, x2, …, xm}, where each clause 
contains three variables, 3-SAT asks whether there is a satisfying truth assignment. Here, 
a clause is a disjunction of three distinct terms (in the format of T1  T2  T3, where each 
term Ti belongs to {x1, x2, …, xm, ¬x1, ¬x2, …, ¬xm}, and the notations ‘’ and ‘¬’ repre-
sent the ‘OR’ and ‘NOT’ operators, respectively). A truth assignment for X is an as-
signment of the value 0 or 1 to every variable xi. We say that an assignment ‘satisfies’ a 
set of clauses L1, L2, …, LK if and only if it makes the result of each clause Li to be 1 ac-
cording to the rules of Boolean logic. In other words, the result of conjunction L1  L2 
 …  LK must be also 1, where the notation ‘’ represents the ‘AND’ operator. 

 

 
Fig. 1. An example of reducing the 3-SAT problem to one MARS problem instance. 

We then reduce the 3-SAT problem to a MARS problem instance. Specifically, we 
are given any instance of 3-SAT that has m variables (i.e., x1, x2, …, xm) and K clauses 
(i.e., L1, L2, …, LK). Let us consider an LTE-A network with two MCS levels (denoted 
by MH and ML). Then, each UE in U corresponds to a variable in 3-SAT. In particular, 
for each variable xi and its negation ¬xi, we have a UE ui that uses MCS MH and ML to 
receive data, respectively. Moreover, each RB corresponds to one clause in 3-SAT, so 
we have m UEs and K RBs in the MARS instance. Fig. 1 gives an example with four 
variables and four clauses, where gray RBs correspond to the 3-SAT terms appearing in 
their clauses. Since each RB can be allocated to at most one UE, it allows us to choose 
one single term in each clause of 3-SAT whose result will be 1. Then, we transform the 
values α(i, j, k, l(i, j)) in the MARS instance into the conflicts in 3-SAT, where two terms are 
called conflict if one is equal to a variable xi while the other is equal to its negation ¬xi. In the 
MARS instance, either MH or ML can be assigned to each UE. It thus proves that the MCS 
constraint well fits the conflicting operation in 3-SAT. Specifically, for each RB k, we set α(i, 
j, k, MH) = 1 when xi appears in clause Lk, and (i, j, k, ML) = 1 when ¬xi is in Lk. If Lk con-
tains neither xi nor ¬xi, we define (i, j, k, l(i, j)) = 0. Then, we set the aggregate value D to K 
(i.e., the number of clauses in 3-SAT), so as to finish constructing the MARS instance.   

We argue that our reduction is correct by showing that the MARS problem instance has a 
feasible solution if and only if the 3-SAT problem has a feasible solution:   

 
[If part] Suppose that there is a solution S3-SAT to the 3-SAT problem. Then, for each 
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variable xi  S3-SAT, we can allocate a corresponding RB with MCS MH to UE ui. Simi-
larly, we can allocate a corresponding RB with MCS ML to UE ui when a negation ¬xi 
belongs to S3-SAT. In this way, each RB in the MARS instance can be assigned to one UE 
with MCS l(i, j) whose metric value α(i, j, k, l(i, j)) = 1. Notice that it is impossible to set 
MCS l(i, j) to MH and ML simultaneously, as the corresponding terms in 3-SAT will con-
flict with each other. 
 
[Only if part] Suppose that there is a solution SMARS to the MARS instance, where it 
must assign one UE with α(i, j, k, l(i, j)) = 1 for every RB. We then show that there will 
exist a satisfying truth assignment A in 3-SAT. Specifically, for each variable xi, if a UE 
ui is not assigned in SMARS, we arbitrarily set A(xi) = 1. Otherwise, SMARS must select ex-
actly one MCS for ui. When SMARS chooses MH, we can set A(xi) = 1; on the other hand, 
we set A(xi) = 0 if SMARS chooses ML. In this way, all clauses in 3-SAT can be evaluated 
to 1 by the truth assignment A (i.e., we find a feasible solution to 3-SAT). 

Based on the above argument, we prove that the MARS problem is NP-hard.     

4. THE PROPOSED MARS HEURISTIC 

Given the power constraint Pmax and traffic demands of all UEs, our MARS heuris-
tic involves the following steps: 
 
[Step 1] The eNB equally distributes its power to all CCs, so each CC cj  C is allocated 
with an amount (pj = Pmax/|C|) of power. Following LTE-A specification (referring to 
Section 2.1), the eNB sends a reference signal to all UEs based on this power. A UE then 
evaluates its channel quality on CCs. It is done by measuring SINR (signal-to-interfer- 
ence-plus-noise ratio) on every CC and finding the highest CQI, such that BLER  10%. 
Then, the UE feeds back its CQI measurement to the eNB for reference. 
 
[Step 2] With CQI, the eNB finds the best MCS for each (UE, CC) pair. From Table 1, 
the eNB builds a data-rate mapping table Tm, where each tuple (ui, cj) records the num-
ber of data bits N(ui, cj) that can be transmitted by a CC cj  C for a UE ui  U: 

( , ) ( , , ( , ))i j jN u c b j k l i j r  ,   (8) 

where ui uses MCS l(i, j) and cj has rj RBs. For example, suppose that cj has 5MHz 
bandwidth and ui reports CQI = 7. Then, we have b(j, k, l(i, j)) = 124.03 and rj = 50. 
Thus, the number of data bits transmitted by cj for ui is N(ui, cj) = 124.03 × 50 ≈ 6201. 
 
[Step 3] For each UE ui  U, we use a variable qi to indicate how many data bits have 
not been sent yet (called backlog), which is initially set to di  t. Then, the UE with the 
largest qi value, say, ui is selected for resource allocation. The eNB will assign one CC 
(and allocate its RBs) to ui by the three rules: 
 Rule 1: If only one CC cj can satisfy UE ui’s backlog (i.e., N(ui, cj) ≥ qi), the eNB 

assigns cj to ui, and allocates a number of xi = ⌈qi / b(j, k, l(i, j))⌉ RBs to send ui’s data. 
Then, we deduct xi from rj. For each uk  U, its N(uk, cj) value in table Tm is recom-
puted by Eq. (8). Besides, we set qi = 0 since ui’s entire backlog has been satisfied. 
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 Rule 2: If a subset Cs ⊆ C of CCs each can satisfy UE ui’s backlog, where |Cs| ≥ 2, 
the eNB compares their eagerness degrees. Specifically, for each CC cj  Cs, its ea-
gerness degree (for UE ui) is defined by 

( , ) { ( , ) |  and 0},
k

k j k i ku U
e i j N u c u u q

 
      (9) 

which is the sum of data bits supported by cj for all other UEs with positive backlog 
(except ui). Here, a smaller e(i, j) value implies that most of other UEs have worse 
channel quality on cj. In this case, it can cause less effect on other UEs when ui se-
lects cj to receive data, because the average data rate for other UEs on cj is small (and 
thus they do not prefer using cj). Thus, the eNB can assign CC ca in Cs with the 
minimum eagerness degree for UE ui. Following Rule 1, we will also update varia-
bles ra, N(uk, ca), and qi accordingly. 

 Rule 3: If no single CC can satisfy UE ui’s backlog (i.e., N(ui, ca) < qi for all ca  C), 
the eNB picks the CC, say, cj with the maximum N(ui, cj) value. In case of tie, it 
chooses the CC cj with the minimum eagerness degree e(i, j). The eNB sets N(uk, cj) = 
0 in table Tm for each uk  U, because it has allocated all RBs in cj to ui, and thus cj 
cannot support any UE. Then, ui’s backlog is updated by qi − N(ui, cj). 

Here, a UE consumes more energy to receive data from non-contiguous CCs. Thus, we 
can adaptively adjust the eagerness degrees of some CCs to increase the possibility that a 
UE will use contiguous CCs for communication. Suppose that a CC cj has been assigned 
to a UE ui. If another CC, say, ck and cj are contiguous, we multiply its eagerness degree 
by a scaling factor σ (i.e., e(i, j) = σ × e(i, j)), where 0 < σ < 1. Thus, there will be a high 
possibility that the eNB also assigns ck to ui by using Rule 2 or 3. Since cj and ck are con-
tiguous, ui can significantly save its energy when applying carrier aggregation. 
 
[Step 4] The eNB iteratively executes step 3 to select CCs and allocate RBs to UEs, until 
any of the three cases occurs: 
1. The backlog of each UE becomes zero. 
2. Table Tm has no non-zero N(ui, cj) value, but there is one UE with positive backlog. 
3. A UE ui has been assigned with δ CCs, but it still has residual backlog. 
 
Case 1 indicates that the demands of all UEs are satisfied (i.e., the overall throughput is 
maximized). Thus, we can execute step 5 to further reduce the eNB’s transmission power. 
Case 2 occurs when the eNB has no sufficient resource for all UEs. In this case, it is dif-
ficult to lower the power on any CC, so the eNB skips step 5 and allocates all RBs to 
UEs based on the scheduling result. Case 3 means that the eNB can no longer allocate 
RBs to UE ui (or it will violate LTE-A specification). Thus, the eNB removes ui from U 
(but still gives ui its allocated RBs) and goes back to step 3 to schedule other UEs. 
 
[Step 5] For each assigned CC, the eNB checks if it can save the transmission power 
while still satisfying the demands of UEs. Let us consider a simple case where a CC cj is 
assigned to only one UE ui. Suppose that the power calculated in step 1 allows the eNB 
to use an MCS level l(i, j) for cj. Then, the eNB iteratively tries to use the MCS level 
lower than l(i, j), and checks if the RBs assigned to ui can support its demand. If so, the 
eNB recalculates the new power pj for CC cj based on its SINR value and the new MCS 
level. We then discuss the complex case where a CC cj is assigned to a set of UEs Us ⊆ 
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U. Let pj be the current power on CC cj and pj(i) denote the new power calculated from 
UE ui’s perspective (using the above method). Obviously, we have pj(i)  pj for all ui  
Us. Then, the new transmission power on CC cj will be 

max ( ).
i Sj u U jp p i    (10) 

Here, since CC cj is shared by multiple UEs, we have to take care of each such UE when 
reducing the transmission power. That is why we take the maximum value in Eq. (10). 
 

Table 3. An example of the data-rate mapping table Tm. 
UE c1 c2 c3 c4 c5 c6 

u1 606 (4) 606 (4) 380 (3) 606 (4) 606 (4) 236 (2) 
u2 153 (1) 606 (4) 380 (3) 380 (3) 884 (5) 380 (3) 
u3 153 (1) 236 (2) 236 (2) 153 (1) 380 (3) 884 (5) 

 

We give an example to demonstrate our heuristic, where U = {u1, u2, u3} and C = 
{c1, c2, …, c6} (in the same band). Each CC has 1.4MHz bandwidth and supports 12 RBs. 
We set σ = 0.5 and Tm is given in Table 3, where each number in brackets indicates the 
CQI index. UEs u1, u2, and u3 have data demands of 1200, 1150, and 600 bits in a TTI, 
respectively. Then, the MARS heuristic will execute the following iterations: 

 
1. The eNB first picks UE u1 (with the largest backlog) and uses Rule 3. CCs c1, c2, c4, 

and c5 will be candidates, and their eagerness degrees are e(1, 1) = 153 + 153 = 306, 
e(1, 2) = 606 + 236 = 842, e(1, 4) = 380 + 153 = 533, and e(1, 5) = 884 + 380 = 1264, 
respectively. In this case, we prefer selecting c1, because comparing with c1, all other 
candidates (c2, c4, and c5) can allow other UEs (u2 and u3) to enjoy higher data rates. 
In other words, selecting c1 for u1 can have the least impact on other two UEs. Then, 
we set N(u1, c1) = N(u2, c1) = N(u3, c1) = 0, and update q1 = 1200 − 606 = 594. 

2. UE u2 is chosen and Rule 3 is used, so CC c5 is the only candidate. The eNB assigns 
c5 to u2, sets N(u1, c5) = N(u2, c5) = N(u3, c5) = 0, and updates q2 = 1150 − 884 = 266. 

3. The eNB chooses UE u3. Since only CC c6 can satisfy u3’s backlog, Rule 1 is adopted. 
However, u3 requires just ⌈600/73.67⌉ = 9 RBs, so c5 remains 12 − 9 = 3 RBs. Thus, 
the eNB assigns c5 to u3, sets N(u1, c5) = 19.69 × 3 ≈ 59, N(u2, c5) = 31.67 × 3 ≈ 95, 
N(u3, c5) = 73.67 × 3 ≈ 221, and updates q3 = 0. 

4. The eNB picks UE u1 again. Here, since CCs c2 and c4 can satisfy u1’s residual back-
log, Rule 2 is applied. Thus, the eNB computes their eagerness degrees as follows: 

2 1 2 2(1,2) { ( , ) | , 0} ( , ) 0.5 303k k ke N u c u u q N u c       , 

4 1 2 4(1,4) { ( , ) | , 0} ( , ) 380k k ke N u c u u q N u c     . 

Since u1 has been assigned with CC c1 in iteration 1 and CCs c1 and c2 are contiguous, 
u1 prefers c2 than c4. This is realized by multiplying c2’s eagerness degree e(1, 2) by σ. 
Then, the eNB sets N(u1, c2) = N(u2, c2) = N(u3, c2) = 0, and updates q1 = 0. 

5. Then, only UE u2 has residual backlog. By Rule 2, CCs c3 and c4 become candidates, 
but their eagerness degrees are both zero (based on Eq. (8)). In this case, the eNB as-
signs c4 to u2, since CC c5 has been assigned to u2, and both c4 and c5 are contiguous. 
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Thus, UEs u1, u2, and u3 are assigned with CCs {c1, c2}, {c4, c5}, and {c6}, respectively. 
The eNB can employ contiguous carrier aggregation to save UEs’ energy. Finally, by 
step 5, the eNB checks if it can lower MCS to save the power on each CC. In particular, 
it can change the MCS of CC c6 from CQI = 5 to CQI = 4. Thus, c5 can support 50.53 × 
12 ≈ 606 bits, which satisfies UE u3’s demand (i.e., 600 bits). In this case, the eNB can 
reduce the power on c6 to save its energy, and also reduce the interference to other cells. 

5. DISCUSSION ON THE MARS HEURISTIC 

We discuss the rationale of our heuristic, which involves four special designs. First, 
in the MARS problem, the eNB should not only determine the CC assignment for UEs, 
but also estimate the transmission power on each CC. These two factors could affect with 
each other, making the problem complex. Thus, step 1 fixes one factor by giving the 
‘default’ power on CCs, so the eNB can use a data-rate mapping table for reference. 
Then, the eNB tries to reduce the power on each assigned CC in step 5 if the UE has a 
lower noise level. It has two advantages to use the default power. On one hand, the pro-
posed heuristic is relatively simple for the eNB to execute in every short TTI period. On 
the other hand, the eNB actually considers the ‘worst’ case in the beginning (i.e., all CCs 
consume the maximum power Pmax). This can help the eNB determine whether the sys-
tem resource is enough to satisfy the demands of all UEs. 

Second, many existing methods directly assign the ‘best’ CC cj to the selected UE ui. 
However, other UEs could be ‘eager’ for cj as they have better channel quality on cj. 
Once cj is given to ui, other UEs would have to use CCs with worse channel condition. In 
this case, the eNB may need to aggregate more CCs to meet their demands, thereby not 
only wasting more resource but also forcing UEs to spend more energy. To solve this 
problem, our heuristic uses eagerness degrees in step 3. When the selected UE ui has 
multiple choices of CCs, the eNB selects the CC ck with the minimum eagerness degree 
for ui, where other UEs do not have good channel quality on ck. In this way, assigning ck 
to ui can have less impact on other UEs whose demands have not been satisfied yet. 

Third, a UE can preserve more energy if it uses contiguous CCs to receive data by 
Eqs. (5) and (6). To address this issue, we scale down the eagerness degree of a contig-
uous CC by a factor σ. Because our MARS heuristic always asks the UE to select the CC 
with the minimum eagerness degree, the above design can increase the opportunity that 
the UE selects the contiguous CC to receive data. This design is also lightweight, so the 
eNB can avoid complicated calculation. 

Fourth, we discuss two abnormal cases in step 4, where the eNB has no sufficient 
resource to meet the demands of some UEs. We have two solutions to deal with them. 
One solution is that the eNB invokes call admission control [26] to ask these UEs to 
decrease their demands or decline some UEs with excessive requests. Thus, the eNB can 
allocate RBs to satisfy the modified demands of all UEs. Alternatively, the eNB can keep 
the unsatisfied demands for next-TTI scheduling. Since our heuristic first selects the UE 
with the maximum demand, a UE with more unsatisfied demand in the previous TTI will 
have a higher opportunity to be allocated with RBs first in the next TTI. 

We finally analyze the time complexity of our MARS heuristic in Theorem 2. 
 
Theorem 2: Given m UEs and n CCs, the MARS heuristic spends O(mδ × (n + m)) time 
to schedule RBs for UEs in the worst case. 
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Proof: In our heuristic, step 1 takes O(1) time since it is trivial to find the transmission 
power on each CC. In step 2, the eNB builds table Tm for reference, which takes O(mn) 
time. For step 3, it spends O(m) time to calculate the backlog of each UE. Then, the eNB 
can use a maximum binary heap to store all UEs by their backlog values, which requires 
O(m) time. To speed up step 3, the eNB keeps a table to store the eagerness degree e(i, j) 
for each pair of UE ui and CC cj. From Eq. (9), e(i, j) is the sum of all N(uk, cj) values for 
each uk ≠ ui. Because there are n CCs, building this table requires O(n(m − 1)) time. 
Since a UE can be given with at most δ CCs, the eNB will repeat step 3 for at most O(mδ) 
times. Each iteration of step 3 involves the following operations: 
 Get UE ui with the maximum backlog from the heap, which requires O(lgm) time. 
 Find a CC by the three rules. It takes O(n) time since the eNB has to search all CCs. 
 The eNB updates the eagerness degree e(k, j) for each pair of UE uk and CC cj, where 

uk ≠ ui. This operation spends O(m − 1) time. 
 If UE ui still has positive backlog, the eNB inserts ui into the heap for scheduling later. 

This operation takes O(lgm) + O(1) = O(lgm) time. 
 
Steps 3 and 4 together thus spend time of O(m) + O(m) + O(n(m − 1)) + O(mδ) × 
[O(lgm) + O(n) + O(m − 1) + O(lgm)] = O(mδ × (n + m − 1)). Finally, each UE is as-
signed with at most δ CCs, so step 5 needs to check at most O(mδ) pairs of UEs and CCs 
to save the power on each CC. Thus, our MARS heuristic totally requires O(1) + O(mn) 
+ O(mδ × (n + m − 1)) + O(mδ) = O(mδ × (n + m)) time.                         

6. PERFORMANCE EVALUATION 

We develop a simulator in C++ to evaluate the performance of our MARS heuristic. 
Following LTE-A Release 10 [4], two frequency bands are adopted: Band 1 (2110MHz~ 
2170MHz) and Band 5 (869MHz~894MHz). Band 1 is cut into twelve 5MHz CCs, while 
Band 5 is cut into two 5MHz CCs and five 3MHz CCs. Thus, we have |C| = 19. We con-
sider an LTE-A macro-cell where a number of UEs randomly reside. There are six eNBs 
deployed outside the macro-cell to generate noise on different CCs. The log-distance 
path loss model is used to simulate radio propagation of wireless communication: 

PL = 128.1 + 37.6log10dist(eNb, ui).   (11) 

where PL is the path loss (in milliwatts) and dist(eNB, ui) denotes the distance between 
the eNB and UE ui (in kilometers). The eNB can aggregate up to 5 CCs for a UE to re-
ceive its data (i.e., δ = 5). Besides, each UE generates its traffics according to Table 4. 

Table 4. Traffic demands of UEs in simulations. 
traffic type average bit rate ratio 

VoIP (G.711 standard) 64 Kbps 4/15 
IPTV (H.264 standard) 128 Kbps 4/15 
HTTP/FTP 169 Kbps 4/15 
video (low quality) 21.8 Mbps 1/15 
video (medium quality) 28.3 Mbps 1/15 
video (high quality) 34.4 Mbps 1/15 
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We compare our heuristic with two resource scheduling methods. The PF method 
in [22] computes the ‘weighted’ transmission rate of a UE on each CC, and selects the 
maximum one. To keep PF among UEs, a larger weight is given to a UE that sent less 
data (and vice versa). The max-CQI method in [27] always selects the UE with the best 
channel quality to use each CC. In our MARS heuristic, we set σ = 0.5. For each experi-
ment, we conduct 1000 simulations and take their average. Remark 1 discusses our 
measurement of overheads in communication and carrier aggregation in the simulations. 

 
Remark 1: (Overheads in communication and carrier aggregation) 

In MARS, the overhead in communication only occurs in step 1, as the eNB has to 
emit the downlink reference signal and all UEs need to report their CQI indices. Other 
steps only involve the calculation in the eNB, which requires no overhead in communi-
cation. However, step 1 is the necessary operation defined in the LTE-A standard [3]. In 
other words, both PF and max-CQI methods also require step 1 to obtain the information 
of channel condition of every CC, or otherwise their scheduling algorithms cannot work. 
Thus, we do not evaluate the overhead in communication, because it will be the same for 
each method (and also for the original proposal of LTE-A). 

On the other hand, the overhead in carrier aggregation reflects on the energy con-
sumption of UEs. As discussed in Section 3, a UE consumes more energy on receiving 
data from multiple CCs according to Eqs. (5) and (6). Therefore, we measure the average 
amount of energy spent by each UE on receiving downlink data to evaluate the overhead 
in carrier aggregation. Moreover, we will also measure the average number of CCs used 
by each UE. Obviously, when more CCs are used, the UE will incur a higher overhead in 
carrier aggregation, as it has to simultaneously listen to more CCs.                 

6.1 Effect of Different Number of UEs 

By changing the number of UEs, we study its effect on scheduling results, where 
Pmax = 40watts. Fig. 2 (a) shows the successful ratio of resource scheduling, which is 
defined by the ratio of the number of simulations that the eNB satisfies the demands of 
all UEs to the total 1000 ones. When there are more UEs, the ratio decreases as more 
UEs compete for the fixed resource. Since the PF method has fairness concern, it may 
not give enough resource to the UEs with better channel quality, thereby decreasing the 
ratio. By considering the backlog, channel quality, and eagerness degree, MARS always 
has the highest ratio. Even though there are 70 UEs in the cell (i.e., a dense scenario), it 
still can keep around 30% of the successful ratio (but other two methods have less than 
10%). On the other hand, Fig. 2 (b) presents the average satisfied demand of each UE. 
We can observe that MARS outperforms other methods, especially when there are more 
UEs. This verifies the effectiveness of our heuristic in terms of resource allocation.  

We then evaluate the amount of resource spent by each UE. Fig. 3 (a) gives the av-
erage energy consumption of UEs. Since the number of CCs and Pmax are constant, the 
amount of resource does not change. When there are more UEs, each one is given less 
resource. Thus, a UE does not spend much energy to use its resource. That is why the 
energy consumption decreases when the number of UEs grows. Since the PF method 
allocates less resource to UEs than the max-CQI method does, it lets each UE consume 
less energy. However, the PF and max-CQI methods do not prefer assigning contiguous 
CCs to UEs, so they may force each UE to spend more energy to hear non-contiguous  
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(a) Successful ratio.                      (b) Satisfied demand. 

Fig. 2. Comparison on the scheduling results under different number of UEs. 
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(a) Energy consumption.                 (b) Number of CCs used. 

Fig. 3. Comparison on the amount of resource spent under different number of UEs. 
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Fig. 4. Comparison on the eNB’s transmission power under different number of UEs. 
 

CCs. On the contrary, our MARS heuristic encourages UEs to receive data from contig-
uous CCs. Thus, UEs can significantly save their energy. Fig. 3 (b) gives the average 
number of CCs assigned to each UE. As the number of UEs increases, the eNB would 
need to aggregate more CCs to satisfy the growing demand. By using the eagerness de-
gree, MARS can reduce the number of CCs used by a UE, thereby preserving its energy. 

Fig. 4 shows the eNB’s transmission power. Since both PF and max-CQI do not 
consider saving the eNB’s energy, they always ask the eNB to emit the maximum power, 
which wastes resource. On the contrary, MARS decreases the transmission power on 
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each assigned CC (in step 5) by using lower MCS levels if feasible. Thus, without de-
creasing system performance, it can reduce the eNB’s transmission power while satisfy-
ing the traffic demands of UEs. Notice that when there are more UEs, the eNB should try 
to improve the channel quality of each CC in order to satisfy the growing demand, so the 
transmission power increases as the number of UEs increases in MARS. Table 5 summa-
rizes the performance improvement by MARS under different number of UEs. 

Table 5. Performance improvement by MARS under different number of UEs. 
UEs 20 30 40 50 60 70 average 

Successful ratio of scheduling 
PF 0.6% 14.1% 50.7% 123.1% 248.9% 398.2% 139.3% 

max-CQI 0.4% 3.9% 23.0% 68.9% 133.2% 222.4% 75.3% 
Average satisfied demand 

PF 0.1% 3.0% 10.8% 20.1% 24.7% 25.8% 14.1% 
max-CQI 0.0% 0.5% 4.5% 10.1% 12.9% 13.9% 7.0% 

Average energy consumption of UEs 
PF 6.1% 4.7% 4.3% 4.1% 3.9% 2.9% 4.3% 

max-CQI 4.9% 4.9% 4.4% 4.4% 4.2% 4.4% 4.5% 
Average number of CCs used 

PF 12.7% 13.4% 13.3% 10.2% 7.0% 3.9% 10.1% 
max-CQI 9.8% 9.8% 10.5% 8.7% 6.3% 3.9% 8.2% 

eNB’s transmission power 
both 78.3% 66.1% 57.8% 51.4% 45.2% 41.8% 56.8% 

We remark that MARS seeks to save the eNB’s energy consumption by selecting 
lower MCSs for data transmission. This operation may affect packet latency of some 
flows. Thus, we conduct an experiment to evaluate the average packet delay of real-time 
flows, as shown in Fig. 5, where ‘L’, ‘M’, and ‘H’ respectively denote ‘low quality’, 
‘medium quality’, and ‘high quality’ of videos. Apparently, when the number of UEs 
grows, the packet delay increases accordingly. The max-CQI method has the lowest 
packet delay, as it always chooses the UE with the best channel quality to use each CC. 
Nevertheless, such low delay is at the sacrifice of successful ratio of scheduling, energy  
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Fig. 5. Comparison on average packet delay of different methods. 
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consumption of UEs, and eNB’s transmission power (referring to Figs. 2-4). On the oth-
er hand, MARS adopts the eagerness degree to increase the successful ratio of schedul-
ing, and lowers MCSs to reduce the eNB’s transmission power when feasible. It thus 
incurs slightly higher packet delay than other two methods. However, since MARS sig-
nificantly improves the amount of satisfied demand of UEs (referring to Fig. 2), it can 
also increase the opportunity of meeting the transmission demand of real-time flows. 
 
6.2 Effect of Different Pmax Power 

 
By increasing Pmax from 20 to 70watts, we measure its effect on different methods. 

In this experiment, there are 45 UEs, and Fig. 6 shows the simulation results. When Pmax 

is enlarged, it means that the total spectral resource increases, as the eNB can transmit 
higher power to improve channel quality of CCs. Thus, not only the successful ratio of 
resource scheduling but also the satisfied demand of UEs increases when Pmax grows. 
Our MARS heuristic always has the best performance among all methods, because it 
does not simply assign the best CC to the selected UE. Instead, MARS will consider the 
eagerness degree of each CC, so as to get better resource allocation. 
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(b) Satisfied demand. 

Fig. 6. Comparison on the scheduling results under different Pmax power. 
 

Fig. 7 presents the amount of resource spent by each UE under different Pmax power. 
Because the total number of CCs is fixed, increasing Pmax only slightly increases the en-
ergy consumption of each UE (since the UE still listens to similar number of CCs). In 
addition, when Pmax grows, the probability that the eNB employs fewer CCs to satisfy the 
demand of each UE increases. Therefore, the number of CCs used by each UE can also 
slightly decreases. From Figs. 7 (a) and (b), our MARS heuristic can help UEs spend less 
resource (i.e., energy and CCs) to meet its demand.  

We then measure the eNB’s transmission power under different Pmax power, as 
shown in Fig. 8. Because both PF and max-CQI do not take the eNB’s energy consump-
tion into account, they will ask the eNB to use the maximum power to serve all UEs. By 
adaptively adjusting the transmission power on each CC, our MARS heuristic allows the 
eNB to use less energy to satisfy the demands of its UEs. Finally, we summarize the 
performance improvement by MARS under different Pmax power in Table 6. 



YOU-CHIUN WANG AND HUNG-YI KO 

 

138

 

4.5

4.6

4.7

4.8

4.9

5.0

5.1

5.2

5.3

5.4

5.5

20 30 40 50 60 70

maximum transmission power of the eNB (watt)

en
er

gy
 c

on
su

m
pt

io
n

 (w
a

tt)
PF

max-CQI

MARS

 
(a) Energy consumption. 

1.00

1.05

1.10

1.15

1.20

1.25

1.30

20 30 40 50 60 70

maximum transmission power of the eNB (watt)

nu
m

b
er

 o
f C

C
s 

u
se

d

PF

max-CQI

MARS

 
(b) Number of CCs used. 

Fig. 7. Comparison on the amount of resource spent under different Pmax power. 
 

 

Fig. 8. Comparison on the eNB’s transmission power under different Pmax power. 

Table 6. Performance improvement by MARS under different Pmax power. 
Pmax 20 30 40 50 60 70 average 

Successful ratio of scheduling 
PF 363.2% 149.8% 84.1% 58.2% 39.8% 27.1% 120.4% 

max-CQI 165.5% 70.1% 39.5% 27.1% 18.0% 12.2% 55.4% 
Average satisfied demand 

PF 54.3% 24.9% 16.0% 10.9% 7.4% 5.1% 19.8% 
max-CQI 25.9% 12.1% 7.9% 5.1% 3.6% 2.5% 9.5% 

Average energy consumption of UEs 
PF 5.0% 4.8% 4.2% 3.5% 2.9% 2.3% 3.8% 

max-CQI 4.6% 4.6% 4.4% 4.0% 3.6% 3.2% 4.1% 
Average number of CCs used 

PF 9.1% 11.1% 11.6% 11.9% 12.1% 11.4% 11.2% 
max-CQI 8.2% 9.3% 9.3% 9.6% 9.6% 9.3% 9.2% 

eNB’s transmission power 
both 64.4% 58.7% 54.4% 51.9% 50.3% 48.3% 54.7% 

7. CONCLUSION 

Carrier aggregation greatly improves spectrum utilization of LTE-A, but the stand-
ard leaves the problem of allocating resource to implementers. Many solutions are thus 
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proposed to increase network throughput or keep transmission fairness. However, most 
of them do not consider the energy spent in communication. To deal with the issue, this 
paper formulates an NP-hard MARS problem with the objectives of satisfying traffic 
demands of UEs while reducing energy consumption in the network. We develop a heu-
ristic by adopting the novel eagerness degree to help the eNB select a proper CC for each 
UE, which increases the opportunity that other UEs can be also assigned with better CCs 
for transmission. Moreover, the proposed heuristic adaptively adjusts MCSs used in 
some CCs to further save the overall transmission power. Our MARS heuristic is light-
weight and efficient. By comparing with both PF and max-CQI methods through simula-
tions, we demonstrate that the MARS heuristic can increase 55.4%-139.3% of successful 
ratio of scheduling, 7.0%-19.8% of average satisfied demand, 3.8%-4.5% of average 
energy consumption of UEs, 8.2%-11.2% of average number of CCs used, and 54.7%- 
56.8% of the eNB’s transmission power, under various experimental scenarios. 

ACKNOWLEDGMENT 

Y. C. Wang’s research is co-sponsored by the Ministry of Science and Technolo-  
gy under Grant No. MOST 104-2221-E-110-036-MY2 and 104-2628-E-110-001-MY2, 
Taiwan. 

REFERENCES 

1. A. Ghosh, R. Ratasuk, B. Mondal, N. Mangalvedhe, and T. Thomas, “LTE-advanc- 
ed: next-generation wireless broadband technology,” IEEE Wireless Communica-
tions, Vol. 17, 2010, pp. 10-22. 

2. H. Lee, S. Vahid, and K. Moessner, “A survey of radio resource management for 
spectrum aggregation in LTE-advanced,” IEEE Communications Surveys and Tuto-
rials, Vol. 16, 2014, pp. 745-760. 

3. 3GPP, “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical layer pro-
cedures,” TS 36.213, June 2012. 

4. 3GPP, “Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment 
(UE) radio transmission and reception (Release 10),” TS 36.101, October 2014. 

5. Z. Shen, A. Papasakellariou, J. Montojo, D. Gerstenberger, and F. Xu, “Overview of 
3GPP LTE-advanced carrier aggregation for 4G wireless communications,” IEEE 
Communications Magazine, Vol. 50, 2012, pp. 122-130. 

6. H. Tian, S. Gao, J. Zhu, and L. Chen, “Improved component carrier selection meth-
od for non-continuous carrier aggregation in LTE-advanced systems,” in Proceed-
ings of IEEE Vehicular Technology Conference, 2011, pp. 1-5. 

7. Y. Wang, K. I. Pedersen, T. B. Sorensen, and P. E. Mogensen, “Carrier load bal-
ancing and packet scheduling for multi-carrier systems,” IEEE Transactions on 
Wireless Communications, Vol. 9, 2010, pp. 1780-1789. 

8. L. Zhang, F. Liu, L. Huang, and W. Wang, “Traffic load balance methods in the 
LTE-advanced system with carrier aggregation,” in Proceedings of IEEE Interna-
tional Conference on Communications, Circuits and Systems, 2010, pp. 63-67. 

9. L. Zhang, K. Zheng, W. Wang, and L. Huang, “Performance analysis on carrier 
scheduling schemes in the long-term evolution-advanced system with carrier aggre-
gation,” IET Communications, Vol. 5, 2011, pp. 612-619. 



YOU-CHIUN WANG AND HUNG-YI KO 

 

140

 

10. L. Chen, W. Chen, X. Zhang, and D. Yang, “Analysis and simulation for spectrum 
aggregation in LTE-advanced system,” in Proceedings of IEEE Vehicular Technol-
ogy Conference, 2009, pp. 1-6. 

11. 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 Proceed-
ings of IEEE Vehicular Technology Conference, 2011, pp. 1-6. 

12. H. Wang, C. Rosa, and K. Pedersen, “Performance analysis of downlink inter-band 
carrier aggregation in LTE-advanced,” in Proceedings of IEEE Vehicular Technol-
ogy Conference, 2011, pp. 1-5. 

13. C. Li, B. Wang, W. Wang, Y. Zhang, and X. Chang, “Component carrier selection 
for LTE-A systems in diverse coverage carrier aggregation scenario,” in Proceed-
ings of IEEE International Symposium on Personal Indoor and Mobile Radio Com-
munications, 2012, pp. 1004-1008.  

14. H. Li, Y. Yu, B. Wang, W. Wang, and Y. Zhang, “Hierarchy based component car-
riers selection in carrier aggregation for LTE-A system,” in Proceedings of IEEE 
International Symposium on Personal Indoor and Mobile Radio Communications, 
2013, pp. 2679-2683. 

15. R. Kwan, C. Leung, and J. Zhang, “Proportional fair multiuser scheduling in LTE,” 
IEEE Signal Processing Letters, Vol. 16, 2009, pp. 461-464. 

16. N. Guan, Y. Zhou, L. Tian, G. Sun, and J. Shi, “QoS guaranteed resource block al-
location algorithm for LTE systems,” in Proceedings of IEEE International Confer-
ence on Wireless and Mobile Computing, Networking and Communications, 2011, 
pp. 307-312. 

17. M. E. Aydina, R. Kwana, and J. Wub, “Multiuser scheduling on the LTE downlink 
with meta-heuristic approaches,” Physical Communication, Vol. 9, 2013, pp. 257- 
265. 

18. Y. C. Wang and S. Y. Hsieh, “Service-differentiated downlink flow scheduling to 
support QoS in long term evolution,” Computer Networks, Vol. 94, 2016, pp. 344- 
359. 

19. Y. C. Wang and Y. C. Tseng, “Packet fair queuing algorithms for wireless net-
works,” Design and Analysis of Wireless Networks, Nova Science Publishers, NY, 
2005. 

20. N. Guan, Y. Zhou, L. Tian, G. Sun, and J. Shi, “Utility maximization in LTE-ad- 
vanced systems with carrier aggregation,” in Proceedings of IEEE Vehicular Tech-
nology Conference, 2011, pp. 1-5. 

21. X. Cheng, G. Gupta, and P. Mohapatra, “Joint carrier aggregation and packet sched-
uling in LTE-advanced networks,” in Proceedings of IEEE Conference on Sensor, 
Mesh and Ad Hoc Communications and Networks, 2013, pp. 469-477. 

22. H. S. Liao, P. Y. Chen, and W. T. Chen, “An efficient downlink radio resource allo-
cation with carrier aggregation in LTE-advanced networks,” IEEE Transactions on 
Mobile Computing, Vol. 13, 2014, pp. 2229-2239. 

23. M. Lauridsen, H. Wang, and P. Mogensen, “LTE UE energy saving by applying 
carrier aggregation in a HetNet scenario,” in Proceedings of IEEE Vehicular Tech-
nology Conference, 2013, pp. 1-5. 

24. S. B. Lee, S. Choudhury, A. Khoshnevis, S. Xu, and S. Lu, “Downlink MIMO with 
frequency-domain packet scheduling for 3GPP LTE,” in Proceedings of IEEE In-
ternational Conference on Communications, 2009, pp. 1269-1277. 



ENERGY-EFFICIENT RESOURCE SCHEDULING FOR LTE-A 

 

 

141

 

25. T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, Introduction to Algo-
rithms, The MIT Press, London, 2009. 

26. F. Zarai, K. B. Ali, M. S. Obaidat, and L. Kamoun, “Adaptive call admission control 
in 3GPP LTE networks,” International Journal of Communication Systems, 2012, 
pp. 1-13. 

27. P. Kela, J. Puttonen, N. Kolehmainen, T. Ristaniemi, T. Henttonen, and M. Moisio, 
“Dynamic packet scheduling performance in UTRA long term evolution downlink,” 
in Proceedings of IEEE International Symposium on Wireless Pervasive Computing, 
2008, pp. 308-313. 

 
 

You-Chiun Wang (王友群) received the Ph.D. degree in 
Computer Science from National Chiao-Tung University, Taiwan, 
in 2006. He is an Associate Professor in Department of Computer 
Science and Engineering, National Sun Yat-sen University, Tai-
wan. He served as TPC members of over 100 conferences such as 
INFOCOM, ICDCS, and WCNC. His research interests include 
wireless communication, mobile computing, and sensor network. 
He has authored over 60 papers and chapters. Dr. Wang is a sen-
ior member of the IEEE and a member of the ACM. 
 

 
 

Hung-Yi Ko (柯宏毅) received his M.S. degree in Comput-
er Science from National Sun Yat-sen University, Taiwan in 
2014. His research interest aims at LTE-A. 
 
 
 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


